Effects of climate change on two large, deep
oligotrophic lakes in New Zealand

Thesis submitted for the degree of
Doctor of Philosophy
at the Department of Zoology
University of Otago,
Dunedin, New Zealand

by
Tina Karola Bayer
April 2013

Abstract
The large, oligotrophic lakes in the South Island of New Zealand are an iconic part of
the sub-alpine landscape, and are vital for a large number of ecosystem services,
including water supply, power generation, and tourism. These lakes face numerous
pressures, including a changing climate, that are likely to affect phytoplankton, the main
pelagic primary producers. The aim of this study was to predict likely impacts of
climate change on phytoplankton biomass and composition in two of these lakes. First,
the physical dynamics of Lakes Wanaka and Wakatipu were modelled under several
climate change scenarios using the lake model DYRESM. Second, results from
modelling were combined with information on the current dynamics and limitations of
phytoplankton from field surveys and experimental data.
Lake modelling suggests that for Lakes Wanaka and Wakatipu a predicted air
temperature increase of 1°C or 2°C by 2040 or 2090 (Ministry for the Environment
2008) is likely to result in warmer lake temperatures, and a shallower, longer thermal
stratification, negating the cooling influences of predicted increased rainfall and river
flows. However, wind speeds may increase by up to 10% (Ministry for the Environment
2008), which could counteract the effects of air warming on thermocline depth. In Lake
Wanaka, warmer winters could increase phytoplankton biomass in winter and spring,
whereas in Lake Wakatipu warmer winters and the predicted earlier onset of
stratification are likely to result in an earlier phytoplankton spring ‘bloom’. Due to
apparent nutrient limitation and the absence of light limitation in the mixed layer in
summer, a shallower and warmer epilimnion is unlikely to increase summer biomass.
However, nutrient inputs to the lakes are likely to increase with climate change, as a
result of which phytoplankton biomass can increase, highlighting the need to carefully
control nutrient inputs to the lakes.
Small, photosynthetic picocyanobacteria (PCB), the dominant phytoplankter in Lakes
Wanaka and Wakatipu in the 1990s, have diminished in their contribution to total
phytoplankton biomass and productivity. PCB contribution to primary production was
negatively affected by nutrient additions, especially phosphorus. Thus, any nutrient
enrichment associated with climate change is likely to disadvantage PCB compared to
eukaryotic phytoplankton. Changes in PCB contribution, and other changes in
phytoplankton composition, can have far reaching consequences for food web dynamics
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and trophic efficiency. In Lake Wanaka, a notable increase in the centric diatom
Cyclotella (or Discotella) was observed, potentially linked to warming air temperatures,
as an increase in centric diatoms recorded in several Northern Hemisphere lakes has
been attributed to decreased turbulence due to lake warming (Rühland et al 2008;
Winder et al 2009). However, changes in phytoplankton composition may also be linked
to the recent introduction of Daphnia ‘pulex’ or changes in nutrient inputs.
Even morphologically similar lakes, situated in the same geographical area, such as
Lakes Wanaka and Wakatipu, can differ in their plankton ecology, and thus in their
likely response to climate change. My findings highlight that a thorough understanding
of pelagic plankton dynamics is fundamental to predict impacts of climate change on
lakes, and a lake-specific management approach is required.
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Chapter 1: Introduction

1 General Introduction
Liquid fresh water is a relatively scarce resource on Earth. Less than 3% of water on the
globe is fresh, and of this fresh water more than 70% is held in glaciers and polar ice
caps (Wetzel 2001). A large proportion of liquid surface fresh water is held in a small
number of large lakes (Herdendorf 1990). These large lakes provide a significant
number of ecosystem services, including drinking water, fisheries, agricultural and
industrial uses, and recreation. Clean fresh water has become a very precious resource
in many parts of the world, and human development has started to impair the capacity of
fresh waters, including large lakes, to provide crucial ecosystem services. The
concentration of a large proportion of our liquid fresh water in a small number of lakes
makes these large lakes both especially vulnerable and important. In addition to the
direct anthropogenic pressures lakes have experienced in the past century, lakes have
also started to respond to global climate change.
Many of the world’s large lakes, including temperate monomictic Lakes Zurich (Peeters
et al 2002), Tahoe (Coats et al 2006), Constance (Tirok & Gaedke 2007), and
Washington (Winder & Schindler 2004a), as well as tropical Lake Tanganyika (Verburg
et al 2003), and cold dimictic Lake Baikal (Hampton et al 2008), have already been
shown to be warming in response to global climate change, generally resulting in an
earlier, shallower, and stronger thermal stratification. Water temperature and mixed
layer depth are crucial in controlling the supply of nutrients and light to phytoplankton,
and any climate-induced changes in primary productivity and phytoplankton biomass
are likely to affect the entire food web (Diehl et al 2002; Straile et al 2003b; Winder &
Schindler 2004a; Coats et al 2006; Hampton et al 2008; Jäger et al 2008).
Generally speaking, the observed effects of climate change on physical and thermal
properties of deep, oligotrophic lakes (Table 1.1), and, to a lesser extent, on their
phytoplankton and zooplankton communities (Table 1.2), show many similarities.
However, there are also remarkable differences in the response of deep, oligotrophic
lakes to climate change, especially in lake biology (Table 1.2). These differences in
response are not surprising, since local changes in climate are predicted to vary around
the globe (IPPC 2007) and the responses of lake communities and ecosystems,
especially of pelagic (i.e. open-water) primary production, depend on characteristics of
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the lake itself (Hampton et al 2008). Therefore ecological effects of climate change will,
to some degree, be region- and lake-specific.
While changes in thermal structure, as well as phytoplankton biomass and phenology
(i.e. seasonal pattern) have been documented and/or modelled for a number of large
lakes in the Northern Hemisphere (e.g. Verburg et al 2003; Winder & Schindler 2004b;
Coats et al 2006; Tirok & Gaedke 2007; Hampton et al 2008), little is known about the
physical and ecological consequences of a changing climate on large, oligotrophic,
temperate lakes of temperate South America (Chilean and Argentinean Patagonia) and
New Zealand.
While there was a worldwide warming trend in the surface temperature of 167 large
lakes from 1985 to 2009 (0.45 ± 0.11°C decade-1), calculated from night time thermal
infrared imagery, this trend was dominated by temperate lakes in the Northern
Hemisphere (Schneider & Hook 2010). The highest average rates of warming were
observed in northern Europe (0.8°C decade−1), followed by the south-western United
States of America (USA) (0.7°C decade−1), south-eastern Europe (0.6°C decade−1), the
Great Lakes region (0.5°C decade−1 to 0.6°C decade−1), and central Asia (0.4°C
decade−1 to 0.7°C decade−1). For the tropics, weaker trends were observed (0.25°C
decade-1), and for the only four temperate lakes in the Southern Hemisphere included
(situated in South America) there were insignificant trends (0.12°C decade-1) (Schneider
& Hook 2010). Long-term in-lake monitoring data (Table 1.1) also suggest a general
trend to faster lake surface temperature warming in Europe than in the USA and
elsewhere, but these data also show considerable variation even in lakes in the same
geographic area, with the same mixing regime (Table 1.1). In general, monomictic lakes
seem to have slightly higher surface warming than dimictic lakes, but most monomictic
lakes in Table 1.1 are in the pre-alpine region in central Europe, whereas most dimictic
lakes are located in the USA, Russia or Sweden and thus subject to a different climate
forcing. In dimictic lakes temperature dynamics are influenced by ice cover, for
example, in dimictic Lake Superior, the rate of warming is about twice as fast as air
temperature warming due increasingly earlier thermal stratification and milder winters.
This disproportional warming of Lake Superior is also related to the rapid loss of ice
cover (from 23 to 12% over the last century, Austin & Colman 2008) and should slow
once the ice cover is lost (Austin & Colman 2007).
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Southern Hemisphere monomictic lakes: A special case?
Changes in lake physical properties, such as the thermal structure, strongly depend on
the (predicted) changes in local climate, which can differ substantially on a world wide
scale (Table 1.1). Warming of air temperatures is predicted to be slower in New Zealand
compared to Europe and North America (Table 1.1; Livingstone 2003; Winder &
Schindler 2004b; Austin & Colman 2007). In addition, in New Zealand the longest
temperature records of lake surface temperature (Rotorua Lakes, Lake Taupo and Lake
Pupuke) show no significant changes in seasonally-corrected surface water temperature
in the past 2 – 3 decades (Hamilton et al 2013). However, climate signals, such as very
warm years with a strong El Nino phase, have influenced lake mixing regimes, and
prevented full turnover of Lake Taupo in 1998 (Hamilton et al 2013). Lake temperature
profiles are not only influenced by changes in air temperatures but also by changes in
wind speeds and frequencies, which impact mixing and thermocline depth (e.g. Perroud
& Goyette 2010). Wind speeds are a particularly important consideration for large,
deep, warm monomictic lakes in the Southern Hemisphere (i.e. in New Zealand and
Chilean and Argentinean Patagonia), where wind is a major driver of thermal
stratification cycles (Green et al 1987; Davies-Colley 1988; Baigun & Marinon 1995;
Schallenberg et al 1999; Soto 2002; Bayer et al 2013). These lakes are set apart from
lakes of the Northern Hemisphere by relatively small seasonal temperature variations
and relatively deep thermoclines due to high wind forcing (Green et al 1987; Baigun &
Marinon 1995). In addition snowmelt and glacier meltwater often constitute a
substantial proportion of the inflows. Therefore, the effects of climate change on this
group of southern lakes is likely to differ from effects on their counterparts in Europe
and in the USA for which most of the detailed long term monitoring data are available.
Because of these unique characteristics, changes in wind forcing and river inflows
(caused by changes in snow and glacial melt), could be a key factor in predicting the
response of large, monomictic lakes of the Southern Hemisphere to climate change.
Many of New Zealand’s large pre-alpine lakes are situated in the central South Island,
including the iconic, oligotrophic Lakes Wanaka and Wakatipu. Thus, whether the
predicted warmer air temperatures in this area (Ministry for the Environment 2008), are
likely to result in warmer lake surface waters, a more stable thermal stratification and
shallower thermocline and/or an earlier onset of stratification (as they have in other
parts of the world) remained to be determined as potential higher wind forcing (Ministry
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for the Environment 2008) and increased (cold) river flows in winter and spring may
offset these effects.
Changes in the thermal structure and stratification of lakes, for instance the extent of
growing season and vertical mixing, seem to represent the most significant climate
induced impact on phytoplankton (Schindler et al 1996; Diehl 2002; Smol et al 2005;
Winder & Hunter 2008). The depth of mixing in lakes is important as it partly
determines the light available to phytoplankton, and settling processes (e.g. Diehl 2002;
Dokulil et al 2006; Berger et al 2007). A longer or shallower stratification would imply
an increase in light availability for primary production during summer stratification,
both in duration or intensity. Mixing depth and water temperature also partly govern the
internal nutrient supply: Nutrient cycling can be enhanced with warmer temperature,
and changes in the frequency and the depth of mixing affects the nutrient re-supply from
the hypolimnion (Reynolds 2006).
To explore these issues, I used a hydrodynamic model (DYRESM) to simulate the
potential effect of climate change on thermal stratification and mixing depth in Lakes
Wanaka and Wakatipu.
Likely increase of nutrient inputs to southern New Zealand lakes
Lake biological responses not only depend on changes in lake physical properties, such
as thermal structure, but also on the extent of changes in external nutrient supply,
especially in oligotrophic lakes. Nutrient inputs to southern New Zealand lakes may
increase as a result of increased rainfall and runoff (as shown for lakes in the United
Kingdom, Jones et al 2011), and increased weathering of rocks and soil due to reduced
snow cover, higher air temperatures and more extreme weather events (Rogora et al
2003). Increased wind blown transport of dust from local sources (McGowan et al 1996)
or Australia could also increase nutrient inputs. Australian dust plumes can carry large
sediment loads containing (micro-) nutrients such as iron and phosphate into the South
Pacific (Mackie et al 2008), some as far as New Zealand (Halstead et al 2000). Climatic
conditions, particularly rainfall, explained most of the variance in the nutrient load from
17 catchments across Europe (Bouraoui et al 2009). Phosphorus input to lakes is
predicted to increase with climate change for a number of lakes in Europe, and more
importantly the timing of P inputs could be altered (Pierson et al 2010). Noges et al
(2011) also observed higher nutrient export to two northern Italian lakes in a rainy
4

Chapter 1: Introduction

spring and winter, and a decreased N to P ratio, and suggested that with predicted
rainfall increases in southern Europe nutrient loadings to lakes are likely to increase.
Higher winter rainfall is also expected to increase N loading to northern European
temperate lakes (Jeppesen et al 2011). Increased meltwater from glacial melt has also
been shown to increase electrical conductivity, silica and some heavy metals (some of
which are important micronutrients for phytoplankton) in two remote high mountain
lakes in European Alps (Thies 2007). Increased runoff, snow and glacial melt resulting
from increased air temperatures and rainfall can also affect the transparency of lakes,
and thus the light availability for photosynthesis (Hylander et al 2011). In-lake nutrient
cycling could also be accelerated by warmer water temperatures and deeper mixing,
resulting in a greater availability of in-lake nutrients, especially phosphate (Diehl 2002;
Diehl et al 2002).
Thus there are several potentially interactive effects of climate change on New Zealand
lakes: Warmer air temperatures and potentially increased wind speeds affecting the
mixing depth and light climate, as well as changes in nutrient inputs. Alone or in
combination each of these effects could lead to an increase in phytoplankton biomass
and changes to the typically “picoplankton-fuelled” pelagic food webs of New
Zealand’s pre-alpine lakes.
In addition, changes in climate and land use invariably interact, and climate warming
can compound effects of eutrophication (Christoffersen et al 2006), or “mimic shortterm increases in the trophic level of less productive lakes” (Tolotti et al 2012). Thus
predictions for the future of lakes should include changes in both climate and land use,
and their interactions. Land use in the catchments of Lakes Wanaka and Wakatipu is
likely to change in the coming decades, with potentially increasing use of land for
recreation (e.g. golf courses), horticulture and vineyards. Overwintering of dairy stock
and even dairying itself could also become more prevalent as a result of current large
scale transfers of land ownership from the Crown to high country farmers (Tenure
Review of Crown Pastoral Land, refer to Land Information New Zealand, LINZ, for
more information). Finally, commercial forestry could also become more prevalent in
the catchment (John Threlfall, Otago Regional Council, pers. com.). These
intensifications of land use are likely to increase nutrient and sediment export from the
catchments, potentially compounding the effects of climate change. According to a
review of New Zealand studies of nutrient export to waterways (Elliot & Sorrell 2002),
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export coefficients of TN and TP were significantly larger (> 50%) from catchments
supporting dairy farms than from those in native forest. Even TN exports from low
intensity pasture were significantly higher (> 20%) than those from native forest.
However, there was no differences in export coefficients between native bush and
exotic forestry in the studies considered, despite forest harvesting leading to increases in
sediment loads (Elliot & Sorrell 2002).
Therefore, both climate change and land use changes are likely to increase nutrient
inputs to Lakes Wanaka and Wakatipu in the future.
Consequences of climate change on lake biology and food webs
Since climate change affects lake temperature, thermal structure and nutrient
availability, which are basic conditions for pelagic aquatic life, it not surprising that
climate change can have profound effects on lake biology and aquatic food webs
(Anneville et al 2002; O’Reilly & Hecky 2002; Verburg et al 2003; Winder & Schindler
2004b; Winder & Schindler 2004a; Anneville et al 2005; Berger et al 2007; Hampton et
al 2008; Winder & Hunter 2008; Dokulil et al 2010; George 2010). Phytoplankton and
other primary producers in a lake provide the crucial base of the aquatic food web in
oligo- or mesotrophic lakes. In these lakes > 95% of aquatic herbivore production is
supported by in-lake primary production, ultimately determining whole lake
productivity and fish biomass (Brett et al 2012). However, the response of these primary
producers to changes in climate depends on their current dynamics and limitations. In
addition the structure of the food web, the relative importance of picocyanobacteria and
the dominant zooplankter may be important in determining the ecological lake response.
Under a changing climate, plankton biomass and composition are altered by several
mechanisms, which can be interactive:
o

Direct temperature effects have been shown to alter microbial communities
(Rae & Vincent 1998; Christoffersen et al 2006), but in microcosm experiments
there were no direct temperature effects on phytoplankton biomass (McKee et al
2003).

o Changes in the onset of thermal stratification (Table 1.1) can change seasonal
patterns and the taxonomic composition of phyto- and zooplankton (Table 1.2;
Müller-Navarra et al 1997; Weyhenmeyer et al 1999; Gerten & Adrian 2000;
Winder & Schindler 2004b; Berger et al 2007; Blenckner et al 2007; Dokulil et
6
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al 2010; Feuchtmayr et al 2011).
o Changes in light availability due to shallower or deeper mixing depth
(resulting from altered thermal structure) can change the community structure
and biomass of phytoplankton (Diehl 2002; Diehl et al 2002; Verburg et al 2003;
Diehl 2007; Hampton et al 2008).
o Changes in nutrient supply from the hypolimnion, due to changes in the
density gradient between hypo- and epilimnion, can increase or decrease the
nutrients that are available to phytoplankton in the epilimnion, and thus alter
phytoplankton biomass and/or composition (Verburg et al 2003; Hampton et al
2008; Blenckner et al 2010; Dokulil et al 2010).
o Changes in nutrient supply from the catchment due to an increase in rainfall,
runoff (e.g. Jones et al 2011), and weathering due to reduced snow cover, higher
air temperatures and more extreme weather events (Rogora et al 2003).
When using long-term monitoring data, biological in-lake responses to climate change
are difficult to disentangle from responses to changes in nutrient inputs resulting from
land use changes and measures to combat eutrophication, and the impact of invasive
species (Anneville et al 2005; Salmaso 2005; Mida et al 2010; Salmaso 2010). The
Great Lakes of North America (Winder & Schindler 2004b; Austin & Colman 2007;
Austin & Colman 2008; Mida et al 2010) and many pre-alpine lakes in Europe (e.g.
Lake Geneva, Constance, Walen, Zurich, Maggiore, Garda) (Anneville et al 2005;
Salmaso 2005; Stich & Brinker 2010; Salmaso 2010) have undergone a process of reoligotrophication as well as lake warming in the past decades. In Lake Michigan the
situation is further complicated by the presence of exotic dreissenid mussels, that
remove phytoplankton biomass by filtration (Mida et al 2010). Re-oligotrophication
rather than climate change, seems to be the driving factor in some lakes, such as Lake
Garda (Salmaso 2010) and Lake Constance, for which modelling predicts that reoligotrophication has a “much stronger impact on long-term development of chlorophyll
a than temperature change” (Stich & Brinker 2010). Due to these complex interactions,
many studies have focused on correlations with the North Atlantic Oscillation (NAO) or
comparisons between warm and cold years. Generally, these studies found
phytoplankton biomass and seasonal dynamics to be correlated with the North Atlantic
Oscillation (Weyhenmeyer et al 1999; Weyhenmeyer et al 2002; George et al 2004;
Blenckner et al 2007; Dokulil et al 2010). However, for large lakes located just south of
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the Alps (e.g. Lago Garda) large-scale climatic fluctuations over the Mediterranean area
were more influential (Salmaso & Cerasino 2012).
Effects on phytoplankton seasonal pattern (phenology) seem consistent; warmer
winters lead to an earlier thermal stratification (Table 1.1) and to an earlier
phytoplankton biomass increase in spring (“spring bloom”). The phytoplankton spring
bloom has shifted forward in Lake Washington (by 20 days since 1982, Winder &
Schindler 2004b), in Lakes Constance (Stich & Brinker 2010), Mondsee (by 48 days
since 1978, Dokulil et al 2010), Müggelsee (Gerten & Adrian 2000), Plußsee (MüllerNavarra et al 1997) and Brunnsee (Berger et al 2007) in Germany, Lake Erken in
Sweden (Weyhenmeyer et al 1999), and in Bassenthwaite Lake in the UK (by 1.6 days
per year over a 15-year period (Meis et al 2009)). The shallow lakes Erken, Müggelsee
and Plußsee also had an increasing spring phytoplankton biomass. A more complex
pattern emerged for many lakes in the English Lake District where the timing of one
species (Asterionella formosa) advanced, but was delayed for others (Aulacoseira spp.
and Cryptomonas spp.) (Feuchtmayr et al 2011). However, this change was driven by
nutrient availability and not directly by temperature (Feuchtmayr et al 2011).
Based on hydrodynamic modelling and current phytoplankton dynamics in Lakes
Wanaka and Wakatipu of New Zealand, I assessed whether warmer winters are likely to
lead to an earlier thermal stratification and spring phytoplankton bloom in Lakes
Wanaka and Wakatipu.
Changes in phytoplankton biomass are less consistent and appear to depend more on
individual lake characteristics. While there were few or no changes in long-term
phytoplankton biomass in Lakes Tahoe and Washington (Arhonditsis et al 2004),
biomass increased in Lakes Baikal (Hampton et al 2008) and Geneva (Anneville et al
2005), but decreased in Lakes Tanganyika (O'Reilly et al 2003; Verburg et al 2003),
Michigan (Mida et al 2010) and Walensee (Anneville et al 2005). Reasons for static or
decreasing biomass include re-oligotrophication occurring in the monitoring periods
alongside changes in climate as reported for Lake Washington (Arhonditsis et al 2004),
Walensee (Anneville et al 2005) and Lake Michigan (Mida et al 2010). In Lake
Michigan the introduction of dreissenid mussels also decreased phytoplankton biomass
(Mida et al 2010). Changes in biomass in Lake Baikal and Lake Tanganyika, however,
have been directly or indirectly attributed to climate change. The increase in summer
phytoplankton biomass in Lake Baikal could be due partly to increased nutrient loading
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from the catchment, increased wind-induced mixing, and increased recycling of
nutrients for phytoplankton production due to warming (Hampton et al 2008).
Conversely, lower phytoplankton biomass (- 20%) in Lake Tanganyika was attributed
to reduced mixing due to warming of the surface waters, and the associated lower
nutrient supply from the hypolimnion (O'Reilly et al 2003; Verburg et al 2003).
If Lakes Wanaka and Wakatipu are nutrient limited in summer, as I hypothesise, an
increase in biomass is unlikely even with a shallower and warmer epilimnion, unless
nutrient inputs to the lakes increase.
Changes in phytoplankton composition potentially linked to climate change were
observed in long term data records from Lakes Tahoe (Winder & Hunter 2008),
Geneva, Constance, Walen and Zurich (Anneville et al 2005). Whereas an increase in
Cyclotella in Lake Tahoe was attributed to climate change (Winder & Hunter 2008),
increases in Cyclotella and Dinobryon in the European pre-alpine lakes were attributed,
at least in part, to the re-oligotrophication process (Anneville et al 2002). In Lago
Maggiore, temperature, wind, silica and total phosphorus, were the key drivers of
species selection, and Fragilaria and Tabellaria were suggested as potential indicators
of climate change (Morabito et al 2012). The composition and abundance of diatoms,
the most common eukaryotic phytoplankter in Lakes Wanaka and Wakatipu, are
strongly linked to thermal-physical dynamics of the water column (Diehl et al 2002;
Huisman et al 2004), and therefore climate change can alter in their composition and
abundance (Smol et al 2005; Rühland et al 2008; Winder et al 2009). Warmer waters
and increased stability can also favour cyanobacteria: In Lakes Geneva, Zurich,
Constance, Lucerne and a sub-alpine lake in northern California cyanobacteria biomass
increased in warmer years (Park et al 2004; Gallina et al 2011).
As in other large, oligotrophic lakes, climate change, especially if associated with
changes in nutrient supply, is likely to change phytoplankton composition in Lakes
Wanaka and Wakatipu.
Reported climate change effects on zooplankton populations are also variable.
Observed responses of zooplankton to climate change include both a significant
decrease in Daphnia populations from 1977 to the early 2000s in Lake Washington, due
to a mismatch with their phytoplankton prey (Winder & Schindler 2004a), and higher
Daphnia densities in Lake Baikal (Hampton et al 2008), possibly due to increased
phytoplankton biomass. In Lake Windermere, daphnid populations were also closely
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correlated with the Gulf Stream position (George & Taylor 1995). In Lago Maggiore,
warm years sharply increased Daphnia biomass to levels comparable to those of past
mesotrophic conditions, showing an overall eutrophication-like effect of climate
warming (Visconti et al 2008). Freshwater copepods seem to respond species
specifically to increased water temperatures and their response depends on finer scale
temperature patterns (Gerten & Adrian 2002b). While their active phase in both spring
and autumn was usually prolonged in warmer years, only mesophilic species increased
in biomass and developed an additional generation, while another species
(Acanthocyclops robustus) adapted to a broader temperature range did not respond to
warming (Gerten & Adrian 2002b).
In Lake Washington, a climate-induced “trophic mismatch” was identified as the cause
of a significant decrease in Daphnia populations from 1977 to the early 2000s (Winder
& Schindler 2004a). The term “trophic mismatch” indicates that trophic coupling of
prey and predators is no longer in synchrony, meaning the timing of peak abundances of
the prey does not longer coincide with that of the predators. The underlying reason for
the “mismatch” observed in Lake Washington (Winder & Schindler 2004a), is that
zooplankton populations are regulated not only by the abundance and quality of their
food, but also by other cues which differ, in part, from cues for phytoplankton growth
(Talling 2003). In deep lakes, the phytoplankton spring bloom seems to be triggered
mainly by mixing depth-dependent light availability and turbulence, but not by water
temperature directly (Winder & Schindler 2004b; Berger et al 2007; Peeters et al 2007),
whereas zooplankton growth is believed to be related to food availability, water
temperature and photoperiod (Gerten & Adrian 2000; Winder & Schindler 2004a).
Water temperature is the most important cue for growth of over-wintering Daphnia
populations (George & Taylor 1995; Straile 2000), whereas photoperiod is a cue for the
hatching of diapausing Daphnia eggs (Stross 1966; Domis et al 2007).
Climate change can alter the relationship between photoperiod and temperature; thus,
while over-wintering populations of daphnids may mirror the change in timing of the
spring phytoplankton bloom, changes in the photoperiod-temperature interaction may
cause eggs to hatch too late and thus miss the peak abundance of their food sources
(Domis et al 2007). Generally, for a trophic mismatch to occur two conditions need to
be satisfied: strong seasonality of Daphnia and their food (including no, or very little
over-wintering by planktonic, reproducing Daphnia populations) and bottom-up
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controlled food webs (Durant et al 2007). Trophic mismatch has only been reported for
Daphnia populations (Winder & Schindler 2004a), which in Lakes Wanaka and
Wakatipu have been reported to be sparse (Burns & Schallenberg 1998). The response
of copepods to lake warming is more complex and species specific (Gerten & Adrian
2002b).
I have assessed the potential for a temporal “trophic mismatch” (de-synchronisation) to
occur between peaks of phytoplankton and Daphnia biomass. I assumed little potential
for trophic mismatch of Daphnia and phytoplankton in these lakes, unless Daphnia
numbers have increased in the past decade.
While there are numerous studies on the effects of climate change on phytoplankton
composition and biomass, much less is known about the effect of climate change on the
abundance and relative importance of autotrophic picoplankton (APP) in fresh waters.
However, the main photosynthetic primary producers in many deep, oligotrophic lakes
(Stockner & Shortreed 1991; Nagata et al 1994; Callieri & Piscia 2002; Callieri 2008),
including Lakes Wakatipu and Wanaka (Naismith 1994; Schallenberg & Burns 2001),
are small (< 3 µm) autotrophic picoplankton.
Few long term records of APP abundance are available (Callieri & Stockner 2002) so it
is difficult to assess the impact climate change has had on them. However, there are
studies of APP across a range of lake trophic states (Agawin et al 2000; Callieri &
Stockner 2000; Bell & Kalff 2001; Callieri & Stockner 2002; Galbraith & Burns 2010),
and results from observational and experimental data, that suggest that light climate,
temperature and nutrient availability affect APP biomass, production and their relative
importance in the food web as autotrophic producers (Jasser & Arvola 2003; Sommer
2008; Winder 2009). APP can often out-compete larger algae at low light and/or low
nutrient levels (Callieri 2008 and references therein).
However, this competitive advantage may be lost, or enhanced, with changes in light or
nutrient availability caused by climate change or land use change, thus making APP
potential indicator species for changes in climate and land use and their interactive
effects.
APP could be the keystone species in assessing the response of Lakes Wanaka and
Wakatipu to climate and land use changes, because a) APP are important primary
producers in oligotrophic lakes such as Wanaka and Wakatipu, and partially sustain
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their aquatic food webs, b) APP contribution to total biomass and food webs is likely to
change with altered nutrient status and c) APP contribution to total biomass and food
webs is likely to change in response to altered physical properties (e.g. light and water
temperature). These aspects are discussed in more detail in the following paragraphs.
a) APP as important primary producers in oligotrophic lakes
In New Zealand Lakes Wakatipu and Wanaka in the 1990s (Naismith 1994;
Schallenberg & Burns 2001), as well as in large temperate lakes of South America
(Bastidas Navarro et al 2009), phytoplankton was dominated by APP. APP often
represent more than half of the total primary production or photosynthetic biomass in
oligotrophic lakes (Stockner & Shortreed 1991; Weisse 1991; Callieri & Piscia 2002;
Callieri & Stockner 2002; Callieri 2008), with up to 80% in Lake Baikal (Nagata et al
1994). In oligotrophic systems up to 70% of carbon is fixed by APP (Stockner & Antia
1986; Bell & Kalff 2001; Callieri & Stockner 2002), making APP an important energy
source in these systems (Winder 2009). Thus, in lakes in which APP contribute a large
part of the photosynthetic biomass, the ‘microbial loop’ whereby carbon is transferred
from picoplankton through heterotrophic nanoflagellates (HNF) and ciliates to
mesozooplankton (> 200 µm), can be more important than the ‘classic’ trophic pathway
direct from algae to mesozooplankton (Porter et al 1985; Stockner & Porter 1988). In
Lakes Wanaka and Wakatipu planktonic microbial communities (protists, bacteria,
APP) are important for carbon flux to higher organisms (Burns & Schallenberg 1998)
and photosynthetic communities are dominated by APP (Naismith 1994; Schallenberg
& Burns 2001). Since in temperate South American mountain lakes APP were
photosynthetically more efficient than larger algae (Bastidas Navarro et al 2009), a
change in APP population could alter the overall carbon flux in the aquatic food web,
affecting the whole aquatic food web up to fish abundance or biomass.
b) Effects of nutrient availability on APP
All studies on the relative importance of APP in aquatic systems across varying trophic
states (Stockner & Shortreed 1991; Vörös et al 1998; Agawin et al 2000; Bell & Kalff
2001) highlight the relative importance of APP in nutrient poor systems. According to a
comprehensive review of 91 studies, 22 of which were on freshwater systems, the
relative importance of APP is linked to trophic state, and “declines systematically with
increasing trophic status in both marine and freshwater systems” (Bell & Kalff 2001).
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This decrease is commonly attributed to APP losing their competitive edge over other
phytoplankton at higher nutrient concentrations (Wehr 1993; Vadstein 2000; Moutin et
al 2002; Callieri 2008), or to increased competition with bacteria for nutrients at higher
levels of dissolved organic carbon (DOC) (Drakare 2002). Therefore, APP are
considered “particularly sensitive to the effects of nutrient enrichment” (Burns &
Schallenberg 1998).
Studies conducted in the Frankton Arm of Lake Wakatipu (Schallenberg & Burns 2001)
and in other lakes (Rhew et al 1999; Tzaras et al 1999) suggest that even slight nutrient
enhancement can disadvantage APP. In the North American Great Lakes the relative
abundance of APP is lower near sources of contamination or high nutrient
concentrations (Munawar & Weisse 1989; Weisse 1991). While most studies
established decreased APP contribution to overall phytoplankton biomass or production
with increasing phosphorus concentrations or trophic status (Stockner & Shortreed
1991; Agawin et al 2000; Bell & Kalff 2001; Burns & Galbraith 2007), in Lake
Constance there was a unimodal relationship with low APP biomass at high (60 µg P L1

) and low (10 µg P L-1) total phosphorus concentrations and a maximum in between

(ca. 35 µg P L-1) (Kamjunke et al 2009). However the results for Lake Constance are
weakened by relatively few data. By contrast, a few studies have recorded positive
responses of APP concentrations to nutrient enrichment (Vaulot et al 1996; Stockner &
Shortreed 1989).
Thus, an increase in in-lake nutrient concentrations due to climate or land use changes
may result in a decrease of the relative importance of APP in Lakes Wanaka and
Wakatipu, and potentially alter pathways of energy flow up the food web.
c) Impact of mixing depth, light, and temperature on APP populations
Due to the paucity of long term APP monitoring data, few studies on the impacts of
climate change on APP are available. A study conducted on the effects of potentially
faster glacial melt with climate change in Argentina showed decreasing APP abundance
with decreasing transparency at higher melt-water input, but this could also be linked to
Daphnia grazing in turbid waters (Hylander et al 2011). Light can be an important
driver of APP contribution to primary production: APP are favoured under low light,
low nutrient conditions, and outcompeted under high light, high nutrient concentrations
in Lake Tahoe (Winder 2009). In Finnish boreal lakes light and temperature were even
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more important in driving seasonal APP dynamics than nutrients (Jasser & Arvola
2003). Other studies (Vörös et al 1998; Sommer & Lengfellner 2008) confirm that
lower light favours APP; e.g. in marine mesocosm experiments at lower light, APP had
the highest contribution to phytoplankton biomass (Sommer & Lengfellner 2008).
Therefore, should climate change alter mixing depth and thus light availability in the
lake, the contribution of APP to total biomass in Lakes Wanaka and Wakatipu is likely
to change.
Aim of study
The aim of my study was to investigate likely impacts of changes in climate and
nutrient influx on Lakes Wanaka and Wakatipu, especially the likely effects on
phytoplankton primary production and composition, and the role of autotrophic
picoplankton (APP). My approach was to first simulate effects of climate changes on
the physical lake dynamics (thermal stratification and mixing depth) using a
hydrodynamic model (DYRESM) and to then combine modelling results with
information I obtained by studying the dynamics and limitations of phytoplankton and
autotrophic picoplankton primary production, biomass and seasonal pattern in the lakes.
Based on modelling, monitoring and experimental data I discuss potential consequences
of climate change and nutrient enrichment for APP, phytoplankton and food webs in
Lakes Wanaka and Wakatipu.
My thesis consists of 5 data chapters, and a general discussion:
Chapter 2 presents results from physical lake modelling in several scenarios with
changed climatic conditions.
Chapter 3 establishes seasonal dynamics and drivers of phytoplankton biomass and
taxonomic composition in Lakes Wanaka and Wakatipu, and combines these with the
modelling data to make projections for the future.
In chapter 4, influences of biotic and abiotic factors on the abundance and colonisation
behaviour of autotrophic picoplankton are examined, and how these may be affected by
climate change.
In chapter 5 the genetic diversity and seasonal succession of Synechococcus in Lakes
Wanaka and Wakatipu, and their relation to environmental factors are described.
Chapter 6 investigates the response of autotrophic picoplankton to nutrient enrichment.
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Chapter 7, the general discussion, summarises the findings, puts them in a wider
context, and identifies avenues for further study.
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Table 1.1 Comparison of long-term monitoring data on physical lake responses to climate change
Lake

State

Max.
depth

Trophy

Mixis

Years of
observation

(m)

∆Tair

∆tstratified

(°C total,
°C/decade)

∆Tepilimnion

∆Thypo

∆Ttotal

(°C total,
°C/decade)

(°C total,
°C/decade)

(°C total,
°C/decade)

Ammersee
Attersee

D
A

81
171

meso
oligo

di
holo/mono

1984-2002
1968-2003

0.31, 0.17
0.39, 0.11

Baikal

RU

1642

oligo

dimictic

1945-2006

0.73, 0.12

Constance

A/CH/D

253

(re-) oligo

warm mono

1963-2002

NG

Geneva

F/CH

309

meso->
oligo

mono

1970-2003

0.4-0.7b

Hallstättersee

A

125

oligo

holo/mono

1971-2003

Maggiore,
Lugano,
Como, Iseo
and Garda

I

372,
288,
410,
251,
346

oligo-meso,
meso-eu,
meso, eu?,
oligo-meso

warm oligo

1970-2005

Malawi

African
Rift lake

706

oligod

mero

1939-1999

0.13e

Mondsee

A

69

oligo-meso

holo/di

1978-2003

0.68, 0.27 SF

Superior,
Michigan,
Huron, Erie

US/CA

oligo except
Erie: mesooligo

di

1979–2006

1.62

0.5 d/yr
earlier or
trend
earlier

0.3-3.3,
0.1-1.1

N/A

Tahoe
Tanganyika

US
African
Rift lake

406,
281,
229,
64,
244
500
1470

ultra-oligo
oligo

warm oligo
mero

1970-2002
1913-2000

ca. 0.15f

no earlier

0.74,0.23SF

0.64,0.20
0.17,0.02g
0.87, 0.1h

0.56, 0.16 SF

-> meroc

1.22, 0.20 SF
0.73, 0.12a
0.86, 0.22 SF

0.55, 0.14

1.3, 0.4

0.9, 0.27

1.22, 0.20

0.06, 0.02 SF

0.42, 0.13
0.42-0.98
0.12–0.28

0.6, 0.10

Reference
Dokulil et al (2006)
Dokulil et al (2006,
2010)
Hampton et al
(2008)
Dokulil et al (2006,
2010)
Perroud & Goyette
(2010), Lazzarotto
et al (2004)
Dokulil et al (2006,
2010)
Salmaso et al
(2007)

Vollmer et al
(2005)
0.18, 0.07

Dokulil et al (2006,
2010)
Austin & Colman
(2007, 2008)

Coats et al (2006)
Verburg et al
(2003)
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Traunsee

A

191

oligo

holo/mono

1964-2003

Vänern
Vättern
Walensee

SE
SE
CH/F

106
120
145

meso
oligo
(re-?) oligo

di
di
mono

1980-2003
1980-2004
1974-2002

Washington

US

65

meso

di

1962-2002

Windermere

UK

64

meso

di/monok

1947-2002

Zurich

CH

136

meso

facultative
di

1947–1998

sixteen
pre-alpine
lakes

A

0.32, 0.08

0.4-0.7b

+25 days

+ 2-3
weeks

0.39, 0.10 SF

0.66, 0.17

0.11, 0.04 SF

0.35, 0.15
0.41, 0.17
0.56, 0.20

1.16, 0.29i
0.72, 0.18j
1.21, 0.22 SF
1.2, 0.24l

0.6, 0.17
0.82, 0.15
0.7, 0.13m

Dokulil et al (2006,
2010)
Dokulil et al (2006)
Dokulil et al (2006)
Dokulil et al (2006,
2010)
Winder &
Schindler (2004)
Dokulil et al
(2006), George et
al (2010)
Livingstone (2003)

slower
Dokulil et al (2010)
1.05, 0.17 SF
(winter)
warming
1.55, 0.25 SF
south of
(spring
Alps
/summer )
A = Austria, CA = Canada, CH = Switzerland, D = Germany, F = France, I = Italy,
US = United States of America, UK = United Kingdom, RU = Russia, SE = Sweden

1940-2000

total ∆Tair = total air temperature warming (average annual)
∆tstratified = change in duration of stratification
∆Tepilimnion = change in epilimnion temperature
∆Thypo = change in hypolimnion temperature
SF
Surface water temperature
a
h
25m
at 100 m
b
i
Switzerland (Beniston et al 1994; Scherrer et al 2006)
when stratified
c
j
becoming meromictic
when not stratified
d
k
Chayula et al (2009)
Feuchtmayr et al (2011)
e
at 10–50 m in winter from 1950-90. Little change in summer. l upper 20 m
f
m
Schneider et al (2009)
below 20 m
g
at bottom of lake
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Table 1.2 Observed effects of climate change on phytoplankton and zooplankton of deep, mesotrophic to oligotrophic lakes
Lake
Loca Max
Trophy Mixis
Time
Phytoplankton
Zooplankton
tion
depth
(m)
Phytoplankton composition altered
US
500
ultrawarm
1982 –
Tahoe
2006
(Cyclotella increase)
oligo
oligomictic
No significant change in biomass

Reference

Winder & Hunter
(2008)

No deep spring mixing since 1999 -> lower
nitrate availability (but P constant)
Washington

US

65

oligo

dimictic

1962 –
2002

No significant change in biomass, slight
decrease in chl a of 0.011 mg/l yr, but lake
also undergoing re-oligo
Spring diatom bloom 20 days earlier

Michigan

Baikal

US

RU

281

1642

oligo

oligo

dimictic

dimictic

1979 –
2006

1945 –
2006

Daphnia decline due to
trophic mismatch
Rotifer peak 21 days earlier,
but no change for Daphnia

Carrick et al (2001),
Fahnenstiel et al
(2010)
Mida et al (2010)

Phytoplankton biomass and chl a
concentrations are declining 2000-2008
compared to 1980s and 1990s, largely
attributable to dreissenid mussel filtering
Limited composition change in mixed layer,
but in deep chl layer diatoms decreased
from over 50% of total phytoplankton in
1983–1987 and 1995–1998 to < 5% in
2007–2008
Summer increase in algal biomass
Seasonality linked with ENSO

335% increase in
cladocerans since 1946
Decrease in copepods,
rotifers (colder months),
increase in cladocerans
(warmest months)

Zurich

CH

136

meso

holomictic

1947 –
1998

No trend, lake also undergoing re-oligo

Arhonditsis et al
(2004), Winder &
Schindler (2004a, b)

Hampton et al
(2008), Katz et al
(2011)

Anneville et al (2005)
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Geneva

CH/F

309

meso->
(re-)
oligo

warm
monomictic

1960/
1970 –
2003

Anneville et al (2002,
2005), Gallina et al
(2011)

Increasing summer biomass since 1990s
Major change in community composition at
end of the 1980s, co-inciting with major
shift in climatic conditions during winter
and early spring
Cyclotella and Dinobryon increased (due to
re-oligo ?)
Lakes Geneva, Zurich, Constance, Lucerne:
Cyanobacteria biomass increased in extreme
temperatures

Constance

Windermere

A/
CH/
D

UK

253

64

(re-)
oligo

meso

warm
monomictic

mono

1963 –
2002

During the past 28 years TP declined by
nearly 90% (re-oligo)
Predicted: Re-oligotrophication will have a
much stronger impact on long-term
development of chl a than temperature
change

1947 –
2002

Timing of the spring bloom advanced for
A. formosa but was delayed for Aulacoseira
spp. and Cryptomonas spp.

Warmer winters being
followed by an earlier onset
of the
clear-water phase

Straile (2005), Berger
et al (2007), Tirok &
Gaedke (2007), Stich
& Brinker (2010)

Higher spring biomass of
Daphnia and copepods in
warmer springs
Feuchtmayr et al
(2011)

Higher mixing -> later spring peak, more
mean winter SRP -> earlier spring peak.
Temperature not crucial
Lakes
Maggiore,
Como and
Garda

I

372,
410,
346

oligomeso,
meso,
oligomeso

warm
oligomictic

1970 –
2005

1993-2003: No trend in chl a, phytoplankton
biomass, TP for Lago Garda but intensity of
spring mixing determines nutrient content
and thus influences phytoplankton
composition and biomass

Salmaso et al (2003),
Salmaso (2005, 2010)

Changes in nutrient concentrations have
greatest effect on the phytoplankton
community
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1470

oligo

mero
mictic

1913 –
2000

Walensee

Afric
an
Rift
lake
CH/F

145

mono

Mondsee

A

69

(re-?)
oligo
oligomeso

1974 –
2002
1978 –
2003

Tanganyika

holomic
tic and
dimictic

Less phytoplankton biomass, primary
production ca. -20% due to
sharpened density gradient (which slowed
vertical mixing)
Decrease in summer and spring biomass (reoligo!)
Average timing of the spring chl a
maximum has advanced by about 48 days

O'Reilly et al (2003),
Verburg et al
(2003)
Anneville et al (2005)
Dokulil et al (2010)

A = Austria
CH = Switzerland
D = Germany
F = France
I = Italy
UK = United Kingdom
US = United States of America
RU = Russia
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2 Application of a numerical model to predict impacts of
climate change on water temperatures in two deep,
oligotrophic lakes in New Zealand1
2.1 Abstract
We applied a numerical hydrodynamic model (DYRESM) to two large, deep New Zealand lakes that are
characterised by deep thermoclines and high wind forcing, to assess their sensitivity to changes in
climate. Modifications to standard model parameters were necessary for the successful application of
DYRESM. Predictions from downscaled global circulation models suggest an increase in mean air
temperature, rainfall and wind speeds. Modelling the hydrodynamics of the lakes suggests that increasing
air temperatures would offset the cooling influences of increased rainfall and river flows, resulting in
warmer overall lake temperatures, and an earlier, longer and shallower thermal stratification. These
physical changes could affect phytoplankton production as their light limitation would decrease in
duration and intensity. However, deeper mixing caused by increases in wind speed would negate this
reduction of thermocline depth. While warmer air temperatures appear to be the dominant driver of
changes in thermal structure, changes in other meteorological factors, especially wind speed, are
important in predicting future hydrodynamics. Compared to large, deep lakes in the Northern
Hemisphere, the predicted warming rates in Lakes Wanaka and Wakatipu are slower, due partly to a
lower predicted rate of atmospheric warming and the absence of winter ice cover in these lakes.

2.2 Introduction
In the past century, climate change has resulted in the warming of large, deep lakes in
the Northern Hemisphere and the tropics, including temperate monomictic Lakes Zurich
(Peeters et al 2002), Tahoe (Coats et al 2006), Constance (Tirok & Gaedke, 2007), and
Washington (Winder & Schindler, 2004), tropical Lake Tanganyika (Verburg et al
2003), and cold dimictic Lake Baikal (Hampton et al 2008), generally resulting in a
shallower and stronger summer stratification. However, little is known about the effect
of climate change on the many large, temperate, monomictic lakes of the Southern
1

Note: This chapter is a copy of a manuscript published in Hydrobiologia, in its ‘uncorrected proof’ form

as of April 2013, including the authors’ corrections: Bayer TK, Burns CW, Schallenberg M. 2013
Application of a numerical model to predict impacts of climate change on water temperatures in two
deep, oligotrophic lakes in New Zealand. Hydrobiologia.10.1007/s10750-013-1492-y. The formatting
was adjusted in parts to be coherent with the rest of this thesis. The final publication is available at
link.springer.com.
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Hemisphere in New Zealand and South America, which are characterised by deep
thermoclines, relatively small intra-annual temperature variations, a high impact of wind
forcing (Green et al 1987; Davies-Colley, 1988; Baigun & Marinon, 1995; Schallenberg
et al 1999) and often a high proportion of inflow originating from snowmelt or glaciers.
A worldwide warming trend in the surface temperature of 167 large lakes from 19852009 (0.45 ± 0.11°C decade-1), calculated from night-time thermal infrared imagery,
was dominated by temperate lakes in the Northern Hemisphere, with weaker trends in
the tropics (0.25°C decade-1) and for the four temperate lakes in the Southern
Hemisphere included in the study (0.12°C decade-1; non-significant) (Schneider &
Hook, 2010). For several New Zealand lakes (Lakes Taupo, Pupuke and the Rotorua
lakes) surface water temperature records of the last 2-3 decades also show no significant
changes (Hamilton et al 2013). There is, however, an increasing trend in lake surface
temperature (e.g. for Lake Tarawera, 0.33°C decade-1; non-significant) and evidence for
climate signals being reflected in mixing regimes of some lakes (e.g. incomplete
turnover in Lakes Taupo and Pupuke in very warm years) (Hamilton et al 2013).
Thermal stratification is a key physical process in all but the shallowest of lakes, and
changes in thermal characteristics and mixing depth can have far-reaching consequences
for plankton dynamics, especially in summer, as mixing depth governs both the light
climate and the temperature of the epilimnion (Dokulil et al 2006; Berger et al 2007).
Phytoplankton responses to increased thermal stability can be varied; for instance, long
term monitoring data show an increase in biomass in Lake Baikal (Hampton et al 2008),
but a decrease in biomass in tropical Lake Tanganyika due to reduced nutrient supply
with reduced mixing (Verburg et al 2003), and a change in phytoplankton structure, but
not biomass in Lake Tahoe (Winder & Hunter, 2008).
For lakes situated in continental Europe or North America it is often assumed that air
temperatures have the most profound effect on lake temperatures (Henderson-Sellers,
1988; Hondzo & Stefan, 1993; Peeters et al 2002; Coats et al 2006; Perroud & Goyette,
2010). However, parameters other than air temperature can be important in determining
the thermal response of lakes to climate change. For example, in Lake Tahoe increased
air temperature only accounted for part of lake warming, with decreased wind speed and
increased long wave radiation also contributing to warming (Sahoo et al 2011).
Clearwater Lake in Ontario, Canada, is cooling due to decreasing wind speeds and
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increased dissolved organic carbon in the water, despite warming air temperatures
(Tanentzap et al 2008).
Modelling the effects of climate change on lakes is complex. While most models that
simulate the effects of climate change on lakes include air temperature, wind and other
meteorological parameters as drivers of the thermal structure (Hondzo & Stefan, 1993;
Stefan et al 1998; Sahoo et al 2011), not all include changes in precipitation (e.g. Boyce
et al 1993; Lehman, 2002; Peeters et al 2002; Peeters et al 2007; Perroud & Goyette,
2010), and very few include indirect effects of changes in precipitation and air
temperature on catchment runoff and river inflows (but see Komatsu et al 2007;
Blenckner et al 2010; Jones et al 2011). Such indirect effects should be especially
important in lakes fed by glacier and snow melt. In addition, attempts to model climate
responses of lakes often lack sensitivity analyses on individual climatic parameters
(Jones et al 2010) and, if included, they are usually only for air temperature (e.g. Peeters
et al 2002). However, changes in wind forcing, and/or changed river inflows (due to
changes in snow and glacial melt) are likely to influence the thermal structure of
temperate, monomictic lakes of the Southern Hemisphere. While the predicted warmer
air temperatures in the central South Island of New Zealand (Ministry for the
Environment, 2008) may result in warmer lake surface waters and stronger stratification
(e.g. greater stability, shallower thermocline, an earlier onset of stratification) in
monomictic New Zealand lakes, the potential exists for higher wind forcing and
increased (cold) river flows in winter and spring to offset the effects of air temperaturewarming on the thermal structure.
In this paper we fit a physical model to describe the thermal structure of two deep, subalpine New Zealand lakes to assess their sensitivity to changes in several meteorological
parameters, individually and in combination, and to examine some implications of
changes to temperature and stratification resulting from specific climate change
scenarios on the phytoplankton of the lakes. Based on studies on large monomictic lakes
in the Northern Hemisphere (Winder & Schindler, 2004; Coats et al 2006; Tirok &
Gaedke, 2007; Sahoo et al 2011), we hypothesise that:
1. Increased air temperature will increase the heat storage, water temperature and
thermal stability, although increased volume of cool inflows will somewhat
moderate these effects.
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2. A decreased mixing depth in summer will result from the increased thermal
stability.
Based on studies showing that wind and snowmelt are important drivers of physical
processes in New Zealand’s large, pre-alpine lakes (Green et al 1987; Schallenberg et al
1999), my third hypothesis is:
3. Despite experiencing progressively milder springs, these lakes will exhibit a
later onset of thermal stratification due to increased cool inflows (e.g. from
increased snowmelt and glacier melt) and increased wind forcing.
Finally, we briefly discuss implications of the results of my climate modelling exercise
on the phytoplankton of the study lakes.

24

Chapter 2: Lake modelling

2.3 Materials and Methods
Study Sites
Lake Wanaka and Lake Wakatipu are situated in inland Otago, South Island, New
Zealand, at the base of the Southern Alps. The main inflows and outflows, as well as
sampling locations for the model input data, are indicated in Figure 2.1. The catchments
are mountainous, with the steep slopes along the lake shore and wide valleys of the
major rivers resulting in long wind fetches from the west, northwest, north, south and
southwest. Both lakes stratify thermally from November to June with deep thermoclines
(20-40 m, Otago Regional Council, unpublished data), and are ultra-oligotrophic to
oligotrophic (Table 2.1, Schallenberg & Burns, 2001).

Figure 2.1 Map of Lakes Wanaka and Wakatipu with sampling locations and approximate 200 m and 300
m water depth contour lines. Bathymetry information from Irwin (1972, 1976)

Table 2.1 Characteristics of Lakes Wanaka and Wakatipu
Latitude & Longitude
Max depth (m)
Lake area (km2)
Catchment area (km2)
Lake fetch (km)
Mean residence time (y)
Volume (km3)
1
Irwin (1976)
2
Irwin (1972)
3
Livingstone et al (1986)
4
Hamill (2006)
5
Pickrill & Irwin (1982)

Wanaka
44°S 169°E
3111
1803
25903
33.44
5-6
33

Wakatipu
45°S 168°E
3802
2893
26743
29.74
12.65
61.55
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Background: Climate projections for inland Otago
In this study we consider the effects of changes in air temperature, rainfall and river
flows, and wind speed on the thermal structure of two Otago lakes. The following
climatic changes are predicted for the Queenstown (inland Otago) region of New
Zealand, in which Lake Wakatipu and Lake Wanaka are situated. Information present
here is downscaled (0.05 ° latitude and longitude grid covering New Zealand), and is
the average and possible range across six emission scenarios (B1, A1T, B2, A1B, A2,
A1FI) using twelve global climate models (Ministry for the Environment, 2008).
a)

An increase in mean annual air temperatures by ca. 1°C on average by 2040,
and 2°C by 2090 (Online Resource 1, Table A.1).

b)

An increase in rainfall and westerly winds in spring and winter, but a
decrease (or no change) in summer/autumn (Online Resource 1, Table A.2).

c)

An increase in strong westerly winds, decreased seasonal snow cover, and an
increased frequency of high temperatures and extreme daily rainfalls
(Ministry for the Environment, 2008).

In addition, we considered a predicted diminished snow cover in the Southern Alps
(Fitzharris, 2004a; Hendrikx et al 2009), a potentially faster snowmelt in spring
(McKerchar et al 1996), and more precipitation in spring/winter and higher evaporation
in summer/autumn (Ministry for the Environment, 2008), which are likely to lead to
lower river flows in summer and higher flows in winter, with overall higher annual
inflows to the Otago lakes (Woods & Howard-Williams, 2004; Renwick et al 2010).
The rivers supplying the Otago lakes have a glacial flow component of ca. 10% and this
is likely to increase initially with climate warming and then decrease (Renwick et al
2010). However, snowmelt constitutes 40-50% of annual river flows (Fitzharris, 2004b),
and Fitzharris (2007) estimated that climate change will result in a 10-15% increase in
average annual flow in the Clutha and Kawarau Rivers which drain south-eastward from
the Southern Alps. The mean flow of the Clutha River has already increased by 14%
since 1978 (McKerchar & Henderson, 2003). Global climate change is likely to
similarly affect glacier- and snowmelt rivers in other parts of the world.
Model description and input data
Water temperature profiles of the lakes were simulated with the one-dimensional
hydrodynamic model, DYRESM (Dynamic Reservoir Simulation Model, version 3.0.0-
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65) (Imberger & Patterson, 1981; Yeates & Imberger, 2003). DYRESM models the
vertical temperature, density and salinity distribution in lakes, and is based on
Lagrangian Layer architecture, using horizontal layers of uniform properties but
variable thickness, instead of fixed grids. DYRESM was developed originally for
reservoirs, but has been applied to several large, deep lakes, including Lake Constance
(Rinke et al 2010), Lake Geneva (Perroud et al 2009), and Lake Taupo (Spigel et al
2001).
DYRESM utilises meteorological, bathymetric, and hydrological input data. For
modelling Lakes Wanaka and Wakatipu input data were:
•

Bathymetry from the Lake Chart Series of the New Zealand Oceanographic
Institute (Irwin, 1972, 1976).

•

Daily averaged values of wind speed, air temperature, vapour pressure
(calculated from relative humidity and air temperature according to the Centre
for Water Research (1997a)), rainfall, cloud cover, surface radiation from
airports in Queenstown (for Lake Wakatipu) and Wanaka (for Lake Wanaka)
(Figure 2.1). Daily averages were calculated from hourly observation data
obtained from the online database of the National Institute of Water and
Atmospheric Research (NIWA, http://cliflo.niwa.co.nz).

•

Daily river flows. The daily outflows of both lakes were recorded by NIWA. All
inflows were combined into one and estimated based on outflow volumes and
changes in lake levels (Data from NIWA, Opus International Consultants Ltd
(Wellington), Contact Energy (Clyde Power Station)).

•

Other river characteristics were estimated. River temperature was interpolated
based on daytime temperature measurements in spring, summer, autumn and
winter (A. Weaver, University of Otago, unpublished data) and monthly
minimum and maximum temperatures for the Rees and Dart Rivers (Pickrill &
Irwin, 1982).

Prior to running the one-dimensional DYRESM model, we had to confirm that vertical
processes in the lake are more important than horizontal processes. If the Lake Number
(which compares wind-induced mixing with the stability of a stratified water body) and
the Rossby Number (which assesses the effects of the earth’s rotation) (Robertson &
Imberger, 1994; Centre for Water Research, 1997b) are >> 1, the one-dimensional
assumption holds (Imberger & Patterson, 1981). For the simulation period between
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February 2006 and May 2010, the Lake Number was >> 1 in all months the lakes were
stratified, and the Rossby number was >> 1, except in July and August.
Calibration and validation
DYRESM is designed to require little calibration as it is based on theoretical and
generic empirical parameters (Gal et al 2003). However, because the model was
originally developed for smaller reservoirs, several parameters need calibrating to apply
the model to large, deep lakes (Tanentzap et al 2007; Perroud et al 2009; Rinke et al
2010). The vertical mixing coefficient and the minimum and maximum layer thickness
(Hornung, 2002; Yeates & Imberger, 2003; Tanentzap et al 2007) as well as other
parameters related to the turbulent kinetic energy (e.g. shear production efficiency, wind
stirring efficiency, etc) (Gal et al 2003; Yeates & Imberger, 2003; Tanentzap et al 2007)
are commonly adjusted. The uncalibrated DYRESM model using default parameters for
Lakes Wanaka and Wakatipu, overestimated temperature in the top 20 m of the water
column and underestimated thermocline depth. Increased and deeper mixing was
simulated by changing the parameters in Table 2.2. These changes are in accordance
with other studies and appear to be appropriate for deep, sub-alpine lakes (Perroud et al
2009; Rinke et al 2010) and deep New Zealand lakes (Lakes Brunner and Taupo)
(Spigel et al 2001; Spigel & McKerchar, 2008).
Table 2.2 Comparison of DYRESM parameters for Lakes Wanaka and Wakatipu with default values
(CWR, University of Western Australia), and Lake Geneva (Perroud & Goyette, 2010), Lake Constance
(Rinke et al 2010), Lakes Brunner and Taupo (Robert Spigel, NIWA, pers. comm.), Lake Okaro
(Özkundakci et al 2011) and Clearwater Lake (Tanentzap et al 2007)
Wanaka / Default
Geneva
Constance Brunner / Okaro
ClearLake
Wakatipu
Taupo
water
Parameter
Bulk aerodynamic
2.17*10-3 1-1.5
1.8*10-3
2.17*10-3
1.3*10-3
N/S
1.3*10-3
momentum
*10-3
transport coefficient
Critical wind speed
3 m/s
3 m/s
N/S
3 m/s
3 m/s
3 m/s
4.3 m/s
Shear production
0.3 / 0.5
0.06
N/S
0.06
0.2 / 0.5
0.21
0.06
efficiency
Potential energy
0.4
0.2
N/S
0.2
0.5 / 0.75 0.2
0.2
mixing efficiency
Wind stirring
0.85
0.4
N/S
0.8
0.75
0.2
0.06
efficiency
Lake number mixing
1500
200
700
1000
100
600
200
coefficient
Min. layer thickness
0.5 m
0.5 m
0.5 m
0.25 m
N/S
N/S
0.25 m
Max. layer thickness
3.5 m
1m
3m
2.5 m
N/S
N/S
0.6 m
BBLa dissipation
0 m2/s
1.4*10-5
N/S
N/S
0 m2/s
7.5*10-6 0-0.1b
2
coefficient
m /s
m2/s
m2/s
a
BBL = Benthic Boundary Layer
b
BBL thickness
N/S = not stated
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For calibration and validation we used temperature profiles measured once every month
or second month (Otago Regional Council for 2006-2009 and T. Bayer, unpublished
data for 2008-2010, sampling locations indicated in Figure 2.1). Calibration and
validation were performed separately for the two lakes, with a two-year calibration
period starting 15 February 2006 and a two-year validation period starting 15th of
February 2008. After > 40 model runs the values of parameters that best fit the field
data were selected by minimising the model error (root mean square error, RMSE) and
the difference between the observed and modelled thermocline depth. The thermocline
was assumed to be at the depth at which the largest vertical gradient in water column
temperature occurred in both field and modelled data. If the temperature gradient
exceeded > 0.1°C m-1, the lakes were assumed to be stratified. Such weak density
gradients are typical of large alpine lakes; nevertheless, when the density gradients in
these lakes are vertically integrated, the lakes exhibit high Schmidt stability
(Schallenberg et al 1999). The RMSE was calculated as the square root of the sum of
the squares of the difference between modelled and observed data at 25 depths across
the water column divided by 25. The total water column temperature was averaged over
the full depth of the lake, but was not volume-weighted.
Modelling climate change scenarios
Scenario runs were performed for 1554 days (i.e. > 4 years) and were based on the
dataset used for calibration and validation. The “baseline scenario” represents unaltered
climate conditions. To simulate the effects of likely climatic changes (Ministry for the
Environment, 2008, Online Resource 1), eleven scenarios were developed for which
individual (to assess sensitivity) and combined (to project future lake responses) input
parameters were adjusted (Table 2.3). Scenarios 1 and 2 only include direct effects of
air temperature on the lakes, not the effect of air temperature changes on inflow
volumes and temperatures. Changes in river flows were estimated based on McKerchar
et al (1996), McKerchar & Henderson (2003) and Fitzharris (2004a, 2007), accounting
for diminished snow cover and seasonally increased rainfall and evaporation. An
increase in the westerly wind component (10% by 2040, and 20% by 2090) and possible
increase in wind speeds in winter by 5-7% can be expected for the region (Ministry for
the Environment, 2008). As the lakes have long fetches to the west, southwest and/or
northwest (Figure 2.1), and DYRESM has no component to account for wind direction,
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scenarios with 1, 5, and 10% increases in wind speed were included as a test of
sensitivity to changes in wind speed.
Table 2.3 Climate scenarios modelled for Lakes Wanaka and Wakatipu. Predictions for rainfall and air
temperature from the Ministry for the Environment (2008)
Scenario Year
∆Tair
Change in
Change in
Change in
river flows1
simulated
precipitation
wind speed
1

2040

+ 1°C

0

0

2

2090

+ 2°C

0

0

0
0
1

3

2040

0

+ 7% annually:
+ 1% (Jan-March)
+ 2% (April-May)
+ 16% (June-Aug)
+ 8% (Sept-Dec)

+ 7.5% (June-Nov)
- 2.5% (Jan-March)1

0

4

2090

0

+ 12% annually:
+ 1% (Jan-March)
+ 2% (April-May)
+ 29% (June-Aug)
+ 15% (Sept-Dec)

+ 15% (June-Nov)1
- 5% (Jan-March)1

0

0

0

0

+ 10%

5
6a

2040

+ 1°C

as scenario 3

as scenario 3

0

6b

2040

+ 1°C

as scenario 3

as scenario 3

+ 10%

7a

2090

+ 2°C

as scenario 4

as scenario 4

0

7b

2090

+ 2°C

as scenario 4

as scenario 4

+ 1%

7c

2090

+ 2°C

as scenario 4

as scenario 4

+ 5%

7d

2090

+ 2°C

as scenario 4

as scenario 4

+ 10%

∆Tair = Change in air temperature in all seasons
1
Estimated based on McKerchar et al (1996), McKerchar & Henderson (2003) and Fitzharris (2004a,
2007)
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2.4 Results
Calibration/Validation
The RMSE of modelled depth-integrated water temperature was less than 1.3°C for both
lakes (Table 2.4), and was in the same range as those for Lake Geneva (0.3 to 1.6°C,
Perroud & Goyette, 2010), shallower New Zealand lakes (0.7 to 1.2°C, Özkundakci et
al 2011) and was lower than for Lake Ammersee in Germany (1.4 to 2°C, Weinberger
& Vetter, 2012). In the validation period, the mean difference between the modelled
total water column temperatures and the measured temperature was 1.0°C ± 0.6°C (SD)
for Lake Wanaka and 0.9°C ± 0.6°C (SD) for Lake Wakatipu (Table 2.4).
Table 2.4 DYRESM calibration and validation results for Lakes Wanaka and Wakatipu. O-M represents
the differences between observed and modelled data
Lake Wanaka
Calibration
Validation
0.92
0.96
Model error UWT(R2)
0.95°C
1.3°C
Model error (RMSE)
0.6°C
1.0°C
TWT O-M
0.5°C
0.9°C
BWT O-M
- 0.9°C
- 0.9°C
UWT O-M
Lake Wakatipu
Calibration
Validation
0.85
0.93
Model error UWT(R2)
1.0°C
1.3°C
Model error (RMSE)
0.4°C
0.9°C
TWT O-M
0.2°C
0.6°C
BWT O-M
1.6°C
0.9°C
UWT O-M
RMSE= root mean square error, TWT = total water column temperature, BWT = bottom water
temperature, UWT = temperature of upper 20 m of water column

The mean difference between the simulated temperature of the upper 20 m of the water
column and the observed temperature was 0.9°C ± 1.0°C (SD) for Lake Wanaka and
0.9°C ± 1.4°C (SD) for Lake Wakatipu. These differences are similar to the range
reported from other studies; for example, Gal et al (2003) found a difference between
observed and modelled surface temperature of < 1°C in Lake Kinneret. De Stasio et al
(1996) recorded a mean seasonal difference of up to 1.2°C± 0.57°C (SD) in Sparkling
Lake and up to 1.6°C ± 0.78°C (SD) in Trout Lake, USA. Model accuracy was also
assessed by fitting a regression of observed vs. modelled temperature of the upper 20m
of water column, which, for the validation period, returned an R2 of 0.96 (Lake Wanaka,
Figure 2.2) and 0.93 (Lake Wakatipu, Figure 2.3), although the model over-predicted
temperatures in the upper layer in summer by 1.9°C in Lake Wanaka, and 2.4°C in Lake
Wakatipu.
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Bottom water (200 m - 300 m) temperatures were within 0.9°C ± 0.2°C (SD) of field
data for Lake Wanaka and within 0.6°C ± 0.3°C SD for Lake Wakatipu. These
differences are within the range reported by De Stasio et al (1996) (up to 0.7°C ± 1.1°C
SD in Sparkling Lake and up to 2.7°C ± 0.7°C SD in Trout Lake), Tanentzap et al

Modelled temperature (°C)

(2007) (2.0°C ± 1.6°C SD), and Gal et al (2003) (typically within 1°C ± 0.6°C SD).
18 Calibration R2 = 0.92
17
Validation R2 = 0.96
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15
14
13
12
11
10
9
8
8 9 10 11 12 13 14 15

Validation
Calibration
1:1 line
16 17 18

Observed temperature (°C)

Modelled temperature (°C)

Figure 2.2 Modelled vs. observed temperature in upper 20 m of water column in Lake Wanaka (20062010)
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Figure 2.3 Modelled vs. observed temperature in upper 20 m of water column in Lake Wakatipu (20062010)

Overall, the thermocline depth in the lakes was reproduced fairly well (Figure 2.4, 2.5),
but simulated thermoclines were frequently steeper than the measured thermoclines in
the lakes (example in Figure 2.6) and the model did not reproduce very well the
temporary deepening of the thermocline in summer (Figure 2.4, 2.5). According to
Spigel & McKerchar (2008) overly-steep thermoclines are commonly observed in
DYRESM simulations, and seem to be a weakness of the model. This conclusion is
supported by the finding that maximum errors between observed and modelled data are
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usually found in the metalimnion (Gal et al 2003; Perroud et al 2009; Weinberger &
Vetter, 2012), indicating a weakness in accurate thermocline representation. In addition,
thermoclines in deep pre-alpine lakes can extend over more than 20 m, be relatively
undefined (example in Figure 2.6) and influenced by internal waves (seiches) and
diurnal thermoclines (Schallenberg et al 1999). Peeters et al (2002) also reported
difficulty in modelling occasional temporary deepenings of the thermocline in summer
(Figure 2.4, Figure 2.5), possibly due to internal waves. Continuous or daily field data
would allow a more accurate assessment of model performance but, unfortunately, these
are often not available. For the validation period, regressions of modelled vs. observed
thermocline depths yielded R2 = 0.67 for Lake Wanaka and R2 = 0.63 for Lake
Wakatipu, modelled and observed data differing by 16% (Lake Wanaka) and 13%
(Lake Wakatipu), which is comparable to results for a boreal Canadian lake (Tanentzap
et al 2007: R2 = 0.65, bias of 10.5% ± 8.5%).
Date (month/year)

Water depth (m)

02/06

08/06

02/07

08/07

02/08

08/08

02/09

08/09

02/10

0
20
40
60
80

Modelled thermocline
Observed thermocline

100

Figure 2.4 Depth of thermocline in calibration and validation period in Lake Wanaka
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Figure 2.5 Depth of thermocline in calibration and validation period in Lake Wakatipu
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Figure 2.6 Thermal profile of Lake Wanaka, April 2007

Modelling climate change scenarios
The following results are outputs of the DYRESM model and are, therefore, subject to
errors and biases described above, and the limitations stated in the discussion.
Effects of changes in individual climate parameters on Lake Wanaka
A simulated increase in air temperature by 1°C or 2°C (Scenarios 1 and 2) resulted in an
increased modelled total annual water column temperature (by 0.3°C or 1.0°C), with a
temperature increase throughout all depths and seasons. The thermocline was shallower,
and the thermal stratification lasted longer than in the baseline scenario (Table 2.5).
The adjustment of rainfall and river flow to predicted 2040 and 2090 conditions
(Scenarios 3 and 4) resulted in a modelled colder depth-averaged annual water column
temperature (-0.1°C), as well as cooler temperatures in all layers. The stratified period
was shorter, but with a shallower stratification (Table 2.5).
An increase in wind speed by 10% (Scenario 5) caused a reduction in modelled
temperature in the upper 20 m of the water column in summer (-0.6°C), spring (-0.4°C)
and autumn (-0.1°C), with no change in winter. However, the metalimnion warmed (by
up to 0.6°C) and there was a slight increase in overall water column temperature (total
annual increase 0.1°C). Higher wind speeds also resulted in shorter stratification and a
deeper average thermocline depth (Table 2.5).
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Table 2.5 Changes in thermocline depth (∆ zMix, m) and duration of stratification (∆ tStrat, d) in Lake
Wanaka (averaged over 4 years from 1 May 2006)
Scenario
0
1
2
3
4
5
6a
6b
7a
7b
7c
7d
tStrat. (d)
264 268 278 255 256 249 268 259 270 271 269 268
∆ tStrat. (d)
0
+4
+14 -9
-8
-15
+4
-5
+6
+7
+5
+4
zMix (m)
34
32.4 33
32.6 33.2 36.9 32.3 35.3 31.5 31.3 31.9 33.4
∆ zMix (m)
0
-1.6 -1
-1.4 -0.8 2.9
-1.7 1.3
-2.5 -2.7 -2.1 -0.6
0 = baseline scenario. Scenarios 1-7 are described in the Methods section.
tStrat.= length of stratified period
zMix = average thermocline depth during stratified period

Modelled changes under 2040 and 2090 scenarios in Lake Wanaka
If wind speed was assumed not to change under predicted 2040 (Scenario 6a) and 2090
(Scenario 7a) climatic conditions, the model predicted a warming of the total water
column by 0.3°C (2040) and 0.4°C (2090) compared to the baseline (2006-2010)
scenario. For modelled total water column temperature, cooling due to increased
rainfall/river flows was offset by warming due to increased air temperatures in 2040 and
in 2090. The highest increase in temperature was in the top 20 m in summer (0.6°C in
2040 and 1.2°C in 2090). Thermal stratification was predicted to last longer and be
shallower (Table 2.5).
When a simultaneous increase in wind speed was assumed (Scenarios 6b, 7b-d), it offset
some of the effects of air warming on stratification. For example, a 10% increase in
wind speed (Scenario 7d) resulted in a modelled shorter stratification period compared
to the 2090 scenario (7a), but of longer duration than under baseline conditions, whereas
the average thermocline depth was deeper than in scenario 7a (Table 2.5). While
increased wind speed still resulted in overall warmer water column temperature, it
reduced the warming in the top 20 m. The highest increases in annual water column
temperature were recorded for scenario 7d (+ 0.5°C).
Effects of changes in individual climate parameters on Lake Wakatipu
Increasing simulated air temperature by 1°C or 2°C (Scenario 1 and 2) resulted in a
warming of the modelled total water column by 0.2°C and 0.4°C, respectively. The
stratification period was at least 19 days longer and average thermocline depth was
shallower for scenario 2, but slightly deeper for scenario 1 (Table 2.6).
Rainfall and river flows corresponding to predicted 2040 and 2090 conditions (Scenario
3 and 4) caused modelled cooler water temperatures across all depths and a -0.1°C
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decrease overall. The duration of stratification was shorter and, on average, the
thermocline was shallower (Table 2.6).
Increasing wind speed by 10% (Scenario 5) resulted in a modelled cooling of the upper
layer (0 - 20 m) in all seasons, with the most noticeable change in summer (-0.3°C).
Compared to Lake Wanaka, the heat was re-distributed to a deeper layer (40 – 100 m,
instead of 20 – 40 m) and but there was still a small overall warming effect (0.1°C) with
an increase in wind speed. Compared to the baseline scenario, a 10% increase in wind
speed (Scenario 5) resulted in a shorter period of stratification and a deeper thermocline
(Table 2.6).
Table 2.6 Changes in thermocline depth (∆ zMix, m) and duration of stratification (∆ tStrat, d) in Lake
Wakatipu (averaged over 4 years from 1 May 2006)
Scenario
0
1
2
3
4
5
6a
6b
7a
7b
7c
7d
tStrat. (d)
285
306
304
275
270
266
298
281
304
303
300
302
∆ tStrat. (d)
0
+21 +19 -10
-15
-19
+13 -4
+19 +18 +15 +17
zMix (m)
32.1 32.8 31.7 30.6 31.0 33.4 32.0 33.3 30.8 31.2 32.3 35.3
∆ zMix (m)
0.0
+0.7 -0.4 -1.5 -1.1 +1.3 -0.1 1.2
-1.3 -0.9 +0.2 +3.2
0 = baseline scenario. Scenarios 1-7 are described in the Methods section.
tStrat.= length of stratified period
zMix = average thermocline depth during stratified period

Modelled changes under 2040 and 2090 conditions in Lake Wakatipu
Under the predicted climatic scenarios in 2040 (Scenario 6a) and 2090 (Scenario 7a)
that assume no increase in wind speed, the total water column was modelled to be 0.2°C
warmer in 2040 and 0.4°C warmer in 2090. The largest temperature increase was
modelled in the top 20 m in summer (0.6°C in 2040 and 1.2°C in 2090). Stratification
was longer than under baseline conditions and also shallower for 2090 (Table 2.6).
When a simultaneous increase in wind speed (5-10%, Scenarios 6b and 7c-d) was
assumed, the modelled increase in total water column temperature was higher (0.2°C
and 0.5°C), but warming of the top layer was reduced by up to 50% for a 10% increase
in wind speed (Scenarios 6b and 7d). With a 10% increase in wind speed (Scenario 6b),
thermocline depth in 2040 was predicted to deepen by 1.2 m compared to the baseline,
and by 1.3 m compared to scenario 6a. In addition, with a 10% wind increase, the
stratification period was reduced by seventeen days in 2040 (Scenario 6a vs. 6b), and
two days in 2090 (Scenario 7a vs. 7d) compared to the same scenario without an
increase in wind speed.
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2.5 Discussion
Overall model performance
The performance of DYRESM was comparable to that in other studies (De Stasio et al
1996; Tanentzap et al 2007, Gal et al 2003; Perroud & Goyette, 2010; Trolle et al 2011),
and reproduced most aspects of the thermal structure of the lakes well. However, there
were some problems in thermocline simulation, and the model overestimated epilimnion
temperatures. Some of these discrepancies may be due to meteorological input data
(especially wind data) recorded on the shore not being representative of actual
meteorological conditions over the lake. In addition, estimates of inflows were based on
changes in lake volume, and this approach is prone to error (McKerchar & Henderson,
2003). Finally, accuracy of thermocline representation has been considered to be an
inherent weakness of DYRESM (Spigel & McKerchar, 2008).
This study also confirms that a generic set of parameters does not fit all model
applications, and modifications to input parameters are necessary for applying
DYRESM to large New Zealand lakes.
Limitations of modelling
When predicting lake responses to climate change based on the modelling undertaken in
this study a number of limitations must be considered.
Model choice and modelling uncertainties
First, DYRESM is a one-dimensional model designed for smaller reservoirs, and
oversimplifies hydrodynamics for large lakes. Unfortunately, data records in these lakes
were not of sufficient spatial resolution to support three-dimensional modelling. Second,
uncertainty exists with respect to parameter selection. We chose parameter values which
were based on previous studies on lakes relevant to our lakes (Table 2.2) and we
calibrated the model to our study lakes. Nevertheless, published parameter values vary
and, unless all model parameters are measured, uncertainties in the appropriateness of
published values exist. Third, field measurements also have inherent inaccuracies. For
example there is considerable debate as to whether it is appropriate to assume that wind
speeds measured on shore accurately reflect wind speeds over the lakes (Spigel &
McKerchar, 2008; Perroud & Goyette, 2010; Rinke et al 2010). Furthermore, in our
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study, river temperature data were not as comprehensive as they could have been and,
thus, parameter values for the models were estimated based on incomplete data. In
addition, DYRESM assumes a static light attenuation coefficient, but it has been shown
that the light attenuation coefficient is important in determining temperature distribution
in lakes (Tanentzap et al 2007, Hamilton et al 2010). For Lake Constance, the model fit
was improved by using a dynamic light attenuation coefficient, which requires coupling
DYRESM to the ecological model CAEDYM (Rinke et al 2010). Light attenuation in
Lakes Wanaka and Wakatipu was not static, the observed attenuation coefficients
ranged from 0.14 - 0.21 m-1 (SD ± 0.2) for Lake Wanaka and 0.09 - 0.14 m-1 (SD ±
0.01) for Lake Wakatipu, with the exception of during a flood in April/May 2010 when
they increased to 0.29 m-1and 0.28 m-1, respectively. Finally, interpretations of model
scenarios outside of the calibration and validation domains must be undertaken with
appropriate caution.
Scenario modelling
Localised climate predictions based on statistically downscaled global circulation
models have large uncertainties and may not predict changes in local climate accurately
(Koutsoyiannis et al 2008). Thus, driving lake hydrodynamic models with outputs from
downscaled global circulation models increases the uncertainty of results by the
cumulative uncertainties of all models used in the simulation process (e.g. Beven,
2006). As the average of selected greenhouse gas emission scenarios and climate
models was used (Ministry for the Environment, 2008), the lake model results should be
interpreted within this context. Our model simulations included only air temperature,
wind speed, rainfall and river flows. Factors not included were changes in cloud cover,
vapour pressure, solar radiation, etc. Other modelling studies have shown that changes
in cloud cover of up to 10% (Perroud & Goyette, 2010) had no effect on lake
temperature, but De Stasio et al (1996) recorded an effect of a 10% change in vapour
pressure and solar radiation, and Sahoo et al (2011) found that changes in long wave
radiation were an important driver of Lake Tahoe’s thermal structure.
To ensure comparability between the scenarios, the model was initialised with the same
data (i.e. a temperature profile from February 2006) for every run, and it was run for a
relatively short period (4 years). The lakes may not have adjusted completely to the
altered climate or inflow conditions after four years. This is not unexpected: for
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example, Perroud & Goyette (2010) found that Lake Geneva reached a steady state in
40 years following a step change in climate variables that was then held constant for a
simulation period of 130 years. Thus, the scenarios for 2040 and 2090 are conservative
estimates of changes occurring in the lake because they do not account for a gradual
warming of the hypolimnion (Peeters et al 2002) over the years leading up to 2040 and
2090. In the past, many studies have chosen a “discontinuous” modelling approach (i.e.
no heat carryover over winter; Robertson & Ragotzkie 1990; Hondzo & Stefan 1991,
1993), thus underestimating long-term hypolimnetic warming (Peeters et al 2002). It is
likely that results presented here also underestimate hypolimnetic warming. The
alternative approach would have been to run the model over a longer time period (40 50 years) and compare only the last 5 - 10 years of the simulations (Peeters et al 2002;
Perroud & Goyette, 2010). However, field data were only available for 4 years, so it
was not possible to assess model performance during a 40-year baseline simulation. A
similar approach to scenario modelling as used in our study was chosen by Trolle et al
(2011) and Özkundakci et al (2011) for shallower New Zealand lakes (with residence
times of up to 12 years), for which a temperature increase was added to baseline input
data, and scenarios were run for 5 years.
Although models like DYRESM have limitations as predictive tools and should be used
with caution for predicting responses to scenarios, they are advanced tools to help
improve our understanding of lake functioning and how lakes may respond to
perturbations. Thus, we present our modelling results as sophisticated hypotheses
reflecting our current understanding of how the lakes will respond to climate change,
given the outputs of the climate models, which also have their inherent uncertainties.
Predicted effects of selected climate variables on Lakes Wanaka and
Wakatipu
Air temperature
Atmospheric warming predicted by climate models resulted in the lake model predicting
warmer lake temperatures. However, the simulated epilimnetic warming was predicted
to be smaller than the atmospheric warming, a prediction also found in a number of
modelling studies for di- and monomictic lakes including Lake Geneva, Lake Zurich
and Lake Constance (Robertson & Ragotzkie, 1990; Hondzo & Stefan, 1993; De Stasio
et al 1996; Peeters et al 2002; Peeters et al 2007; Perroud & Goyette, 2010; Table 2.7).
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In contrast, in Lakes Baikal (Hampton et al 2008), Geneva (Perroud & Goyette, 2010),
Tahoe (Coats et al 2006), Washington (Winder & Schindler, 2004), Zurich
(Livingstone, 2003), and the North American Great Lakes (Austin & Colman, 2007,
2008), lake warming in the past decades was more rapid than air temperature warming
(see Table 2.7). In the case of dimictic lakes such as Lake Superior, the rate of lake
surface warming was twice as fast as that of air temperature increase, because earlier
stratification and milder winters have resulted in the lake rapidly losing its winter ice
cover (by nearly 50%) (Austin & Colman, 2008). It is predicted that once winter ice
cover is absent, the lake will warm at a slower rate (Austin & Colman, 2007). The
contrast between the predictions of more rapid warming in some monomictic lakes
compared to our lakes may be due to differences in the seasonal distribution of
atmospheric warming, differences in lake mixing regimes, changes in inflow volumes
and temperatures not considered in the other modelling studies, and/or higher climate
warming assumed in the other modelling studies (Table 2.7).
Our models predict that warming of the epilimnia in Lakes Wanaka and Wakatipu will
be higher in summer than in other seasons, but hypolimnetic warming will be fairly
consistent throughout the seasons. This pattern is consistent with other modelling
studies on dimictic lakes (Hondzo & Stefan, 1991, 1993; Stefan et al 1998) and
monomictic Lake Geneva (Perroud & Goyette, 2010), as well as with field data from
sixteen pre-alpine lakes (Dokulil et al 2010) in which surface water warming was
strongest in spring and summer.
Hypolimnetic temperatures in dimictic lakes typically do not increase in model
simulations (Hondzo & Stefan, 1993), especially if modelling is discontinuous between
years (Peeters et al 2002), but simulated hypolimnetic temperatures in large,
monomictic lakes increase, especially over simulation periods of 40 – 50 years (Peeters
et al 2002; Peeters et al 2007; Perroud & Goyette, 2010), albeit at a lower rate than
epilimnetic temperatures. Predicted increases in hypolimnetic temperatures for the
Otago lakes are lower than those predicted for several large lakes (Table 2.7), and those
observed in twelve lakes across Europe (0.1 – 0.2°C decade-1, Dokulil et al 2006), plus
Lakes Tahoe, Zurich and Geneva (Table 2.7). For Lakes Wanaka and Wakatipu short
simulation times could have underestimated hypolimnetic warming (See ‘Limitations of
modelling’).
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Lake warming due to increased air temperature also led to a simulated earlier onset and
later break-up of thermal stratification in the two Otago lakes. This pattern is commonly
observed in simulations (Robertson & Ragotzkie, 1990; Hondzo & Stefan, 1991, 1993;
Boyce et al 1993; Peeters et al 2002; Perroud & Goyette, 2010, Weinberger & Vetter,
2012), and data from several lakes also show a trend for an earlier and longer
stratification (Table 2.7). For increases in air temperature of about 4°C a simulated
increase in the duration of stratification by 3 weeks (Perroud & Goyette, 2010) to more
than 4 weeks commonly results (Boyce et al 1993), and is equivalent to 5 days per
degree of air warming (Robertson & Ragotzkie, 1990). In Lake Geneva, the predicted
longer duration is equally due to earlier onset and later end of stratification (Perroud &
Goyette, 2010). A similar pattern is observed for Lakes Wanaka and Wakatipu,
although a predicted earlier onset is responsible for a slightly larger share of the
predicted extended period of thermal stratification.
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Table 2.7 Comparison of selected studies modelling lake responses to climate change (M), and observed lake responses (O)
Lake

Country

Mixis

NZ

max.
depth
(m)
311

total
∆Tair
(°C)
2

∆tstratified

mono

Years of
simulation/
observation
S 7c, 2090

Wanaka (M)
Wakatipu (M)

NZ

380

mono

S 7c, 2090

Geneva (M)

F/CH

309

mono

Geneva (O)

F/CH

309

Zurich (M)
Zurich (O)
Tahoe (M)
Tahoe (O)
Ontario
Superior,
Michigan,
Huron, Erie,
Ontario (M)

CH
CH
US
US
CA
US/CA

136
136
500
500
244
406,
281,
229,
64,
244
as
above

∆Thypolimnion
(°C total,
°C/decade)
0.34, 0.03

Reference

+ 5 days

∆Tepilimnion
(°C total,
°C/decade)
0.85, 0.1

2

+ 15 days

0.88, 0.1

0.20, 0.02

this study

2071-2100

4.13

> 3 weeks

ca. 2.3, 0.23

Perroud & Goyette (2010)

mono

1970-2003

0.4-0.7a

becoming
meromictic

2.4 - 4.17,
0.24 - 0.41
1.3, 0.4

0.9, 0.27

facultative di
facultative di
warm oligo
warm oligo
di
di

1947–1998
2000-2041
1970-2002
2*CO2
by 2090

4
0.4-0.7a
4.0 - 5.5
ca. 0.15f
5.6
4 or 2

1.9
1.2, 0.24b
0.84, 0.21d
0.74,0.23g
2 - 9g
3 – 8,
0.22 - 0.89

1.4
0.7, 0.13c
0.44, 0.11e
0.64,0.20
2-3
0.5 – 3,
0.06 - 0.3

Perroud & Goyette (2010),
Lazzarotto et al (2004)
Peeters et al (2002)
Livingstone (2003)
Sahoo et al (2011)
Coats et al (2006)
Boyce et al (1993)
Lehman (2002), Sousounis
& Grover (2002)

US/CA
di
1979–2006
Superior,
Michigan,
Huron, Erie
(O)
JP
61
mono
2091-2100
Shinagawa
Reservoir (M)
total ∆Tair = total predicted air temperature warming (average annual)
∆tstratified = predicted change in duration of stratification
∆Tepilimnion = predicted change in epilimnion temperature
∆Thypolimnion = predicted change in hypolimnion temperature
S = Scenario
a
Switzerland (Beniston et al 1994; Scherrer et al 2006)

+2-3 weeks
no earlier
+ 2 months
+ 30-140 or
+ 5-80 days

this study

1.62

0.5 d/yr
earlier or
trend earlier

0.3-3.3,
0.1-1.1

N/A

Austin & Colman (2007,
2008)

3.3

+ 36 days

3.4, 0.34g

2.8, 0.28

Komatsu et al (2007)

b

upper 20 m
below 20 m
d
upper 100m
e
below 100m
f
Schneider et al (2009)
g
Surface water temperature
c

CA = Canada
CH = Switzerland
F = France
JP = Japan
US = United States of America
NZ = New Zealand
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Wind speed
Increased wind speed caused an overall warming of simulated water temperature, with
warming in the hypolimnion and metalimnion, but cooling of the epilimnion, especially in
summer and autumn, as well as a deeper thermocline and shorter period of stratification. This
pattern was also predicted for Lake Geneva (Perroud & Goyette, 2010), where a 20% increase
in wind speed would deepen the thermocline by 3 m and shorten the stratified period by 1
week. Predicted effects on the duration of stratification are not as strong as those of an
increase in air temperature, but a 10% increase in wind speed could cause a deepening of the
thermocline despite higher air temperatures.
Precipitation and river flows
Few modelling studies have considered the indirect impacts on lakes of changes in
precipitation and air temperatures through altered river flows (Komatsu et al 2007; Blenckner
et al 2010; Jones et al 2011) and these studies did not explicitly state effects on thermal
stratification. In Lakes Wanaka and Wakatipu, changes in precipitation and river flows result
in a simulated overall cooling and shorter stratification, thus apparently offsetting some of the
impacts of air temperature warming. Under the predicted climatic changes for the Otago
Region, increased rainfall and river flows are predicted to affect thermal structure, but the
effects of changes in air temperature and wind speed appear to have a greater effect.
Few studies include a sensitivity analysis with respect to parameters other than air
temperature, so it is difficult to compare this result with other studies, but for Clearwater
Lake, Ontario, air temperature, wind speed and the light attenuation coefficient were all
important in explaining thermal structure (Tanentzap et al 2008).
Predicted effects of climate change on water temperature profiles
We hypothesised that climate change would result in a shorter thermal stratification in the
Otago lakes due to increased wind forcing and cool inflows. While the model did support this
assumption for the 2040 scenarios, it did not for the 2090 scenarios. Even with increased wind
speeds, the lakes are predicted to have a longer stratified period than in the 2006-2010
baseline period in 2090. Thus, atmospheric warming appears to be the dominant factor in
determining the onset of stratification, for temperature increases above 1°C. Similarly, Peeters
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et al (2007) found that a 20% increase in wind speed in Lake Constance led to a predicted
later onset of the spring phytoplankton bloom, but it did not offset the earlier onset of thermal
stratification caused by a 4°C warming of air temperature.
A decrease in summer mixing depth was hypothesised, resulting in a shallower, more stable
stratification. In 2090 (scenario 7a), the predicted thermocline depth in Lake Wanaka is 2.5 m
shallower than in 2006-2010, and 1.3 m shallower for Lake Wakatipu. In the simulations for
both lakes, cold inflows and rainfall mitigate the effects of air temperature warming, but do
not entirely offset these effects. The model suggests that the effects of air warming, however,
could be partially offset by increases in wind speed. If wind speed increased by 5% the model
predicts little change in thermocline depth in Lake Wakatipu in 2090 compared to the 20062010 baseline. However, a 10% increase in wind speed could cause a deepening of the
thermocline below baseline in Lake Wanaka by 1.3 m in 2040, and in Lake Wakatipu by 1.2
m in 2040 and 3.2 m in 2090, as well as a shorter stratification in 2040 in both lakes. Thus,
while there is considerable uncertainty around predicting wind speeds in the future, the model
suggests that wind speed is one of the key factors in determining thermocline depth and
temperature distribution in the lakes, even under the effect of increased air temperatures
(Figure 2.7).

Figure 2.7 Schematic diagram of relationship of thermocline depth to wind speed and air temperature increases
for Lakes Wanaka and Wakatipu
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We also hypothesised an increase in heat storage and (winter) water temperature with
predicted climate changes. In the 2040 and 2090 scenarios, warming occurred throughout the
water column in all seasons, but especially in the epilimnion in summer. Increases in wind
speed increased the downward mixing of surface water warming and, therefore, enhanced
overall lake warming.
Comparison to predicted lake responses in the Northern Hemisphere
Epilimnion warming per decade is predicted to be twice (or more) as fast for Lakes Geneva,
Zurich, Tahoe, Superior, Michigan, Erie, Ontario and Huron as for Lakes Wanaka and
Wakatipu, with an even larger difference in hypolimnion warming (Table 2.7). The duration
of the stratified period was also predicted to increase less in the Otago lakes than in north
temperate lakes (Table 2.7), whereas the predicted decreases in mixing depth are comparable
to the Great Lakes, where minimum daily mixing in summer is predicted to decrease by 0 to 3
m (Lehman, 2002). The main reasons for the differences in predicted lake temperature
changes between temperate latitudes in the Northern and Southern Hemisphere appear to be
the higher predicted atmospheric warming in Europe and North America (at ca. double the
rate of air temperature warming in New Zealand, Table 2.7) and, for some lakes, the presence
of winter ice cover, which seems to accelerate the warming of the Great Lakes (Austin &
Colman, 2007). However, the cooling influence of increased inflows and the shift of warming
to deeper layers with increased wind speeds in our simulations may have also contributed to
the differences in the predicted outcomes.
Potential consequences for phytoplankton phenology and biomass
There are at least two biologically significant consequences of changes in thermal structure of
deep lakes due to climate change. The first is an earlier phytoplankton spring bloom, as has
been reported for Lake Constance (Berger et al 2007; Tirok & Gaedke, 2007) and Lake
Washington (Winder & Schindler, 2004), due to lake warming in winter and spring resulting
in an earlier onset of stratification. The second involves changes in phytoplankton biomass
and composition due to warmer water and a more stable water column (Verburg et al 2003;
Hampton et al 2008; Winder & Hunter, 2008). Both an increase in biomass, as in, for
example, Lake Baikal (Hampton et al 2008), and a decrease in biomass due to reduced
vertical mixing of nutrients, as in Lake Tanganyika (Verburg et al 2003), have been recorded,
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highlighting that biological consequences of changes in thermal structure depend on the
extent of nutrient and light limitation of phytoplankton. A predicted decreased mixing depth
in the two Otago lakes would imply an increase in light availability for primary production
during summer stratification, but possibly lower nutrient availability due to reduced mixing
(Table 2.8). In lakes which are currently nutrient limited in summer, even with light
enrichment, increases in summer phytoplankton production are unlikely unless additional
nutrients are made available in the epilimnion. However, with climate change nutrient inputs
to New Zealand lakes may increase as a result of an increase in rainfall and runoff (as found
by Jones et al 2011 for lakes in the UK), and increased weathering due to reduced snow cover,
higher air temperatures and more extreme weather events (Rogora et al 2003), as well as
increased aeolian dust (phosphorus) deposition with increased wind speeds (McGowan et al
1996). Whether increased inflowing nutrients will enhance nutrient supply to the summer
epilimnion depends on specific thermal dynamics which dictate whether the inflows will
plunge into the hypolimnion or not. With warmer lake temperatures, nutrient cycling in the
epilimnion and hypolimnion should increase. A warmer hypolimnion should result in more
recycling, less sequestration and larger transfers of recycled inorganic N and P from the
hypolimnion to the epilimnion during mixis (Table 2.8). In lakes in which phytoplankton are
light limited in spring, an earlier onset of stratification should lead to an earlier spring bloom.
Our modelling exercise suggests that climate warming-induced changes in temperature and
thermal dynamics in deep sub-alpine lakes, such as Lakes Wanaka and Wakatipu, will
intensify nutrient demand and will to some extent alleviate light and temperature limitation of
phytoplankton production (Table 2.8).
Table 2.8 Postulated effects of climate change outcomes on deep pre-alpine lakes on nutrient-, light- and
temperature limitation of phytoplankton growth. n/a indicates outcome not applicable.
Climate change
Nutrient limitation
Light limitation
Temperature
outcomes from this
limitation
study
Intensify
Reduce
Reduce
↑ ∆tstratified
Intensify
n/a
Reduce
↑ ∆Tepilimnion
Reduce during
n/a
n/a
↑ ∆Thypolimnion
destratified period due
to increased nutrient
recycling
↓ zmix
Intensify
Reduce
n/a
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2.6 Conclusions
Most climate modelling scenarios focus primarily on changes in air temperature. While our
lake models confirm that air temperature is an important driver of thermal structure in two
deep, sub-alpine New Zealand lakes, wind speed and other meteorological factors may partly
offset the effects of warming and need to be considered when predicting future lake thermal
dynamics. The predicted effects on thermal profiles of increases in air temperature of 1-2°C
dominate over the cooling influences of increased rainfall and river flows, and suggest that
warmer lake temperatures, and shallower and longer thermal stratification will occur.
However, the model suggests that increases in wind speed of 5-10% could negate the effect of
warming on thermocline depth, causing deeper mixing, and a shorter period of stratification,
while increasing the average water column temperature. Predicted lake warming in Lakes
Wanaka and Wakatipu is slower than in large, north-temperate lakes, possibly due to a lower
predicted rate of atmospheric warming in New Zealand, the absence of ice cover in the New
Zealand lakes in winter, and differences in the input variables included in the model. When
modelling the effects of climate change on lakes, it must be recognised that uncertainties in
input data and assumptions inherent in the models require that caution be exercised when
interpreting model predictions. Nevertheless, we consider that such simulations are useful for
integrating our knowledge of lake functioning, for testing possible future scenarios and for
guiding lake management.
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3 Potential impact of climate change on biomass,
phenology and composition of eukaryotic
phytoplankton in Lakes Wanaka and Wakatipu
3.1 Introduction
Changes in lake ecology due to global climate change have been described for
numerous lakes (Anneville et al 2002; O’Reilly & Hecky 2002; Verburg et al 2003;
Winder & Schindler 2004b; Winder & Schindler 2004a; Anneville et al 2005; Berger et
al 2007; Hampton et al 2008; Winder & Hunter 2008; Dokulil et al 2010; George 2010).
However, little is known about the effects of climate change on deep, temperate lakes of
the Southern Hemisphere, which experience different climate forcing that their Northern
Hemisphere counterparts at comparable latitude (Green et al 1987). Because lakes
around the world have been shown to differ in their responses to global warming,
extrapolation to a different region or type of lake can be difficult (Kratz et al 1998;
Baines et al 2000). Thus, to understand likely changes in lake dynamics, a regional level
approach has been advocated (Magnuson & Kratz 2000; Anneville et al 2005).
For the inland Otago Region of New Zealand, down-scaled climate models predict a
2°C increase in air temperature by 2090, less annual rainfall, and potentially stronger
winds (Ministry for the Environment 2008, Tables A.1, A.2). The large, oligotrophic
lakes in this region also face increasing pressures from developments in their
catchments. Physical lake modelling using DYRESM suggests that climate change is
likely to result in an earlier onset of stratification and a warmer, shallower epilimnion, if
there was no change in wind speed, but deeper mixing in summer if there were increases
in wind speed of more than 5% (Chapter 2; Bayer et al 2013). While factors such as
nutrients, grazing, and interspecies competition can have an immediate influence on
phytoplankton composition and biomass, it is the “degree of stability”, or in other words
vertical mixing processes, which “must be the ultimate environmental forcing variable”
(Viner 1985). Changes in thermal stratification, such as the length of growing season
and mixed layer depth, are thought to cause the most significant changes in
phytoplankton species composition (Schindler et al 1996; Diehl 2002; Smol et al 2005;
Winder & Hunter 2008).

48

Chapter 3: Phytoplankton dynamics

Understanding of the effect of climate change on lakes requires information on lake
food webs and their (components) seasonal dynamics (Straile 2005). In this chapter, I
establish the current status and current seasonal controls of eukaryotic phytoplankton
and zooplankton biomass and composition, in order to assess the likely effects of
changes in thermal dynamics (i.e. mixing depth and growing season) on biomass,
phenology (seasonal succession) and composition of eukaryotic phytoplankton.
Ice-free lakes in Europe have been experiencing warming in winter and spring for
several decades and, as a consequence, an earlier onset of thermal stratification (e.g.
Blenckner et al 2007). This earlier onset can lead to an earlier spring bloom of
phytoplankton due to earlier stratification easing light limitation (e.g. Berger et al 2007;
Peeters et al 2007). Because the controls for different species and trophic levels differ in
aquatic food webs (e.g. Durant et al 2007), a potential for a so-called ‘trophic mismatch’
between phytoplankton and zooplankton dynamics is created, as observed in Lake
Washington (Winder & Schindler 2004b).
New Zealand’s deep lakes differ from the majority of lakes studied in the Northern
Hemisphere in that, owing to the prevailing maritime climate, they usually experience
less intra-annual temperature variation (with no ice cover in winter), and have deeper
and weaker thermoclines as a result of higher wind forcing (Green et al 1987). Burns
and Mitchell (1974), Mitchell (1975) and Mitchell and Burns (1981) have shown that
South Island, New Zealand, lakes do not experience the same reduction of
phytoplankton biomass in winter (winter biomass is 30 – 35% of the summer biomass)
as might be expected based on Northern Hemisphere lakes (winter biomass is 15% of
summer biomass) (Viner 1985). Despite a relatively high winter biomass, and some
North Island lakes having winter phytoplankton peaks (e.g. Lakes Taupo, Rotoiti,
Okataina, Rotokakahi, Ngapouri (White et al 1980; Vincent 1983; Viner 1985), many
large South Island lakes (Lakes Tekapo, Pukaki, Ohau, Benmore, Ahuriri) (Duthie &
Stout 1986), as well as Lake Waikaremona on the North Island (Vincent 1983). Based
on this information, I hypothesised that Lake Wanaka and Lake Wakatipu follow a
pattern similar to that of other large South Island lakes in having spring peaks of algal
biomass triggered by the onset of stratification and the easing of light limitation. Thus,
a forward shift in the onset of stratification with climate change is likely to shift this
spring peak forward, and could also increase the biomass of phytoplankton in spring
(Gerten & Adrian 2002a). This forward shift will not only extend the “growing season”,
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but also open up the potential for a “trophic mismatch” to occur with the zooplankton
phenology. This potential for trophic mismatch exists if there are sizeable populations
of Daphnia with few planktonic (feeding and growing) over-wintering populations.
Because Daphnia populations were reported to be sparse in Lakes Wanaka and
Wakatipu in the past (Burns & Schallenberg 1998), I hypothesised little potential for
trophic mismatch in Lakes Wanaka and Wakatipu.
The effects of climate change on primary production differ among deep lakes: for
instance, sub-arctic Lake Baikal, temperate Lake Tahoe, and tropical Lake Tanganyika,
all experienced warming, resulting in increased water column stability (O'Reilly et al
2003; Verburg et al 2003; Coats et al 2006; Hampton et al 2008). However, whereas
phytoplankton biomass increased in Lake Baikal (Hampton et al 2008), it decreased in
Lake Tanganyika due to a reduced vertical mixing of nutrients resulting in more nutrient
deplete conditions in the epilimnion (O'Reilly et al 2003; Verburg et al 2003), and
remained stationary in Lake Tahoe (Winder & Hunter 2008). In nutrient-poor lakes,
especially, nutrients tend to limit growth during summer stratification when the
epilimnion is (mostly) cut off from nutrient supply from the hypolimnion (e.g. Diehl
2002). I hypothesised that the oligotrophic Lakes Wanaka and Wakatipu are nutrient
limited in summer. If this were the case, a shallower, warmer epilimnion (i.e. more
favourable light and temperature conditions as predicted with climate warming (Chapter
2; Bayer et al 2013) would be unlikely to cause changes in total phytoplankton biomass,
even if there were a larger or earlier spring bloom, unless, simultaneously, there were an
increased nutrient influx from either climatic causes (e.g. increased runoff and/or
weathering) or land use intensification.
It appears that changes in phytoplankton composition are more frequently observed in
response to lake warming than changes in phytoplankton biomass (Findlay et al 2001;
Moss et al 2003). Changes in thermal dynamics, such as the extent of the growing
season and vertical mixing processes, are likely to reorganise the phytoplankton
assemblages (Findlay et al 2001; Huisman et al 2004; Strecker et al 2004; Bopp et al
2005), and be the most significant climatic effect on phytoplankton composition
(Schindler et al 1996; Diehl et al 2002; Smol et al 2005; Winder & Hunter 2008). The
abundance of diatoms, the most common eukaryotic phytoplankter in Lakes Wanaka
and Wakatipu (Naismith 1994; Schallenberg & Burns 1997), are strongly linked to
thermal–physical dynamics of the water column (Diehl et al 2002; Huisman et al 2004),
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and therefore their abundance and assemblages structure is often modified by climate
change (Smol et al 2005; Rühland et al 2008; Winder et al 2009). An increase in small
centric diatoms and decrease in large diatoms has been observed as a consequence of
lake warming (Rühland et al 2008; Winder et al 2009), because the large diatoms sink
faster with shallower mixing depths and reduced turbulence. I hypothesised that this
shift from large to small centric diatoms has occurred or is likely to occur in Lakes
Wanaka and Wakatipu with changing climate and intensified land use.
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3.2 Methods
Study sites
Lakes Wanaka and Wakatipu, Queenstown Lakes District, Otago, are deep, sub-alpine,
ultra-oligotrophic lakes (Table 3.1, Figure 3.1). Both lakes stratify thermally in the
warmer months from November and December to June (Otago Regional Council
(ORC), unpublished data), and have very low concentrations of nutrient, dissolved
organic carbon and algal biomass (Burns & Rutherford 1998; Rae et al 2001;
Schallenberg & Burns 2001) (Table 3.2).
Table 3.1 Characteristics of Lake Wanaka and Lake Wakatipu
Latitude & Longitude
Lake type
Main inflow
Main outflow
Max depth [m]
Lake area [km2]
Catchment area [km2]
Lake fetch [km]
Mean residence time [y]
Volume [km3]
1
Livingstone et al (1986)
2
Irwin (1976)
3
Irwin (1972)
4
Hamill (2006)
5
Pickrill & Irwin (1982)

Lake Wanaka
44°S 169°E
glacial1
Makaroa and Matukituki Rivers1
Clutha River1
3112
1801
25901
33.44
5–6
33

Lake Wakatipu
45°S 168°E
glacial1
Rees and Dart Rivers1
Kawarau River1
3803
2891
26741
29.74
12.65
61.55

Table 3.2 Selected bio-chemical parameters of Lake Wakatipu, April 1997 – April 1998; average (range)
(Schallenberg & Burns 2001)
Secchi depth (m)
Euphotic depth (m)
Suspended sediment ( mg L-1)
DRP (µg L-1)
TP (µg L-1)
DIN (µg L-1)
TN (µg L-1)
Chl a (µg L-1)
Primary production (mg C m-3 h-1)

13.6 (11.0 – 16.5)
41.2 (32.6 – 51)
0.93 (0.69 – 1.37)
1.51 (0.5 – 2.3)
6.2 (2.7 – 12.0)
32 (27 – 37)
69 (34 – 110)
0.44 (0.26 – 0.63)
1.01 (0.73 – 1.75)
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Figure 3.1 Map of Lakes Wanaka and Wakatipu with sampling locations and approximate 200 m, and
300 m water depth contour lines (Bathymetry information from Irwin (1972, 1976), map source arc info).
OW = Open Water, FA = Frankton Arm, MB = Minaret Basin, AB = Aspiring Basin, RB = Roy Bay.

The lakes are situated in an area with a mean annual air temperature around 10.5°C.
They have maximum monthly mean water temperatures of 17°C (Lake Wanaka,
January) and 16°C (Lake Wakatipu, February) and minimum monthly mean
temperatures of 4°C in August. Mean annual rainfall is higher for Lake Wakatipu with
865 mm, than for Lake Wanaka with 668 mm (National Institute for Water and
Atmospheric Research (NIWA) climate records 1951 – 2000 for Wanaka and
Queenstown). Lowest rainfall generally occurs in February.
The catchments are mostly mountainous (Livingstone et al 1986), with Otago schist
bedrock (Rosen & Jones 1998). The Lake Wakatipu catchment has large areas of glacial
ice and permanent snowfields in the Dart River catchment, and the upper catchment is
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subject to frequent north-westerly storms, which provide most rainfall inputs (Webby &
Waugh 2006). The catchments of both lakes had more than 50% tussock cover in 1976
(Livingstone et al 1986) and are still predominantly (i.e. > 50%) grassland (Rae et al
2001). Highest inflows usually occur during snowmelt or during a succession of fronts
(ORC & QDC 2006).
Field sampling and experiments
Lakes Wanaka and Wakatipu were sampled in intervals of 1 – 3 months from
September 2008 to May 2010, at a shallow site (i.e. < 40 m, Lake Wanaka, Roy Bay
(RB) and Lake Wakatipu, Frankton Arm (FA)) and a deep site (> 200 m, Lake Wanaka,
Aspiring Basin (AB) and Lake Wakatipu, open water (OW)) and periodically at Lake
Wanaka, Minaret Basin (MB) (Figure 3.1). For each site, depth profiles of temperature,
dissolved oxygen concentration, pH, beam attenuation and chlorophyll a (chl a)
concentration were recorded using a SeaCAT Profiler CTD (SBE 19plus V2, Sea-Bird
Electronics, Washington). Light readings (PAR) were recorded to 25 m with a LI-COR
LI-1000 light meter and a LI-192SA underwater quantum sensor, and zooplankton were
sampled by vertically hauling a 55-µm mesh net (mouth diameter 25 cm) from 150 m
(open water sites) and 30 – 40 m (shallow sites). Water samples for nutrient analysis,
phytoplankton species composition, picoplankton counts, and chl a (to calibrate CTD)
were taken at 10 m, 20 m, 40 m, 80 m and 150 m using a 5 L Go-Flo bottle (General
Oceanics, Florida). All water was stored on ice in clean containers and processed as
soon as feasible.
Nutrients: Fifty mL of water were filtered through acid washed, glass fibre filters
(GF/F) within 12 h of collection for analysis of dissolved inorganic nutrients
(NNN=NO2+NO3, NH4, DRP) and frozen immediately. Fifty mL of unfiltered water
sample were frozen for total nutrient analysis. Dissolved inorganic nutrients, and total
nutrients (TP and TN) were analysed on a Continuous Flow Analyzer (San++, Skalar
Analytical, Breda, The Netherlands) using standard colorimetric methods. Samples for
TP and TN were digested with potassium peroxidisulphate, boric acid and sodium
hydroxide and autoclaved for 30 min prior to analysis.
Total alkalinity was determined on a sample from 20 m depth using Gran titration.
Alkalinity was converted to photosynthetically available dissolved inorganic carbon
according to Wetzel and Likens (1991).
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To measure Chlorophyll a concentration, triplicate volumes of 500 – 1000 mL were
filtered though Whatman GF/F filters. Filters were frozen until analysis and extracted
with 10 mL of 90% alkaline acetone in the dark overnight. Fluorescence before and
after acidification with 20 µL 2 M HCl was measured with a fluorometer (Model 450,
Sequoia-Turner, Mountain View, California). Chl a and phaeophytin concentrations
were calculated using a previously determined calibration curve and corrected for
acetone blank readings.
Phytoplankton samples were preserved in 1% Lugol’s iodine, and examined with an
inverted microscope (Zeiss Axiovert) after settling 25–100 mL of sample in Thalheim
settling chambers. Phytoplankton taxa were identified using Streble and Krauter (1988)
and Moore (2000) and converted to volumes using the conversions in Wetzel and
Likens (1991).
Zooplankton samples were preserved with 5% formalin. Prior to counting, distilled
water was added to the sample to make it up to 200 mL. Three to five sub-samples of
2.5 mL or 5 mL were counted under an inverted microscope for rotifers, copepods and
nauplii. Daphnia were counted in the sub-samples if their total number was more than
200, and in the whole sample if fewer individuals were present.
Primary productivity was measured at different light levels using Na214CO3. Water for
these experiments was collected from the open water sites at 20 m depth. The water was
kept cool until return to the laboratory, screened through a 55 µm mesh and transferred
to 300 mL borosilicate BOD bottles. The appropriate nutrients were added to bottles at
concentrations (2.5 µg L-1 P as NaH2PO4·H2O or 50 µg L-1 N as NH4NO3) to
approximately double the in-lake concentrations measured by Schallenberg and Burns
(2001), with three replicates of each treatment. Some bottles received no added
nutrients. Within minutes after the nutrient addition

14

C sodium carbonate (Amersham

International – Little Chalfont, Buckinghamshire, UK, HP7 9NA) was added to a final
activity of 5 µCi, then bottles were incubated for 3 – 6 hours at ambient lake
temperature on a rotating “plankton wheel”, at six or seven light levels (0, 12, 44, 89,
133, 198, 311 µmol photons m-2 s-1). Experiments to determine primary productivity, P
vs. E curves, and nutrient limitation were of similar duration than described for several
oligotrophic New Zealand lakes (Vincent 1983, Schallenberg & Burns 1998, James et al
2001, Schallenberg et al 2001). Nutrients were added at 44 and 311 µmol photons per
m-2 s-1 from December 2009 to May 2009, and only at 311 µmol photons m-2 s-1 in all
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other experiments. After incubations, the bottles were kept on ice in the dark until they
were sampled. A 100 mL sample was filtered through a “filter sandwich” of 3 µm and
0.45 µm mixed cellulose ester (MCE) filters (Advantec, supplied by Microanalytix,
Auckland). Filters were transferred to 10 mL glass scintillation vials, exposed to HC1
vapour for 1 h, submerged in Opti-Phase HiSafe (PerkinElmer, Waltham,
Massachusetts) scintillant, and counted on a liquid scintillation counter (1214 Rackbeta,
LKB Wallac, Finland). Membrane filters (i.e. mixed cellulose ester or polycarbonate)
seem to perform better in

14

C experiments than glass fibre filters (Morán et al 1999).

Mixed cellulose ester filters also have been successfully applied to size fractionate
plankton (e.g. Hilmer & Bate 1989, Gasol & Morán 1999).
Additional field data
In addition to my measurements in 2008 – 2010, data (depth profiles of chl a and
temperature, Secchi depths and nutrient concentrations in the epilimnion) collected
monthly by the Otago Regional Council (ORC) from December 2005 — April 2009
were available. Based on Secchi depth readings and light profiles taken from September
2008 – May 2010 a relationship between Secchi depth (zSecchi) and euphotic depth (zeu)
could be established. These relationships were non-linear, as could be expected (Tilzer
1983), and were used to calculate zeu for the ORC monitoring data. The relationships
that gave the best fit among those tested (linear, quadratic, logarithmic) were:
Lake Wakatipu: z eu = 10 .03 × Ln ( z Secchi ) + 10 .18 , R2 = 0.63
Lake Wanaka: z eu = −0.10 × z Secchi 2 + 3.63 × z Secchi , R2 = 0.77
Euphotic depth was converted to attenuation coefficient (kd) using Kirk’s (1994)
4.6
equation. k d =
z eu
Statistical analysis
To investigate which environmental abiotic parameters influence phytoplankton
biomass three approaches were used: a) univariate correlations (Pearson) on the
complete dataset, b) multivariate correlations (Principal Components Analysis, PCA) on
the correlation matrix of the complete data set, and c) after dividing the dataset into four
‘seasons’ (summer stratification, autumn thermocline erosion, winter isothermal period,
spring thermocline development), partial correlations were performed for each season
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(modified from Arhonditsis et al (2004)). Parameters chosen were temperature (water
column average in winter and mixed layer average in all other seasons), light in mixed
layer (EMix) in all seasons except winter, total available light (Qt) in winter and spring,
and TP and TN. In some cases TN was replaced by NNN and NH4. Inter-correlations
between these parameters were observed for temperature and light in summer and
autumn, and for the nitrogen species. Approach c) accounts for the fact that correlates of
phytoplankton biomass may differ through the year (Arhonditsis et al 2004; Straile
2005). The four seasons were defined based on criteria used by Arhonditsis et al (2004)
and field data from Lakes Wakatipu and Wanaka (i.e. chl a and temperature profiles).
As a proxy for phytoplankton biomass the average mixed layer chl a concentration was
used in summer, autumn and spring, and the total volume-weighted average chl a
concentration (see “Calculation of parameters”) was used in winter.
Environmental parameters were chosen to represent the actual conditions encountered
by phytoplankton, not the constituent factors influencing conditions. This was done
because, for instance, both wind speed and air temperature influence mixing depth and
temperature, and to avoid the problem of lag times between meteorological drivers and
lake condition.
All statistical analysis was done in ‘R’ (version 2.10.0, The R Foundation for Statistical
Computing) and IMB SPSS Statistics (version 20), using the function cor.test for
correlations in ‘R’. Partial correlations of chl a and predictors were established based on
correlations between the residuals of general linear models of chl a vs. other
environmental variables and the predictor vs. other environmental variables. For
bioassays, significant differences between treatments were tested using independent
sample T-Tests. For some experiments factorial ANOVAs were run to test for effects of
nutrients, light and their interactions.
Calculation of parameters
Light
The onset of light saturation (EK) was calculated from primary productivity
experiments at different light levels. The following equation was fitted to the data using
a spreadsheet developed by Walsby (1997):
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P ( E) = Pmax (1 − e

( −α ×

E
)
Pmax

)+ R+β ×E

Equation 1

with
α = slope of P/E observed at light-limiting irradiances
β = slope (negative) due to photoinhibition at high irradiances
R = rate of respiratory oxygen production
Pmax = maximum productivity at light-saturating irradiances
E = irradiance

Ek = Emax +

( 0 − Pmax )

α

Equation 2

E max = irradiance at which maximum productivity is reached

Calculations of PAR intensity were based on meteorological data recorded by NIWA at
Queenstown and Wanaka airports. Hourly incoming solar radiation was converted to
mole per m2 sec-1. Then the monthly average radiation per day was calculated and
divided by the average daylight hours in this month to give the average monthly light in
one hour during daylight. This number was then transformed to below-surface light
based on measured reflectance ratios. Incident PAR (400 – 700 nm) just beneath the
water surface was approximately 0.33x (Lake Wanaka) and 0.44x (Lake Wakatipu) the
amount of light available just above the water surface (I0). There was little seasonal
variation.
Available light in the mixed layer (EMix) was calculated after Riley (1957) as
EMix =

EBS × (1 − e ( − h*k d ) )
h * kd

Equation 3

with
EBS = PAR just below the surface
h = thermocline depth
kd = attenuation coefficient
The critical mixing depth (i.e. the circulation depth below which phytoplankton will
not have sufficient light to grow) (Kirk 1994, Talling 1957) was calculated as
z mc =

t day
E
× Ln( BS
24 × k d × 0.08
0.5 × Ek )

Equation 4
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with
tday = day light hours
kd = attenuation coefficient
EBS = average hourly PAR just below the surface
EK as determined in bioassays from equation 2

Total available light (qt) was calculated after Kirk (1994) as
qt =

EBS
c water × k d

Equation 5

with the speed of light in water cwater = 225,056,264 m s-1
Chlorophyll a – algal biomass
Volume-weighted chl a concentration was calculated from depth profiles of chl a and
lake morphometry taken from bathymetric maps (Irwin 1972; 1976), as average chl a
concentration in each 20 m layer of the lake multiplied by the volume of the layer
divided by the total lake volume.
Deep chlorophyll maxima (DCM) are defined to occur if the maximum chl a
concentration is recorded below the thermocline, which was defined as the depth of
steepest gradient in water density.
Mixing and Stratification
The seasonal thermocline was calculated for Dec 2005 — May 2010 and is defined as
the steepest gradient in water density between 1 m layers of water.
The maximum theoretical mixing was only calculated for the period Dec 2008 — May
2010. It does not account for mixing due to internal waves, and so probably
underestimates total mixing. To calculate the maximum theoretical mixing depth,
maximum daily wind speeds from Queenstown and Wanaka airports were used. The
maximum theoretical mixing depth in the eight days prior to, and including, the
sampling date was determined, using the same approach as Schallenberg et al (1999).
The Wedderburn number (W), a measure of lake resistance to mixing, was set to W = 1,
since the turbulence in the mixed layer should arrive at equilibrium after less than one
hour (Spigel & Imberger 1987), then solved for h.
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´W =

∆ρ × g × h 2
ρ mix × u × L

Equation 6

with
∆ρ = difference density between epilimnion and hypolimnion
g = 9.81 m s-2
h = depth of thermocline
ρmix= mean density of epilimnion
u = shear velocity = [

ρ air
2
× d × v wind ] 0.5
ρ mix

d = drag coefficient = 0.0013
vwind = wind speed
L = fetch along prevailing wind direction. This was estimated from bathymetric maps
and the direction of maximum daily wind speeds.
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3.3 Results
Physical characteristics
Thermal stratification was not established until December in most years. Lake Wanaka
was fully mixed in July, after gradual erosion of the thermocline from April to June.
Lake Wakatipu was not fully mixed until August in most years. In August 2008, in Lake
Wanaka, after a period of two weeks of calm weather, the calculated theoretical mixing
depth only reached 53 m, even though the lake was isothermal. An accumulation of chl
a in the top 50 m coincided with the low theoretical mixing depth, supporting the
assumption of periods of incomplete mixing during isothermy in Lake Wanaka.
In summer, the thermocline in Lake Wanaka tended to be shallower than in Lake
Wakatipu. Both lakes were warmest in February and March, with maximum epilimnion
temperatures of 17° C in Lake Wanaka and 16° C in Lake Wakatipu. Minimum winter
temperatures were 9° C.
Seasonal pattern in primary productivity
Primary productivity at a medium level experimental irradiance of 130 µmol photons m2

s-1, which corresponds roughly to the average light in the mixed layer in late spring or

early summer, was higher in Lake Wanaka than in Lake Wakatipu. Production peaked
in late spring in Lake Wakatipu and in spring and late autumn in Lake Wanaka (Figure
3.2 A and B). Primary productivity per unit chl a was of similar magnitude in both lakes
and showed a similar seasonal pattern in both lakes, with a peak in spring and a
secondary peak in autumn or winter (Figure 3.2 A and B).
B: Primary productivity in Lake Wakatipu
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A: Primary productivity in Lake Wanaka
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Figure 3.2 Primary productivity in samples from 20 m depth at I = 130 µmol photons m-2 s-1 in Lakes
Wanaka (A) and Wakatipu (B)
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Seasonal pattern in phytoplankton biomass (chl a)
In Lake Wanaka the largest average concentration of volume-weighted chl a was
observed generally in late autumn to early spring (Dec, May, May, Sept, July, Sept,
Aug, Oct) (Figure 3.3), whereas the peak occurred in Lake Wakatipu in late spring
(December) (Figure 3.5). Summer volume-weighted biomass was lower than winter
biomass in Lake Wanaka.
The average concentration of chl a in the epilimnion in Lake Wakatipu was highest in
late spring (Figure 3.6). In Lake Wanaka it was more varied with highest concentrations
in the mixed layer generally in late spring, late summer or autumn (Figure 3.4).
Maximum concentrations of chl a were observed in late spring in Lake Wakatipu and
late summer or autumn in Lake Wanaka (data not shown).
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Figure 3.4 Total available light (Qt) and average volume-weighted chl a in Lake Wanaka from December
2005 to May 2010
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Figure 3.3 Monthly average of light in mixed layer (Emix), the light intensity at which algae experience the
onset of light saturation (EK), and chl a in the mixed layer in Lake Wanaka from December 2005 to May
2010
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Figure 3.5 Monthly average of light in mixed layer (Emix), the light intensity at which algae experience
the onset of light saturation (EK), and chl a in the mixed layer in Lake Wakatipu from December 2005 to
May 2010
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Figure 3.6 Total available light (Qt) and average volume-weighted chl a in Lake Wakatipu from
December 2005 to May 2010

Light limitation of phytoplankton in winter-spring
Winter to early spring was the period of lowest available light, with light availability
reduced to 5% of the average light recorded in mixed layer between December and
February. The lakes were mixed below the critical mixing depth during winter months
(Figures 3.7, 3.8). Light availability in the mixed layer was reduced to less than EK in
winter (Figures 3.3, 3.5). Thus, the light available from May to Sept-Dec in Lake
Wanaka, and June to Sept-Nov in Lake Wakatipu, was lower than the minimum light
required, suggesting that light is a limiting factor from winter to early spring.
High values of EMix coincided with peaks of chl a in the mixed layer, and peaks of total
available light with peaks in volume-weighted chl a in Lake Wakatipu (Figures 3.5,
Figure 3.6). However, in Lake Wanaka peaks in mixed layer chl a lagged behind peaks
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in EMix, whereas peaks in volume-weighted chl a pre-dated peaks in total available light
(Figures 3.3, 3.4).
There was little variability in the attenuation coefficient (Kd) except after a flood in
April and May 2010, when the lakes were milky in appearance. Kd ranged from 0.14 to
0.21 m-1 for in Lake Wanaka, with a standard deviation of 0.02, excluding the flood
high Kd of 0.29 m-1. In Lake Wakatipu Kd ranged from 0.09 to 0.14 m-1, with a standard
deviation of 0.01, excluding the flood high Kd of 0.28 m-1. Lowest values were recorded
in November.
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Figure 3.7 Lake Wanaka: Depth of thermocline and maximum chl a concentration and critical mixing
depth, December 2005 to May 2010 (ORC, unpublished data and my data)
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Figure 3.8 Lake Wakatipu: Depth of thermocline and maximum chl a concentration and critical mixing
depth, December 2005 to May 2010 (ORC, unpublished data and my data)
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Light adaptation of phytoplankton
When comparing photosynthesis vs. irradiance curves for winter and summer, at low
irradiances (below 40 µmol photons m-2 s-1 in Lake Wakatipu and below 80 µmol
photons m-2 s-1 in Lake Wanaka) carbon uptake was highest in August and May. Thus
winter phytoplankton seems to be well adapted to low light conditions. In summer,
intensities of 50% of the irradiance measured just below surface (JBS) (as monthly
mean per daylight hour) seem to saturate or nearly saturate photosynthesis in both lakes
(Figures 3.9, 3.10). EK, the light intensity at which algae experience the onset of light
saturation, was highest in Lake Wanaka in August and in Lake Wakatipu in February
(Table 3.3).
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Figure 3.9 Growth vs. irradiance in Lake Wakatipu in winter and summer expressed per unit chl a and
percentage of light measured just below the surface
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Figure 3.10 Growth vs. irradiance in Lake Wanaka in January, March, May and August expressed per
unit chl a and percentage of light measured just below the surface
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Table 3.3: Onset of light saturation (EK) in Lakes Wanaka and Wakatipu from September 2008 to
August 2009. E(K) in mmol photons m-2 d-1
Month/year
Wanaka
Wakatipu

Sept 08
0.34

Dec 08

Jan 09
0.47

Feb 09

0.21

Mar 09
0.39

May 09
0.50

0.29

Aug 09
0.58
0.23

Zooplankton assemblages and abundances
The zooplankton in Lake Wanaka was dominated by cladocerans (Daphnia, 1.1 – 45 per
m3, average 14.5 per m3) throughout the year, with copepods present in lower densities
(0.5 – 4.1 per m3, average 1.6 per m3). Daphnia densities peaked in January and
December 2009 (Figure 3.11). Large rotifers (Polyarthra) were present in high numbers
(2 – 151 per m3, average 58 per m3) in the summer months and peaked at similar times
as Daphnia (Figure 3.12). Daphnia were present throughout winter, with highest
numbers of eggs in early spring (October). Daphnia were identified as Daphnia ‘pulex’
(C. Burns, pers. com.), not the native Daphnia carinata which was reported previously
in Lake Wanaka (Chapman et al 1975; Jolly & Chapman 1977; Burns & Schallenberg
1998). Copepod densities were highest in January and October 2009, and those of
nauplii in January 2009 and 2010 (Figure 3.12).
By contrast, Lake Wakatipu was dominated by copepods all year round (86 – 466 per
m3, average 159 per m3), with lower abundances of Daphnia ‘pulex’ (0 – 39 per m3,
average 12.5 per m3). Both copepods and Daphnia had highest densities in February
2009 (Figures 3.13, 3.14). Polyarthra were common in spring and late summer, but not
present in winter (Figure 3.14). Daphnia were not present in winter (August), but
copepods remained at similar densities from March to November. Highest abundances
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Figure 3.11 Phenology of Daphnia and chl a in Lake Wanaka, November 2008 to May 2010

66

18
16
14
12
10
8
6
4
2
0
Nov 08

700
600
Individuals m -3
(rotifers)

Individuals m -3
(copepods)

Chapter 3: Phytoplankton dynamics

500
400
300
200
100
0
Feb 09

May 09

Aug 09

Nov 09

Copepods Date (month/Year)
Nauplii

Feb 10

May 10

Rotifer Polyarthra

0.8

180
160
140
120
100
80
60
40
20
0

0.7
0.6
0.5
0.4
0.3
0.2
0.1

Chl a in µg L-1

Individuals m-3

Figure 3.12 Phenology of copepods and rotifers in Lake Wanaka, November 2008 to May 2010
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Figure 3.13 Phenology of Daphnia and chl a in Lake Wakatipu, November 2008 to May 2010
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Figure 3.14 Phenology of copepods, rotifers and chl a in Lake Wakatipu, November 2008 to May 2010
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Relationship between average chl a and zooplankton
The Daphnia population in Lake Wanaka had a spring peak and small secondary peak
in autumn, following the seasonal pattern of phytoplankton biomass (chl a) in the
epilimnion in 2008/09 (Figure 3.11). In 2009/10 there was a large spring peak of
Daphnia that coincided with low concentration of phytoplankton biomass. Copepod and
rotifer densities were highest in spring and summer (Figure 3.12). In Lake Wakatipu
Daphnia and copepods both peaked in summer (February 2009 and March 2010),
lagging behind the spring increase in phytoplankton biomass by ca. two months
(Figures 3.13, 3.14). The patterns were similar for average volume-weighted
phytoplankton biomass (not shown).
Nutrient concentrations
Concentrations of dissolved nutrients were very low in both lakes (Figures in Appendix
B). DRP and NH4-N were mostly near, or below, the limit of detection (1 µg L-1 and 5
µg L-1, respectively). For Lake Wakatipu, DRP was detected in August 2009 (1.2 µg L1

) and May 2010 (1.6 µg L-1). For both lakes, NNN was generally lowest in summer (10

– 20 µg L-1), then increased throughout autumn and was highest in winter (max 43 µg L1

). This increase in NNN was likely due to thermocline erosion and turnover, resulting

from a pulse of recycled NNN advected from the hypolimnion. Winter circulation
marginally increased the concentration of DRP in Lake Wakatipu, but not in Lake
Wanaka where all measurements were below the detection limit. Neither in Lake
Wanaka nor Lake Wakatipu was there evidence of an increase in TP concentration with
winter circulation.
Due to very low TP concentrations (< 3 µg L-1), molar TN to TP ratios were high in
both lakes, and never lower than 39 at 20 m depth. Lakes Wanaka and Wakatipu also
had a high DIN:TP ratio at a depth of 20 m which dropped to a low of 12 for Lake
Wakatipu and 26 in Lake Wanaka in March 2009 and January 2010, respectively.
Drivers of phytoplankton dynamics
Correlations of nutrients, light and temperature
Average chl a in the mixed layer was negatively correlated with nitrate in Lake
Wakatipu (r = - 0.39, df = 35, p = 0.02) and positively with light in the mixed layer (r =
0.47, df = 35, p = 0.003) and temperature of the mixed layer (r = 0.41, df = 35, p =
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0.01). In Lake Wanaka, it was only correlated to the temperature of the mixed layer (r =
0.39, df = 35, p = 0.01). In Lake Wakatipu, volume-integrated chl a was correlated with
total light available in the water column (r = 0.31, df = 35, p = 0.05), but this was not
the case in Lake Wanaka (r = -0.14, df = 35, p = 0.39). Adding one or several
interaction terms to the regressions did improve the correlation (r value) for chl a.
Cyclotella biovolume in Lake Wanaka at 20 m depth was correlated to NNN (r = -0.77,
df = 12, p = 0.001), NH4-N (r = 0.50, df = 12, p-value = 0.07), and the temperature of
the mixed layer (r = 0.90, df = 12, p-value <0.001).
Principal component analysis
Results from the correlations were supported by PCA: In Lake Wakatipu, chl a in the
mixed layer was correlated to light, temperature (both positive) and nitrate (negative)
(Figure 3.16). In Lake Wanaka, the relationships were more complex, but also with an
important negative relationship with nitrate (Figure 3.15). Results for volume-weighted
chl a followed the same patterns as mixed layer chl a (not shown).
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Figure 3.15 Principal component analysis of environmental drivers of phytoplankton biomass (chl a) in
Lake Wanaka. Component 1 and 2 explain 53% of variance. Component 1 30%, and component 2 24%.
Crosses (+) represent field data
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Figure 3.16 Principal component analysis of environmental drivers of phytoplankton biomass (chl a) in
Lake Wakatipu. Component 1 and 2 explain 55% of variance. Component 1 31%, and component 2 24%.
Crosses (+) represent field data
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Seasonal controls of phytoplankton biomass
After dividing the year into four seasons and investigating patterns within those seasons
separately, mixed layer chl a was correlated to temperature and/or light in spring, and
EMix and/or nitrogen in summer (Table 3.4). Average volume-weighted chl a was
correlated to either nitrogen (Lake Wanaka) or light (Lake Wakatipu) in winter.
Table 3.4 Partial correlations (r, p) of environmental parameters with average chl a for the four seasons in
Lakes Wanaka and Wakatipu. Correlations with p < 0.08 are presented. df = 10
Season 1: Summer
(Jan – March)
Season 2: Autumn
(April – July)
Season 3: Isothermal (August
– Sept/Oct)
Season 4: Spring bloom (Nov
– Dec)

Wanaka
EMix (-0.59, 0.06)
TN (-0.77, 0.005)

Wakatipu
TN (-0.67, 0.01)
TP (0.51, 0.08)

DIN (-0.53, 0.06)
TN (-0.92, < 0.01)
TempMix (0.67, 0.07)

Qt (-0.65, 0.038)
NNN (-0.59, 0.07)
Qt (-0.74, 0.03)
TempMix (0.76, 0.03)
NNN (-0.71, 0.04)
TN (-0.75, 0.03)

DIN = Dissolved inorganic nitrogen
Emix = Light in mixed layer
NNN = Nitrate-Nitrite-Nitrogen
TempMix = average temperature of mixed layer
TN = Total nitrogen
TP = Total phosphorus
Qt = total available light

Bioassay experiments on nutrient limitation
In bioassay experiments before March 2010, at the highest light level, there were no
positive responses to N, P, or NP in Lake Wanaka, but to NP co-addition in Lake
Wakatipu in early summer (Table 3.5). Phytoplankton in Lake Wakatipu also responded
positively to P, N and/or NP at the low light level in spring and summer (Table 3.5). A
significant negative response to P additions was recorded in February 2009 in Lake
Wakatipu, and a significant negative response to N in Lake Wanaka in January 2009 at
the highest light level. Two additional experiments were run with nutrient addition 24h
before 14C addition, which resulted in a positive response to P in Lake Wanaka in March
2010, but no positive responses in Lake Wakatipu in May 2010. In the experiments
from December 2009 to May 2009, in ANOVAs with factors light and nutrients and
their interaction, nutrients and the nutrient-light interaction term were significant in
January 2009 in Lake Wanaka, and in February 2009 in Lake Wakatipu.
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Table 3.5 Overview of nutrient addition experiments in Lakes Wanaka and Wakatipu. ‘Pos.’ indicates
significant (i.e. p < 0.05) positive response as tested by independent T-tests, ‘Neg.’ indicated significant
negative response to nutrient additions. Low light = 44 µmol photons m-2 s-1. Full light = 311 µmol
photons m-2 s-1
Lake Wanaka
Date
November 2008
January 2009
March 2009
May 2009
August 2009
March 2010*

Low light
Pos.
Neg.
not tested
none
P, NP
P
none
none
none
not tested
none
none

Full light
Pos.
Neg.
none
none
none
N
none
none
none
none
none
none
P
none

Lake Wakatipu
Low light
Full light
Date
Pos.
Neg. Pos.
Neg.
P,NP
N
NP
none
December 2008
N,P, NP
none none
P
February 2009
not tested
none
none
May 2010**
* In March 2010 14C was added 24 hours after nutrient additions.
** In May 2010, 14C was added 24 hours after nutrient additions in half the treatments, and
simultaneously with nutrients in the remainder.

Phytoplankton assemblages
Lake

Wanaka

was

dominated

by

Cyclotella

throughout

the

year

while

picocyanobacteria and other diatoms were also common in winter and spring (Figure
3.17). (Note: Although Discotella was recently identified in samples from Lake
Wanaka, my study did not include a detailed taxonomic analysis. For simplicity and
coherence, in my whole thesis, these small centric diatoms are therefore referred to as
Cyclotella.) By contrast the phytoplankton of Lake Wakatipu was dominated by large
diatoms and picocyanobacteria, and Dinobryon and green algae were prevalent in
summer and Aulacoseira in winter, spring and early summer (Figure 3.18).
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Figure 3.17 Phytoplankton composition (in% of total biovolume) of Lake Wanaka from September 2008
to May 2010
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Figure 3.18 Phytoplankton composition (in% of total biovolume) of Lake Wakatipu from September
2008 to May 2010
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3.4 Discussion
Summary of seasonal correlates of phytoplankton
In Lake Wanaka, there appeared to be nutrient limitation (P) late in stratification (as
suggested by bioassay experiments, Table 3.6). However, the dominant phytoplankton,
Cyclotella, was also positively correlated to DIN and temperature. In winter, light
limitation prevailed, but not as severely as in Lake Wakatipu (Figure 3.7). Grazing
(mostly by Daphnia) may also be important in summer, in lowering the spring bloom,
and low Daphnia winter numbers may encourage relatively high chl a in winter (Figure
3.11). Drivers and controls of phytoplankton in both lakes are summarised in Figure
3.19.
In Lake Wakatipu phytoplankton biomass appeared to be nutrient (NP and P) limited
in the epilimnion in summer (as suggested by bioassay experiments, Table 3.6, and
nutrient concentrations). Throughout the year, light was correlated with volumetric
average chl a biomass in the whole water column, suggesting a key role of light in
determining whole water column productivity. In winter, phytoplankton was light
limited (as the lake was mixed below critical mixing depth, Figure 3.8), and the spring
bloom occurred after stratification started to stabilise, and light limitation eased.
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Figure 3.19 Schematic diagram of phytoplankton (PP) biomass, productivity and their controls in Lakes
Wanaka and Wakatipu
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Spring maxima
I hypothesised that Lakes Wanaka and Wakatipu have spring peaks of phytoplankton
biomass triggered by the onset of stratification and the easing of light limitation. This
pattern is typical for a number of large South Island lakes (Duthie & Stout 1986) as well
as many deep, monomictic, temperate lakes elsewhere (Reynolds 2006; Huisman &
Weissing 1999; Diehl 2002), where the onset of stratification (i.e. reduced turbulence
and increased light supply) usually is the main cause for the spring phytoplankton
bloom (Sommer et al 1986; Reynolds 1989). While the assumed seasonal pattern was
confirmed for Lake Wakatipu, it was not for Lake Wanaka. Lake Wanaka had a much
less regular pattern than Lake Wakatipu with peaks of volume-weighted chl a occurring
in winter just before or during isothermal conditions, peaks in primary productivity
occurring in spring and winter, and highest epilimnetic chl a occurring in summer.
Because Lake Wanaka and Lake Wakatipu were both characterised by deep mixing and
a comparatively late onset of summer stratification, light was a scarce resource for
photosynthetic organisms. For both Lake Wanaka and Lake Wakatipu from July to
September the available light was below saturation (EK), and the lakes were mixed
below the critical mixing depth (determined by bioassays), and thus phytoplankton were
light limited. In fact, Lake Wakatipu had the highest volume-weighted (overall)
biomass, epilimnetic biomass and standardised primary production in spring, and these
peaks coincided with the onset of stratification (Figures 3.2, 3.5). In Lake Wakatipu
light was also correlated with volumetric average chl a biomass. In contrast to the main
basin of Lake Wakatipu the shallow Frankton Arm was not light limited in winter,
which might explain why in the past a peak of phytoplankton biomass in late autumn
was recorded in the Frankton Arm (Schallenberg & Burns 1997), but there was a late
spring peak in the open water in 2006 – 2010. This explanation is supported by research
where phytoplankton in the Frankton Arm were poorly adapted to light conditions,
which may have been a result of phytoplankton being adapted to the deeper mixing in
main basin (Schallenberg & Burns 1997).
Neither Lake Wanaka nor Lake Wakatipu were light limited in summer with the critical
mixing depth well below the thermocline depth (Figures 3.7, 3.8). This contrasts to
other South Island lakes such as Lakes Coleridge (James et al 1995), Ohau, Pukaki, and
Tekapo (Duthie & Stout 1986), where primary productivity was linked to the influx of
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glacial silt, which can greatly reduce the available light in summer. Of the lakes studied
by Duthie and Stout (1986) the clearest, Lake Ohau, also supported the highest
phytoplankton biomass, suggesting an important role of light in lakes influenced by
glacial inflows. Lakes Wakatipu and Wanaka did not have the same amount of glacial
influence, but the flood in April and May 2010 showed that they can also be highly
affected by decreased transparency due to sediment input (Figures 3.7, 3.8). Lake
Wakatipu was sufficiently transparent for deep chlorophyll maxima to occur below the
thermocline; thus, the comparatively low chl a in the epilimnion was likely to have been
due to nutrient limitation, not lack of light.
High winter phytoplankton biomass in Lake Wanaka could have been facilitated by
incomplete mixing during isothermal conditions, which can alleviate light limitation in
winter (Huisman & Weissing 1999). Even when Lake Wanaka was isothermal, it was
not always completely mixed, enabling phytoplankton to proliferate in the top layers.
This incomplete mixing could also explain why EK in Lake Wanaka in August 2009
(when the majority of chl a was present in the top 50 m) was high, suggesting that algae
were not well adapted to low light conditions. EK was low in early spring in both lakes,
and in August in Lake Wakatipu, suggesting that, by then, populations were well
adapted to low light environments. It would appear that the calculated theoretical light
availability of only 5% of light compared to the epilimnion in summer from May or
June to November or December does not reflect actual availability in Lake Wanaka, and
that actual values may be closer to 20 – 40%. However, chl a layering was not observed
in Lake Wanaka in August 2006 and 2008, and only partly in September 2006 and
2007. Incomplete mixing in winter was also observed for two other New Zealand lakes,
Lake Taupo (James et al 1995) and Lake Coleridge (Schallenberg et al 1999), both of
which showed late autumn to winter phytoplankton peaks. However, while there was
some chl a layering in Lake Taupo in June and September, it did not occur in August
when biomass and primary productivity peaked (Vincent 1983).
While incomplete mixing may be a contributing factor, it is unlikely to be the sole
reason for winter maxima of phytoplankton biomass in Lake Wanaka. A number of
large oligotrophic lakes showed a late summer or late autumn (secondary) peak in
phytoplankton biomass (Marshall & Peters 1989) when nutrients were re-supplied with
the breakdown of stratification. In several North Island lakes (White et al 1980; Vincent
1983; Viner 1985), Patagonian lakes (Soto 2002) and Lake Baikal (Hampton et al 2008)
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phytoplankton biomass even reached a maximum in late autumn or winter. For Lake
Taupo, N supply from the hypolimnion to a N-limited lake has been identified as the
main factor in causing winter maxima (Vincent 1983), and in experiments, winter
phytoplankton biomass increased after N addition (White & Payne 1977). In Lake
Coleridge, autumn chl a maxima were observed in April and May, when nutrients were
entrained by thermocline erosion, but just before the period of light limitation during
isothermy (June to September) (James et al 2001). Re-supply of DRP with thermocline
erosion occurs in a number of oligotrophic lakes, including Lake Taupo (Vincent 1983),
Lake Coleridge (James et al 2001), Lake Constance (Stich & Brinker 2010), and Lago
Garda (Salmaso 2005). Lakes Wanaka and Wakatipu experienced increased DIN with
thermocline erosion, but there was no measurable increase in, or even hypolimnetic
build-up of, DRP, the potentially limiting nutrient in Lake Wanaka, suggesting a
different reason for the winter peak or small increases in DRP that could not be
measured accurately. Bioassay experiments suggested that there was no nutrient
limitation in winter. In addition, in Lake Wanaka, few deep chlorophyll maxima
occurred (Figure 3.7) and so redistribution of DCM biomass is an unlikely cause for the
increased chl a in autumn or winter, as was described for lakes of north-western Ontario
(Fee 1976). Other factors conducive to higher phytoplankton biomass in the winter in
Lake Wanaka are reduced sedimentation losses with increased turbulence and the low
Daphnia concentrations in winter, while higher grazing pressure would be expected in
summer and spring (Figure 3.11).
Nutrient limitation in summer
The hypothesis that the oligotrophic Lakes Wanaka and Wakatipu are nutrient limited in
summer was supported by my data. In both lakes, nutrient concentrations in the
epilimnion were very low through summer, and bioassay experiments suggest nutrient
limitation (N and P) in both lakes at least in some summer months. Silica concentrations
in both lakes were high (with an average of 716 µg Si L-1 (SD 64 µg Si L-1) from 6
samples from August 2009 to May 2010 in Lake Wanaka, and an average of 1237 µg Si
L-1 (SD 42 µg Si L-1) in Lake Wakatipu; T. Bayer unpublished data), thus Si limitation
was unlikely. A positive response to nutrient additions points to NP co-limitation of
phytoplankton productivity in early summer in Lake Wakatipu and P limitation in late
summer in Lake Wanaka (Table 3.5). Phytoplankton in Lake Wakatipu also seemed
nutrient limited in bottles incubated under low light in summer. In addition, some
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negative responses at full light were observed for Lake Wanaka for N and Lake
Wakatipu for P in summer. While

14

C uptake bioassays are commonly employed to

assess nutrient limitation status of natural phytoplankton communities (e.g. Beardall et
al 2001) interpretation of results in severely nutrient limited waters may not always be
straightforward. In lakes that were shown to be nutrient limited using large enclosures
and experimental ponds, no response to nutrient addition in 14C experiments of 4 – 12 h
duration was recorded by Gerhart and Likens (1975) and O’Brien and DeNoyelles
(1976). A negative response (“inhibition”) to both N (Falkowski & Stone 1975; Gerhart
& Likens 1975; Lean & Pick 1981; Elrifi & Turpin 1987; An 2003) and P (Hamilton
1969; Kalff 1971; Lean & Pick 1981; Nalewajko et al 1986) additions has been
recorded in a number of studies using

14

C bioassays. This “inhibition” seems to be

confined to short-term incubations, and occurred at low, but not always at high, added
phosphate concentrations (Lean & Pick 1981). Longer incubations (> 24 h) seem to give
better results, but risk population collapse (e.g. Kalff 1971, Lean & Pick 1981). To
resolve this dilemma, Lean and Pick (1981) suggested interpreting inhibition as
limitation when running short term incubations. The proposed reason for the negative
response to nutrient addition in short-term

14

C experiments was a “luxury” nutrient

uptake (i.e. nutrient uptake in excess of current growth requirements) at the expense of
carbon assimilation and photosynthesis (e.g. Lean & Pick 1981). Similarly, supplying N
to N-deplete algae could have caused a transient suppression of photosynthetic carbon
fixation by mechanisms described in Elrifi and Turpin (1987). Elrifi and Turpin (1987)
also noted that the importance of N re-supply increased with increasing N limitation and
that after 24 h photosynthesis had increased in proportion to the enrichment. Phosphate
uptake was also higher for P depleted than P replete cells (Graziano et al 1996). In other
words, supplying a limiting nutrient caused a “surge” in its uptake and energy is
diverted to nutrient uptake at the expense of C assimilation (Beardall et al 2001). An
increase in phytoplankton biomass in response to added nutrients in a four day
experiment in Lake Wakatipu in the 1990s (Burns & Schallenberg 1998) supports the
assumption of nutrient limitation in oligotrophic New Zealand lakes. Other proposed
explanations for no, or a negative, response of phytoplankton to nutrient additions are a)
nutrients still remain low (limiting) due to rapid bacterial uptake (Znachor et al 2005)
and b) effects of light or light adaptation of phytoplankton on nutrient uptake and
requirements (Nalewajko et al 1986). Phytoplankton in Lake Superior responded
positively to P at inshore stations but with inhibition at offshore stations (Nalewajko et
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al 1986). This response was speculated to be due to light-limited but phosphorussufficient phytoplankton at inshore, but extremely low light adapted populations at
offshore stations (Nalewajko et al 1986).
In Lake Wakatipu in early and late summer (and in one late summer sample in Lake
Wanaka) there was a positive response to nutrients at low light, but not the high light
level. Kalff (1971) also observed inhibition in response to nutrient addition at light
saturation, but stimulation of C uptake at lower light levels. The reason for this
discrepancy could be that C:N:P uptake ratios differ between ambient and optimal light
(Nalewajko & Garside 1983), and it seems as though P limited populations may take up
a large amount of P (at the expense of C uptake) at high light, whereas at low light P
uptake may be restricted (and thus C uptake is not, or less, suppressed). This
explanation fits with Nalewajko et al (1986) and Lean and Pick (1981), who observed
more severe “inhibition” at high compared to low light conditions in some lakes.
If I interpreted “inhibition” in bioassays as preferential uptake of nutrients to nutrient
deplete cells, I could conclude that N, P and NP co-limitation were present in summer in
Lakes Wakatipu, and N or P limitation in Lake Wanaka. There is some support for this
conclusion by a positive response to P in the experiment in Lake Wanaka in late
summer when

14

C was added 24 h after adding nutrients. In the 24h prior to

14

C

additions phytoplankton could have taken up the additional phosphate which would then
have enabled them to incorporate more carbon in the P treatment than in the Control
treatment. A response to the P addition was, however, not observed in May in Lake
Wakatipu, when nutrients were added to some bottles 24h before and others
simultaneous with

14

C addition. However, it was potentially too late in the year for

nutrient limitation to occur. Responses to P in the experiments could also have been
complicated by the relatively high contribution of picocyanobacteria in Lake Wakatipu
(up to 63%), which have been shown to respond negatively to P-additions in the past
(Schallenberg & Burns 2001) and in my study (Chapter 4).
The assumption of mostly P and NP co-limitation in summer is supported by the
correlation of nutrients with chl a and DIN:TP ratios: There was a negative correlation
of chl a with DIN in both Lakes Wanaka and Wakatipu, which could be interpreted as
the opposite causal relationship (Ptacnik et al 2003), with phytoplankton depleting the
DIN pool, but not to a point where it was limiting, potentially because they were limited
by P or trace nutrients. This strong negative correlation was also observed in the
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Frankton Arm of Lake Wakatipu and nearby Lake Dunstan in 1994 (Schallenberg &
Burns 1997). For Lake Wakatipu, there was a positive correlation between TP and
average chl a in the epilimnion in summer. Correlations for DRP could not be tested,
because concentrations were mostly below the detection limit, which may indicate P
limitation.
The DIN to TP ratio has been shown to be a better indicator of N vs. P limitation than
the TN to TP ratio (Bergström 2010). Alpine or pre-alpine lakes with low to moderate N
deposition, such as the Lakes Wanaka and Wakatipu, often have high DIN to TP ratios
(Bergström 2010). In Lakes Wanaka and Wakatipu TN to TP was above the Redfield
ratio of 16 and DIN to TP above the molar ratio of 7.5 that Bergström (2010) reported
indicative of P limitation. Therefore P limitation is more likely than N limitation in
these lakes. However, despite high N to P ratios, and low P concentrations, a sizable
number of large, deep monomictic lakes in the Southern Hemisphere (in Patagonia and
New Zealand) are considered to be nitrogen rather than phosphorus limited (White et al
1980; Vincent 1983; Soto 2002; Diaz et al 2007). These lakes include the Waitaki lakes
on the South Island (Duthie & Stout 1986), which are near Lakes Wanaka and
Wakatipu.
There seems to be a paradigm shift in freshwater ecology acknowledging that instead of
primary P limitation, NP or PFe co-limitation is a lot more common than assumed
(Sterner 2008), and often in experiments there was a much greater response to NP
combined than to N or P alone (Elser et al 2007). In his review, Sterner (2008)
concluded that while in oligotrophic lakes P may be limiting over multi-annual time
scales, over shorter time scales (co-)limitation of multiple nutrients is common. My
work supports his conclusion.
Implications for a changing climate
Earlier onset of stratification is likely to shift phytoplankton spring maxima forward
Field studies in other temperate lakes describe that a milder winter and earlier warming
in spring favours algal production (Weyhenmeyer et al 1999; Richardson & Schoeman
2004; Winder & Schindler 2004b) and an earlier onset of the spring bloom (Straile
2000; Straile & Adrian 2000). This earlier spring bloom is due to an earlier onset of
stratification, but many studies have not attempted to disentangle light or turbulence
effects as result of temperature stratification from direct temperature effects
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(Weyhenmeyer et al 1999; Weyhenmeyer 2001; Stenseth et al 2002). Two studies have
noted that mixing depth or light availability are much more important than water
temperature (Gaedke 1998; Weyhenmeyer et al 1999). In addition, while light-saturated
production can be temperature dependent, light-limited production is not (Sommer &
Lengfellner 2008). As discussed above, for Lake Wakatipu it also seemed that light, not
temperature drove the phytoplankton spring growth. Therefore an earlier onset of
stratification is likely to result in an earlier spring bloom in Lake Wakatipu. However,
for Lake Wanaka, phytoplankton peaks in autumn or winter suggest either or all of the
following: a) Light limitation was only intermittent in winter b) Nutrient re-supply from
the hypolimnion was important in fuelling this autumn or winter bloom c) Daphnia may
have had a role in lowering the spring bloom, and encouraging relatively high chl a in
winter. Thus, the consequences of an earlier onset of stratification are less obvious,
especially since warmer winter and spring temperatures can encourage faster Daphnia
metabolism (Lampert 1977; Orcutt & Porter 1983; Dawidowicz & Loose 1992;
Reichwaldt et al 2005), which could (further) suppress the spring bloom. These
differences between the two pre-alpine lakes in Otago illustrate that, when estimating
impacts of climate change, it is important to consider the seasonal driving forces of
several trophic levels, as suggested by Straile (2005).
Phytoplankton biomass is unlikely to increase with climate change
Lake modelling (Chapter 2; Bayer et al 2013) predicts shallower and warmer epilimnia
for Lakes Wanaka and Wakatipu (in absence of increases in wind speed). A decrease of
mixing depth is a form of light enrichment and its effect can affect the whole food web
(Berger et al 2006). In Lake Wakatipu, a shallower and warmer epilimnion is unlikely to
promote an increase in phytoplankton biomass because phytoplankton was nutrient
limited in summer and not by light and temperature. However, if there is an increase in
nutrient influx with climate change (increased runoff and weathering) or from land use
intensification, warming could further exacerbate the effects of nutrient enrichment
(Christoffersen et al 2006; Thompson et al 2008). Lake Wanaka presents a more
complex picture. While the lake appeared to be mostly P limited in summer, chl a
concentration correlated positively with both temperature and available light in the
mixed layer in summer. There was, however, no indication that either temperature or
light is limiting production, so, again, the outcome of warming is likely to be no
increase in biomass unless extra nutrients are supplied. Shallow bays are especially
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vulnerable to increased nutrient inputs (as there usually is less or no light limitation and
less turbulence), and in these locations nutrient effects and warming effects could show
up early (suggested by Soto 2002). There is increasing evidence that climate change can
mimic eutrophication (Tolotti et al 2012), or even cause nutrient enrichment (Trolle et al
2011). Lake modelling (DYRESM-CAEDYM) for three shallower New Zealand lakes
(Rotoehu, Okareka and Ellesmere) suggests that climate change (i.e. air temperature
warming of 2.5 – 2.7°C) increases nutrient loading by 25 – 50%, i.e. simulates
eutrophication (Trolle et al 2011). These results highlight the need for careful
management of external nutrient load and land use developments in the catchment area.
A larger and earlier spring bloom does not necessarily result in higher overall biomass,
because nutrients in the epilimnion would become depleted faster, potentially leading to
more severe nutrient limitation, as observed for Lake Geneva (Anneville et al 2002). A
more stable thermal stratification effectively restricts nutrient supply from deeper layers
and can be accompanied by reduced primary production (Goldman et al 1989;
Behrenfeld et al 2006). While Weyhenmeyer et al (2001) observed an extension of the
growth season by one month, a longer growth period did not result in an increase in
mean total phytoplankton biomass from May to October in Swedish lakes. In Lake
Tahoe changes in thermal structure and nutrient availability did not alter phytoplankton
biomass, but did alter phytoplankton composition (Winder & Hunter 2008). Due to the
evidence for nutrient limitation from early in the summer stratification period, an
increase in total spring and summer biomass is unlikely in Lakes Wanaka and
Wakatipu, unless nutrient loading increases simultaneously.
Under a climate scenario including an increase in wind speeds by five to ten percent,
thermoclines would deepen by several meters in Lake Wanaka and in Lake Wakatipu
(Chapter 2; Bayer et al 2013). However, in this case, the critical mixing depth would
still be well below the thermocline, and a thermocline deepening by less than 4 m is
only predicted to cause minor changes in IMix and no change in the period in which IMix
< EK in both lakes. Thus, a shift from nutrient limitation to light limitation (Kunz &
Diehl 2003) is unlikely. However, deeper mixing and more internal seiches due to
higher winds could increase nutrient availability in the epilimnion (Hollan et al 1990),
and therefore, in this scenario, overall biomass could increase. Climate mediated deep
mixing events can also be important in sustaining the spring bloom. For example, in
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Lago Maggiore increased turbulence and associated nutrient entrainment support the
spring diatom bloom (Morabito et al 2012).
In oligo- and mesotrophic lakes more than 95% of aquatic herbivore production is
supported by in-lake primary production (Brett et al 2012), thus changes in
phytoplankton biomass can have far-reaching effects on the whole lake food web. For
example in Lake Windermere climate induced variations in stratification (George &
Taylor 1995) influence the growth of edible algae and, consequently, Daphnia biomass
(George & Harris 1985). While increased biomass of phytoplankton may support higher
zooplankton populations, enrichment with light in the mixed layer can supply food with
sub-optimal carbon to nutrient ratios. Therefore “herbivore growth rates may then
decrease with increased light supply, which is termed the “paradox of energy
enrichment”(Diehl 2007). While it is difficult to predict food web impacts of climate
change, they may be substantial (Straile, 2005).
Low potential for trophic mismatch with Daphnia
Because climate partly drives seasonality and the magnitude of primary and secondary
production, changes in climate influence food web interactions and their timing (Straile
2005). A potential for trophic mismatch between phytoplankton and Daphnia exists
(Durant et al 2007) in Lakes Wanaka and Wakatipu if a) Daphnia are present in larger
numbers than observed in the 1990, when they were sparse (Burns & Schallenberg
1998), b) there are no planktonic (feeding and growing) over-wintering populations of
Daphnia c) the lakes are bottom-up controlled.
Daphnia have increased in importance in Lake Wanaka
The zooplankton assemblage of Lakes Wanaka and Wakatipu has changed in the past
decades. In both lakes, the exotic Daphnia ‘pulex’ (Duggan et al 2012; Burns 2013) has
partially replaced the native Daphnia carinata (Chapman et al 1975; Jolly & Chapman
1977; Burns & Schallenberg 1998). The current relatively low numbers of copepods in
Lake Wanaka suggest that this lake has changed from a previously copepod dominated
system (Chapman et al 1975) to a Daphnia and rotifer dominated system. These
changes alter the structure of the food web and could have been related to the new
dominance of the diatom Cyclotella. In contrast, in Lake Wakatipu, the ratio of
daphnids to copepods has decreased slightly compared to the ratio in the Frankton Arm
in summer 1995 (Burns & Schallenberg 1998). Thus, Lake Wakatipu remains “typical”
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for large, monomictic lakes in the South Island in terms of having a copepod dominated
food web (Burns & Schallenberg 1998; 2001a; 2001b). Strong numerical and biomass
dominance of calanoid copepods is also reported for large, monomictic lakes of Chilean
Patagonia (Soto & Zuniga 1991).
Since Daphnia are a keystone species in carbon transfer to high trophic levels (Stockner
& Porter 1988), the shift from D. carinata to D. ‘pulex’ has the potential to substantially
alter and disrupt food web structure (Giller et al 2004). Burns (2013) showed that
Daphnia ‘pulex’ reached higher population densities than D. carinata at high food level
and high temperatures, but the opposite was true for low temperatures. These findings
suggest that D. ‘pulex’ is likely to have a competitive advantage over D. carinata at
increased water temperatures and nutrient input associated with climate change (Burns
2013). Their establishment in Lakes Wanaka and Wakatipu could have been promoted
by this competitive advantage. D. ‘pulex’ is likely to reach highest population densities
in summer, D. carinata in winter (Burns 2013). Thus the potential for a trophic
mismatch to occur is higher for D. ‘pulex’ because they produce resting eggs at low
temperatures (in winter), whereas D. carinata is more likely to have sizeable planktonic,
reproducing overwintering populations (Burns 2013).
Because Daphnia have higher population growth rates than copepods, increased spring
warming should advantage Daphnia over copepods, as was observed for Lake
Constance (Straile 2005). In Lago Maggiore, zooplankton, especially Daphnia, numbers
were also exceptionally high in warm summers, supporting the hypothesis of an overall
eutrophication-like effect of climate warming (Visconti et al 2008). On the other hand,
in a shallow German lake, copepods have also increased due to warm summers, maybe
due an increase in the number of generations per summer (Gerten & Adrian 2002b).
Warmer winters may also favour copepods, which have lower metabolic requirements
than Daphnia, such as in Esthwaite Water (George & Hewitt 1999). These examples
show that responses to climate change across several trophic levels can be difficult to
predict, but are crucial to assessing whole lake responses to climate change (Straile
2005).
Plankton populations of Daphnia do not appear to over-winter in Lake Wanaka
If Daphnia populations over-winter as planktonic, reproducing populations, there is
generally less chance of trophic mismatch as over-wintering populations are cued by
water temperature (George & Taylor 1995; Straile 2000), but photoperiod is the most
86

Chapter 3: Phytoplankton dynamics

important cue for hatching of diapausing eggs (Stross 1966; Domis et al 2007).
Planktonic populations of Daphnia in Lake Wakatipu (unlike Lake Wanaka) do not
appear to over-winter, potentially making Daphnia in Lake Wakatipu more vulnerable
to trophic mismatch. The presence of planktonic Daphnia throughout the year (albeit in
low numbers in winter) in Lake Wanaka could be due to comparatively high winter lake
temperatures (9 – 10°C) and a relatively high winter phytoplankton biomass compared
to Northern Hemisphere lakes and Lake Wakatipu.
Lakes Wanaka and Wakatipu are bottom-up controlled
New Zealand aquatic food webs are generally believed to be bottom-up, not top-down
controlled (Burns 1992), for example, in Lake Coleridge the grazing pressure on
phytoplankton was low (James et al 2001). Generally, New Zealand lakes have a lower
than average zooplankton biomass per unit phytoplankton biomass, as compared to
Northern Hemisphere lakes (Malthus & Mitchell 1990). This low ratio of zooplankton:
phytoplankton biomass may be because the phytoplankton is often dominated by larger
diatoms that are not directly available as a food source for zooplankton, or it may be
because nutrient limited phytoplankton are not high quality food (Malthus & Mitchell
1990).
In Lake Wakatipu Daphnia and copepods peak 2 – 3 months after the spring bloom
(Figures 3.13, 3.14). In Lake Wanaka, Daphnia over-wintered in the plankton, thus they
were already present in spring, and in 2010 a peak coincided with a decline in spring or
early summer phytoplankton, which is one possible explanation for why spring
phytoplankton blooms were not as pronounced in Lake Wanaka as they were in Lake
Wakatipu. Thus, grazing by zooplankton could be an important check on phytoplankton
biomass in Lake Wanaka, where data suggest that top-down control could be possible in
the epilimnion in spring and autumn.
Trophic mismatch is unlikely in Lake Wanaka
In summary, a trophic mismatch is unlikely to occur in Lake Wanaka since a) the
Daphnia populations over-winter as planktonic grazers, b) there is a possible top-down
control of Daphnia on phytoplankton and c) no regular seasonality of the phytoplankton
biomass peak (volume-weighted). By contrast, there is a potential for trophic mismatch
to occur in Lake Wakatipu owing to the apparent lack of planktonic over-wintering
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Daphnia populations, bottom-up control and regular seasonality of phytoplankton.
However, copepods are still the more prevalent zooplankter in Lake Wakatipu.
While a trophic mismatch was observed in Lake Washington (George & Taylor 1995;
Winder & Schindler 2004a), other studies have not recorded mismatches in timing in
shallow lakes (Gerten & Adrian 2000; Adrian et al 2006), and deep lakes (Straile 2000).
One reason could be that climate change can also stimulate an increase in primary
production, and therefore food availability, and this increase could partly offset the
development of asynchrony (Durant et al 2007). An earlier onset of stratification has
also been observed to have the opposite effect to the trophic mismatch and subsequent
decrease in Daphnia densities observed in Lake Washington (Winder & Schindler
2004a): In Lake Constance, enhanced algal production resulted in higher Daphnia
growth rates in spring in years of warmer spring temperatures (Straile 2000; Berger et al
2007), and in Lago Maggiore Daphnia populations increased substantially in an
exceptionally warm year (Visconti et al 2008). Thus, a trophic mismatch leading to
Daphnia declines may be an isolated phenomenon, and has a low potential to be
significant for Daphnia populations in the Lakes Wanaka and Wakatipu.
Decline of large diatoms and picophytoplankton in Lake Wanaka
The phytoplankton composition of Lake Wakatipu was fairly typical of large New
Zealand lakes (White et al 1980; Vincent 1983; Duthie & Stout 1986) and oligotrophic
Patagonian lakes (Diaz et al 2000; Soto 2002), with a relatively poor species
composition overall. While small flagellates, green algae and Dinobryon were of some
importance in summer, diatoms dominated phytoplankton in Lakes Wanaka and
Wakatipu, as in Lakes Taupo, Waikaremoana (White et al 1980; Vincent 1983), Ohau,
Tekapo, Benmore and Pukaki (Duthie & Stout 1986). The phytoplankton in winter and
spring was dominated by large Aulacoseira, which are resistant to grazing and are kept
in suspension in turbulent lakes. Winter blooms of Aulacoseira or other large diatoms
also occurred in oligotrophic Lake Taupo, Lake Waikaremoana, and the Waitaki lakes
(White et al 1980; Duthie & Stout 1986). Malthus and Mitchell (1990) hypothesised
that large diatoms do well in New Zealand because of low annual temperature variation
and high wind energy, causing frequent and deep mixing. In addition, the high Si:P and
Si:N ratios that characterise many South Island lakes (Duthie & Stout 1986), including
Lakes Wanaka and Wakatipu (T. Bayer, unpublished data), seem to favour large
diatoms (Kilham & Kilham 1980). Furthermore, large over-wintering populations of
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zooplankton (such as in Lake Wanaka) could advantage large algae in the spring bloom,
because smaller species can often be grazed more quickly. Aulacoseira was not present
in Lake Wakatipu in summer, suggesting that it needs the higher turbulence to prevent
high sinking losses, and/or to provide a higher nutrient supply, in spring.
The phytoplankton composition in Lake Wanaka differed from Lake Wakatipu and
other New Zealand lakes in that a small, centric diatom, Cyclotella, dominated the
phytoplankton all year round. Although Cyclotella stelligera was common in Lakes
Tekapo, Pukaki and Ohau, where it dominated spring maxima or the growth season in
some years, and in oligotrophic Patagonian lakes (Diaz et al 2000), it is not known to
dominate the phytoplankton throughout the year in these lakes or in Lakes Hawea and
Wakatipu (Duthie & Stout 1986; Naismith 1994; Schallenberg & Burns 1997). This
observation is also unlike previous studies in Lake Wanaka (Flint 1975; Naismith
1994), which reported Botryococcus, Asterionella, Dinobryon, Navicula and Melosira
(now Aulacoseira), Ankistrodesmus, Straurastrum and autotrophic picoplankton (APP),
but no, or only few, Cyclotella stelligera. However, in January and February 1995 the
phytoplankton assemblage in the Frankton Arm of Lake Wakatipu was dominated by
Cyclotella (Burns & Schallenberg 1998). Lake Wanaka generally has a shallower
epilimnion than Lake Wakatipu (Figures 3.7, 3.8) and some incidents of incomplete
mixing in winter (data not shown), conditions which could favour small centric over
larger, heavier diatoms.
What caused the increase in Cyclotella in Lake Wanaka?
There are several factors that could have altered phytoplankton composition in Lake
Wanaka, which are summarised in Figure 3.20:
a) Changes in climate: The mean annual air temperature in Queenstown has warmed by
1.3°C since 1930 (calculated from NIWA meteorological data from Queenstown
airport). Warmer air temperature leads to warmer lake water, which, in turn, leads to a
more stable stratification (Chapters 1 and 2), and decreased turbulence. Water
temperatures at the outlet of Lake Wanaka appear to have increased slightly since 1994
(ORC, unpublished data), but unfortunately more detailed monitoring data are not
available. Lake warming and decreased turbulence have been shown in other lakes to
favour smaller centric diatoms (esp. Cyclotella) over larger diatoms (esp. Aulacoseira)
(Rühland et al 2008 and references therein, Winder et al 2009, Winder & Hunter 2008).
For instance in Lake Tahoe, the only genus that increased significantly over the last
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decades was Cyclotella (Winder & Hunter 2008). This increase was attributed to their
small cell size, as with reduced sinking velocity they can remain in the mixed layer
better than larger species during a stronger stratification, their high light requirements,
and good competitive ability for nitrogen (Carney 1987; Interlandi & Kilham 2001).
The abundance of Cyclotella in Lake Wanaka correlates well with the temperature of
the mixed layer, suggesting they may do better in warmer summers. Ptacnik et al (2003)
tested the effect of a gradient of mixing depths on Cyclotella in natural assemblages and
reported the highest concentration of the diatom associated with a shallow mixing depth
in one year and with a deep mixing depth in another year. The study also showed that
the growth rate of Cyclotella showed a strong, positive linear correlation to average
light in the water column (Ptacnik et al 2003), which I did not observe for Lake
Wanaka. Since diatoms are better competitors for P than for Si (Reynolds 2006), a high
Si:P ratio (to be expected with higher runoff and weathering of schist rocks, which
dominate the catchments of these lakes) seems to advantage diatoms, such as the recent
rise of Tabellaria flocculosa in Lago Maggiore in Italy, which was attributed to higher
runoff and extreme weather (mixing) events (Morabito et al 2012). Morabito et al
(2012) also recommend reconsidering the “classical role of Fragilaria and Tabellaria as
early-warning indicators of eutrophication”, since they were driven by physical factors,
rather than nutrient availability.
b) Lake Wanaka may have experienced nutrient enrichment causing an increase in algal
biomass and/or shifts in species composition. Cyclotella is a good competitor for
nitrogen (Carney 1987). Land use has been intensified in some areas of the catchment
(e.g. West Wanaka). Nutrients might also have been released and re-cycled more
quickly from the decomposition of dead macrophytes after the regular application of a
herbicide (diaquat) since November 2004 (Clayton 2006). Pelagic algae were not the
target of this herbicide, but phytoplankton biomass can be reduced by herbicide
applications, often with subsequent blooms of phytoplankton stimulated by the nutrients
released (Lugo et al 1998). Herbicide application may also have an effect on the
phytoplankton composition, as the sensitivity of algae to herbicides varies widely
according to species (Phlips et al 1992; Peterson et al 1997), and may therefore pose a
chronic selective pressure that favours dominance by diquat-resistant species (Evans
2008). Such changes in phytoplankton composition toward resistant cells are not
unusual for other herbicides (Solberg & Higgins 1993; Boswell et al 2002; Garcia-
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Villada et al 2004; Lopez-Rodas et al 2007). Green algae seem relatively tolerant of
diquat, but cyanobacteria and diatoms are much more sensitive, some species showing
high sensitivities (Birmingham & Colman 1983; Peterson et al 1994; Peterson et al
1997).
c) Changes associated with the invasion and abundance of Daphnia ‘pulex’. In the past
decade, D. ‘pulex’ appears to have replaced the native Daphnia carinata in Lake
Wanaka, reaching high densities, particularly in summer (Burns, 2013 and unpublished
data). The shift towards a Daphnia dominated system, with copepods no longer being
the dominant zooplankter, would have also likely increased the grazing pressure on
phytoplankton, and impacted phytoplankton composition. Burns and Schallenberg
(1998) showed that Cyclotella in Lake Wakatipu were grazed more efficiently by the
copepod Boeckella than by Cerodaphnia, and copepods are more likely than Daphnia to
select diatoms (especially small edible ones like Cyclotella) (Burns & Schallenberg
2001a). Since cladocerans facilitate energy transfer to higher levels, higher grazing
rates, different prey sizes, as well as higher P retention (Hampton et al 2008), changes in
the dominant zooplankton can have far reaching consequences for the pelagic food web.
Whether cladocerans or copepods are the dominant zooplankter also feeds back to
phytoplankton in other ways since copepods typically sequester more N, and
cladocerans more P, which can lead to either N or P deficient phytoplankton
communities (Johndon & Luecke 2012). In fact, Johndon and Luecke (2012) recorded a
relationship between higher copepod:cladoceran biomass ratio and levels of water
column nitrogen deficiency.

Figure 3.20 Summary of changes in Lake Wanaka over the past decade and potential interactions.
PCB = Picocyanobacteria. Red arrows linking text boxes indicate a positive effect on populations, blue
arrows a negative effect. The vertical arrows in text boxes indicate an increase (blue) or a decrease (red)
in the past decade.
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Implications for future phytoplankton composition
The phytoplankton composition in Lake Wanaka has already undergone a shift towards
dominance by Cyclotella, which could be climate related as this change has been
observed in a number of lakes as a result of lake warming (e.g. Rühland et al 2008,
Winder et al 2009). While warming in shallow lakes is often associated with increased
abundance of cyanobacteria, this increase is unlikely in stratified, oligotrophic lakes
(Hyenstrand et al 1998; Markensten et al 2010). Studies in dimictic lakes and
mesocosms have reported a range of changes in phytoplankton composition in response
to lake warming, from no change (Schindler et al 1990) to an increase in the relative
abundance of chrysophytes and a decrease of diatoms (Paterson et al 2008) to an
increase in green algae (Moss et al 2003). However, since Lakes Wanaka and Wakatipu
will probably to be characterised by deep mixing and low nutrient concentrations, a
compositional shift, should it occur, is probably more likely to be a shift from large to
smaller diatoms. Phytoplankton data from Lake Wanaka provide some evidence that
this shift is already occurring.
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3.5 Conclusions
For Lake Wakatipu a spring maximum in phytoplankton biomass triggered by the onset
of stratification and the end of light limitation was supported. Therefore, an earlier onset
of stratification is likely to shift the spring peak forward. In Lake Wanaka seasonality in
phytoplankton biomass was less clear cut with maxima in autumn, winter or spring, and
more complex controls of phytoplankton biomass. Therefore, the effects of earlier onset
of stratification are less easy to predict, but warmer temperatures in winter may
encourage incomplete mixing in winter and thus easing of light limitation in winter and
increased winter phytoplankton biomass.
Because the lakes are nutrient limited in summer phytoplankton biomass is likely to
remain stationary even with earlier, shallower stratification unless there is an increase in
internal or external nutrient inputs, for instance by land use intensification or increased
runoff and weathering due to climatic changes. Therefore, lake and catchment managers
need to be wary of the potential of nutrient enrichment to exacerbate any effects of lake
warming.
Phytoplankton and zooplankton composition in Lake Wanaka has undergone large
changes in the past decade, including the new dominance of the small centric diatom
Cyclotella, an increase in phytoplankton biomass, the replacement of native Daphnia
carinata by invasive Daphnia ‘pulex’, and the much diminished relative abundance of
copepods. Climate change is likely to cause further changes in phytoplankton
composition, potentially with a further increase in the abundance of Cyclotella. There is
little potential for trophic mismatch between Daphnia and phytoplankton in Lake
Wanaka due to planktonic over-wintering Daphnia populations.
By understanding seasonal patterns in phytoplankton biomass and how they are affected
by environmental factors I can interpret past changes better, and predict responses to
future changes in deep, temperate, oligotrophic Southern Hemisphere lakes. However,
with the paucity of historic data available, it is difficult to tease apart the effects on
aquatic food webs of changes in land use, climate change and the introduction of exotic
species.
A substantial proportion of phytoplankton in Lakes Wanaka and Wakatipu consists of
autotrophic picoplankton. Population dynamics, drivers and likely impacts of climate

93

Chapter 3: Phytoplankton dynamics

change of these tiny phytoplankters differ from those on eukaryotic phytoplankton as
discussed in the next chapter.
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4 Population dynamics and responses of
picocyanobacteria to light and nutrient enrichment in
two large oligotrophic New Zealand lakes
4.1 Introduction
Autotrophic picoplankton in lake food webs
In the past, the contribution of very small phytoplankton (less than 3 µm) to primary
production in aquatic food webs has often been underestimated (Barber 2007).
However, it is now well established that photosynthetic production and biomass in
oligotrophic freshwater systems are often dominated by this autotrophic picoplankton
(APP) (Stockner & Antia 1986; Stockner 1988; Weisse 1991; Callieri & Stockner
2002), which includes both eukaryotic and prokaryotic autotrophic organisms. APP
frequently contribute more than 50% to total photosynthesis (Stockner & Shortreed
1991; Callieri & Stockner 2002), with up to 80% in Lake Baikal (Nagata et al 1994). In
deep, oligotrophic Lakes Wakatipu and Wanaka in New Zealand, phytoplankton
biomass was also recorded to be dominated by prokaryotic APP, or picocyanobacteria
(PCB) (Naismith 1994; Schallenberg & Burns 2001). Based on these data from the
1990s, my first aim was to test whether PCB are still the most abundant phytoplankton
in Lakes Wanaka and Wakatipu, and currently contribute more than 50% to
phytoplankton volume and photosynthesis.
In contrast to dimictic and monomictic lakes in the Northern Hemisphere, where PCB
tend to have a spring or early summer peak and a second peak during autumn (Stockner
et al 2000), in the Frankton Arm of Lake Wakatipu PCB cell concentrations peaked in
autumn (April) and winter (June) 1997/98 (Schallenberg & Burns 2001), which is
consistent with a morphologically similar oligotrophic South Island lake (Lake
Coleridge), where concentrations were highly variable and peak concentrations of PCB
were recorded in winter (during isothermy) and a small peak in March (James et al
2001). This late peak suggests that conditions late in the stratification (e.g. nutrient
depletion, lower light in the mixed layer than in summer) may be favourable to PCB in
large oligotrophic lakes in New Zealand. PCB are considered most effective competitors
with other phytoplankton under low light and low nutrient condition (Wehr 1993;
Vadstein 2000; Moutin et al 2002), and high N:P ratios, such as those observed for
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Lakes Wanaka and Wakatipu (molar TN:TP > 20, Chapter 3) (Stockner et al 2000). I
predicted that PCB concentrations in Lakes Wanaka and Wakatipu are highest in
autumn or winter. Since vertical and temporal distributions of PCB can change rapidly
in response to abiotic (e.g. temperature, nutrient availability, light) and biotic (e.g.
competition) environmental parameters (Callieri 2010), I also hypothesised that
seasonal dynamics of PCB in Lakes Wanaka and Wakatipu can be partly explained by
nitrogen and phosphorus availability, the light climate, temperature, and intra-specific
competition amongst phytoplankters.
In oligotrophic systems PCB can out-compete larger eukaryotic phytoplankton because
they are less affected by P limitation than other species due to their comparatively high
cell-specific P-uptake rate (Vadstein 2000; Moutin et al 2002), and because they are
more competitive under low light levels (Wehr 1993). It is this adaptation to
oligotrophic, low light conditions that could disadvantage picocyanobacteria under
changed environmental conditions. Climate change, especially if coupled with land use
intensification, has the potential to increase both the available light and the available
nutrients in lakes. Under predicted changes in climate, by 2040 and 2090 a shallower,
longer stratification was modelled for Lakes Wanaka and Wakatipu at current wind
patterns, and a deeper thermocline if wind speeds were assumed to also increase by up
to 10% (Chapter 2; Bayer et al 2013). A shallower, longer stratification could result in
higher light, but reduced nutrient availability (Hollan et al 1990; Diehl 2007). Deeper
mixing or increased external nutrient inputs could result in nutrient enrichment.
Modelling of other New Zealand lakes (Trolle et al 2011), and data from Europe
(Pierson et al 2010; Jeppesen et al 2011) suggest that climate change can increase input
from the catchment due to changes in weather patterns (e.g. weathering, runoff, etc). For
instance, Trolle et al (2011) hypothesised that a temperature warming of 2.5 – 2.7°C
will increase nutrient loading by 25 – 50% in the three shallow New Zealand lakes.
Both light and nutrient enrichment are likely to reduce the contribution of PCB to total
phytoplankton biomass (Wehr 1993; Gervais et al 1997). PCB contribution to
phytoplankton biovolume generally decreases with trophic status in a range of five lakes
of different trophic state in the Otago region (Burns & Galbraith 2007) and high light
intensities may result in PCB being out competed by larger autotrophs, which require
higher light levels for growth (Pick & Agbeti 1991). In Lake Wakatipu, PCB have been
shown to be inhibited by phosphate enrichment (Schallenberg & Burns 2001). I have
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included three other large South Island lakes (Dunstan, Hawea and Manapouri) in this
study to test whether PCB contribution to overall biovolume declines as nutrient
concentrations and total phytoplankton biovolume increases. I hypothesised that
nutrient enrichment will decrease the relative contribution of PCBs to total
phytoplankton biovolume and productivity. In addition, based on previous experiments
in Lake Wakatipu (Schallenberg & Burns 2001), I predicted that P additions will inhibit
PCB. I further hypothesised that the proportional contribution of PCBs to total
phytoplankton biovolume is higher at low light intensities.
If these predictions are correct, PCB may be confirmed as early indicators for nutrient
enrichment (Munawar & Weisse 1989; Schallenberg & Burns 2001), and their role in
Lakes Wanaka and Wakatipu could decrease with nutrient enrichment and/or climate
change, with far reaching consequences for planktonic food webs in these lakes: In
lakes in which APP represent a large part of the photosynthetic biomass, the ‘microbial
loop’ whereby carbon is transferred from picoplankton (APP and heterotrophic bacteria)
through heterotrophic nanoflagellates (HNF) and ciliates to mesozooplankton( > 200
µm, is often more important than the ‘classic’ trophic pathway from algae directly to
mesozooplankton (Porter et al 1985; Stockner & Porter 1988). Even though PCB
concentrations are often an order of magnitude higher than those of eukaryotic
picophytoplankton (Burns & Stockner 1991), especially in oligo- to mesotrophic lakes
(Callieri 2007), where literature did not specifically refer to picocyanobacteria (PCB) I
use the term APP (i.e. autotrophic picoplankton, which includes both eukaryotic
picophytoplankton and PCB). Usually the microbial loop is more important in
oligotrophic systems (Burns & Galbraith 2007) and any change in trophic state is likely
to alter the relative significance of picoplankton and the contribution of picoplankton in
carbon transfer in the pelagic food web (Weisse 1991). If APP were less significant this
is likely to enhance the role of the classic pelagic food web and ultimately increase
sedimentation (Weisse 1991) and possibly trophic efficiency. Likewise, a shift to an
increased energy flow through the microbial loop and associated lower sedimentation
losses in the ocean have been suggested to occur with climate change causing increased
thermal stratification and the resultant reduced nutrient availability in the photic zone
(Caron & Hutchins 2013).
The microbial loop is generally considered to have a low efficiency of carbon transfer
(Stockner & Porter 1988) with, for example, in Lake Biwa only 2% of picoplankton
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carbon being shuttled via HNF to mesozooplankton (copepods) (Nagata et al 1996).
Therefore, PCB are assumed to be more important in the recycling and retention of
carbon in the mixed layer than transfer of carbon to higher trophic levels, such as in the
American Great Lakes (Fahnenstiel et al 1991). However, since most studies report the
carbon transfer only for parts of the food web from APP to mesozooplankton (Weisse et
al 1990; Carrick et al 1991; Callieri et al 2002), assessing the efficiency of the microbial
loop to large zooplankton is difficult. Daphnia seems to be the keystone species for
direct trophic transfer from APP and other phytoplankton to large zooplankton, and the
absence of Daphnia can result in more trophic levels and a longer and less efficient food
web (Stockner & Shortreed 1989). While copepods have higher clearance rates of larger
protists (ciliates and large flagellates) (Burns & Schallenberg 1996, 1998, 2001a),
which prey on APP, Daphnia can directly ingest picoplankton. Effects of copepods on
PCB tend to be indirect, but can be either positive (Sundt-Hansen 2006) or negative
(Burns & Schallenberg 1998; Zöllner et al 2003) or only slight (Burns & Schallenberg
1996). By contrast, Daphnia have been shown to be important grazers of PCB (Burns &
Schallenberg 1998; Zöllner et al 2003; Callieri et al 2004; Horn & Horn 2008), and in a
Canadian oligotrophic lakes APP concentration was low in years of high Daphnia
populations (Stockner & Shortreed 1989). Thus I hypothesised that there is a link
between Daphnia and PCB densities in Lake Wanaka and Wakatipu, and that across the
five South Island lakes that I sampled PCB densities, as well as their contribution to
phytoplankton biomass, are higher in lakes that are dominated by copepods, not
Daphnia.
While PCB are often present a single cells, they also commonly form mucilaginous
aggregates of varying sizes (Stockner & Shortreed 1991; Callieri 2008), number of cells
involved and tightness of aggregation. Aggregate formation is a potential adaptation
mechanism to oligotrophic environments, and has been linked to nutrient shortages, as it
tends to be more prevalent in the epilimnion in summer during periods of nutrient
limitation (Klut & Stockner 1991; Passoni & Callieri 2000). Aggregation of PCB is
linked to mucus formation, which may be a by-product of nutrient-limited
photosynthesis (Crosbie et al 2003b) or an adaptation mechanism to increase rates of
nutrient uptake (Stockner et al 2000). Micro-colonies appear to have an advantage over
single cells as “exudates adsorbed to the cell surface can act as rich metabolite pools”
(Callieri 2010). However, aggregation has also been proposed to be a strategy against
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predation by HNF (Callieri 2008), although large aggregates may be more easily
digested by larger grazers (e.g. copepods). Because aggregation changes “prey size”, it
can have implications for food web dynamics, since changes in size and number of
aggregates can affect energy flow in lake food webs. In Lake Wakatipu in the 1990s, the
proportion of PCB present in aggregates was seasonally highly variable with the highest
percentage aggregation in February, and aggregation was weakly correlated with
nutrient availability (Schallenberg & Burns 2001). However, little is known about the
influence of in-situ growth conditions (nutrient availability, light, competition) in Lakes
Wanaka and Wakatipu. If it were a response to nutrient limitation, aggregate formation
should decrease with increased nutrient concentrations in response to changes in land
use or climate. If aggregation in Lakes Wanaka and Wakatipu was an adaptation
mechanism against nutrient limitation (Klut & Stockner 1991; Passoni & Callieri 2000),
I predicted that PCB aggregation is highest at lowest availability of dissolved nutrients
in situ and will not increase in response to nutrient additions in bioassay experiments.
Concentrations of APP can change (rapidly) in response to changes in the stability of
the water column, temperature, nutrient availability, light, competition from other
autotrophs, predation and possibly ecotype succession and viral control (Weisse 1993;
Padisák et al 1997; Callieri & Stockner 2000; Mühling et al 2005; Becker et al 2007;
Descy & Sarmento 2008). Therefore, vertical and temporal distributions of PCB
illustrate their responses to abiotic and biotic environmental parameters (Callieri 2010).
This chapter focuses on light, nutrients, temperature and competition with eukaryotic
algae as factors indirectly affected by climate change, and relates these to PCB
concentrations. Responses of PCB to changes in light climate and inorganic nutrients
were also tested in nutrient bioassays. In summary (Table 4.1), I hypothesised that PCB
represent the highest phytoplankton biomass in Lakes Wanaka and Wakatipu, with
highest concentrations in autumn or winter. I also predicted that nutrient (and light)
enrichment will decrease the relative contribution of PCB to total phytoplankton
biovolume and productivity. Aggregation of PCB was predicted to be a response to
nutrient limitation, and should decrease or not increase in response to nutrient
additions in bioassay experiments.
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Table 4.1 Summary of the hypotheses of this chapter, their rationales and supporting references

Hypothesis

Rationale

Supporting references

1. PCB is the dominant
component of phytoplankton
biomass and productivity in
Lakes Wanaka and
Wakatipu.

PCBs dominate in many
ultra-oligotrophic systems
and were previously
dominant in these lakes.

Weisse (1993)

2. PCB biomass is highest in
these lakes in autumn/winter.

PCB tend to have a second
peak during autumn and PCB
in Frankton Arm of Lake
Wakatipu and in Lake
Coleridge peaked in autumn
or winter.

Stockner et al (2000)

3. Seasonal dynamics of PCB
in Lakes Wanaka and
Wakatipu can be partly
explained by nitrogen and
phosphorus availability, the
light climate, temperature,
and intra-specific
competition amongst
phytoplankters.

Concentrations of PCB can
change (rapidly) in response
to changes in the stability of
the water column,
temperature, nutrient
availability, light,
competition from other
autotrophs, and predation.

Weisse (1993)

4. Increased nutrient
availability reduces the
relative biomass and
productivity of PBC in these
lakes.

PCB get out-competed by
eukaryotic algae at higher
nutrient concentration and
have lower relative
contribution to biomass and
productivity at higher trophic
state.

Wehr (1993)

5. Increased light availability
reduces the relative biomass
and productivity of PBC in
these lakes.

PCB are better competitors at
lower light levels.

Pick & Agbeti (1991)

6. PCB densities as well as
their contribution to
phytoplankton biomass are
higher in lakes that are
dominated by copepods.

Daphnia can be important
grazers of PCB, whereas
copepods reduce PCB
predators and do not target
PCB as prey due to the small
size of PCB.

Stockner & Shortreed (1989)

Naismith (1994)
Schallenberg & Burns (2001)

James et al (2001)
Schallenberg & Burns (2001)

Padisák et al (1997)
Callieri & Stockner (2000)
Callieri (2010)

Callieri & Stockner (2000)
Burns & Galbraith (2007)

Gervais et al (1997)

Burns & Schallenberg (1998)
Zöllner et al (2003)
Callieri et al (2004)
Horn & Horn (2008)

7. The proportion of PCBs in
aggregates decreases with
increasing nutrient
availability.

Aggregate formation has
been hypothesised to be an
adaptation mechanism to
oligotrophic environments,
and to nutrient shortages.
Aggregates may be
advantaged over single cells
in times of nutrient
limitation.

Klut & Stockner (1991)
Passoni & Callieri (2000)
Stockner et al (2000)
Callieri (2010)
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4.2 Methods
Sampling times and locations
Lakes Wanaka, Wakatipu and Hawea are sub-alpine, deep, oligotrophic lakes in the
Queenstown Lakes District of Otago, New Zealand. Lake Dunstan is a shallower,
mesotrophic hydro-lake on the Clutha River, receiving water from both the outlets of
Lake Wanaka and Lake Wakatipu. Lake Manapouri is a deep, oligotrophic lake with a
catchment of native forest, located to the south-west of the other study lakes (Figure
4.1).

Figure 4.1 Sampling location in Lakes Wanaka, Hawea, Wakatipu, Manapouri and Dunstan. OW = Open
Water, FA = Frankton Arm, MB = Minaret Basin, AB = Aspiring Basin, RB = Roy Bay.
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Samples for enumeration of PCB were taken from Lakes Wakatipu and Wanaka at
intervals of 1 – 3 months from September 2008 to May 2010 at 10 m, 20 m, 40 m, 80 m,
and 150 m depth at deep sampling sites (AB in Wanaka, OW in Wakatipu), and 20 m at
shallow sampling sites (RB, FA) (Figure 4.1). Lakes Dunstan and Hawea were sampled
in March 2010 and Lake Manapouri in March 2009. Lake Dunstan was sampled in the
basin upstream from Cromwell and the deeper and narrower downstream section, near
the deepest point. Lake Manapouri was sampled at the deepest point, near Pomona
Island.
Counts of PCB
Picocyanobacteria were counted by epifluorescence microscopy and flow cytometry.
For epifluorescence counts 10 – 20 mL of sample were filtered onto black 0.2 µm
polycarbonate filters using low vacuum pressure (0.13 mbar). After drying the filters in
the dark for 15 – 30 min, they were mounted on microscope slides using low
fluorescence immersion oil and frozen immediately for up to 1 month. Samples were
counted on a Zeiss Axiophot (Carl Zeiss Jena GmbH, Jena, Germany) microscope with
UV-illumination and a 50-W high-pressure mercury bulb. A green filter set was used
(BP546:12:FT580:LP590), as it has been shown that very few picoplankton in Lake
Wakatipu fluoresce under blue excitation (Burns & Schallenberg 1998), which was
supported by my samples for both lakes. Preservation with formaldehyde (2% final
concentration), which does not auto-fluoresce like glutaraldehyde (Crosbie et al 2003b),
prior to filtration was observed to decrease cell counts (by 10% on average, n = 20)
compared to samples with no addition of preservative: therefore, samples were
processed without the addition of a preservative. For each sample, at least 20
microscopic fields of view or 400 single cells were counted at 1000 x magnification,
and at least 40 fields (for samples high in aggregates) or ¼ of the filter (for samples low
in aggregates) at 400 x were counted for PCB in aggregates. Aggregates were classified
into small, medium, large or very large aggregates at 400 x magnification and the
average number of PCB in each class was determined from counting cells in at least 20
aggregates per class per sample at 1000 x magnification. From December 2009 a
number of samples were counted with flow cytometry. Five ml samples were preserved
with 2% 0.2 µm filtered formalin, and counted on a FACSCalibur (BD Biosciences)
flow cytometer within 2 week of sampling. Samples were run for > 3 min at high flow
rate (60 µl min-1). Fluoresbrite YG microspheres (Polysciences) (beads) were added as
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internal standard to a final concentration of 2.5 * 105 beads per ml to determine the
exact flow rate. Forward scatter, side scatter and fluorescence in three bands (green =
530/30 nm, orange = 585/42 nm and red > 670 nm) were recorded. The amount of PCB
cells detected was established using the flow cytometry analysis programme
CYTOWIN (Vaulot 1989), and PCB concentrations were calculated based on the flow
rate (i.e. sample volume analysed) and the total number of PCB cells detected.
Measured concentrations of PCB were consistently higher in flow cytometry analysis
than in epifluorescence counts (by 23%, 9% SD), and, to ensure consistency, results
from flow cytometry were reduced by this percentage to become comparable to
epifluorescence counts. Crosbie et al (2003b) also observed epifluorescence counts to be
significantly lower (mean difference ca 20%) than flow cytometric counts. They
speculate the difference could be due to longer storage time of samples counted under
the microscope, operator fatigue and the difficulty of counting dim and rapidly fading
cells under the microscope. I chose to report my results in ‘epifluorescence count
equivalents’ because all historic data available for New Zealand lakes originate from
microscope counts and my data was thus better comparable.
Primary productivity of PCB
Water for primary productivity and/or nutrient enhancement bioassay experiments was
collected from open water sites in Lake Wakatipu (Site OW in February, September and
December 2009, May 2010) and Lake Wanaka (Site ML in March, May, August and
October 2009, January and March 2010) at 20 m depth (Figure 4.1). The water was kept
cool until returned to the laboratory, screened through a 55 µm mesh, and then filled
into 300-mL borosilicate BOD bottles. Productivity vs. irradiance curves were derived
from nutrient-light interaction bioassays conducted approximately every second month
from September 2008 until August 2009. The filtered water was transferred to 300 mL
borosilicate BOD bottles, spiked with the appropriate or no nutrient additions (2.5 µg P
L-1 as NaH2PO4·H2O or 50 µg N L-1 as NH4NO3, which corresponds to approximately
doubling the in-lake concentrations measured by Schallenberg and Burns (2001)), with
three replicates each. Bottles were incubated for 3 – 6 hours at ambient lake temperature
on a rotating “plankton wheel” after the addition of 14C sodium carbonate (Amersham,
Life Science, Buckinghamshire, UK) to a final activity of 5 µCi per bottle, at a number
of light levels (12, 44, 89, 133, 198, 311 µmol photons m-2 s-1) plus dark controls, with
three replicates each. After incubation, samples were kept on ice in the dark until
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filtration. The uptake of

14

C was used as a proxy for primary production of the size

fractions below and above 3 µm. One hundred mL were filtered through a “sandwich”
of a 3 µm and a 0.45 µm mixed cellulose ester filter (Advantec, supplied by
Microanalytix, Auckland, NZ). Filters were then placed in 10-mL scintillation vials and
exposed to HC1 vapour for 1 h, submerged in Opti-Phase HiSafe scintillant, and
counted in a liquid scintillation counter (Beckman Coulter, LS6500, High Wycombe,
UK).
Because of known problems with post-incubation size fractionation (Fahnenstiel et al
1994), from October 2009 onwards PCB bioassay response were assessed by PCB
enumeration before and after 48-hour incubations. An experimental duration of 48 hours
was selected to reduce any “bottle effects” and to allow sufficient time to observe
responses. These experiments were conducted under 311 µmol photons m-2 s-1, and
nutrient additions were as described in the previous paragraph. Carbon uptake was
estimated from the changes in total PCB biovolume, using the average measured cell
diameter of 1.12 µm and assuming 0.21 pg C per average PCB cell (Waterbury et al
1986).
Correlations and biovolume conversions
Pearson correlations on un-transformed data were used to determine the relationships
between PCB concentrations, PCB contribution to total phytoplankton biovolume and
percentage of PCB in aggregates vs. nutrients, temperature, light availability, biovolume
of other phytoplankton and zooplankton. Statistical analysis was conducted in ‘R’
(version 2.10.0, The R Foundation for Statistical Computing). The probability level
threshold for significance (α) was 0.05.
The biovolume of eukaryotic phytoplankton was determined by cell counts and
calculated after Wetzel and Likens (1991) (see Chapter 3). PCB biovolume was
calculated by multiplying cell counts with the calculated volume of a single cell
(assuming spherical shape and an average diameter of 1.12 µm).
Zooplankton samples were preserved with 5% formalin. Prior to counting, distilled
water was added to the sample to make it 200 mL. Three to five sub-samples of 2.5 mL
or 5 mL were counted under an inverted microscope for rotifers, copepods and nauplii.
Daphnia were counted in the sub-samples if their total number was above 200 and in
the whole sample if fewer individuals were present.
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4.3 Results
Contribution of PCB to phytoplankton biovolume and primary production
Picocyanobacteria contributed 4 – 45% of the total phytoplankton biovolume (on
average 15%) in Lake Wanaka (Fig 3.17), and 14 – 64% (on average 30%) in Lake
Wakatipu (Fig 3.18). In Lake Wanaka, PCB were responsible for 5 – 28% of primary
productivity at the highest light level and 11 – 43% at the lowest light level (in
September, January, March, May and August). For Lake Wakatipu, the contribution of
PCB only amounted to 7 – 10% of primary productivity (in December and February) at
the highest light level and 8 – 14% at low light levels. Figure 4.2 shows that in Lake
Wanaka, but not in Lake Wakatipu, in most months (January, March and August), there
is a trend to a higher PCB contribution to total photosynthetic carbon fixation under low
compared to high light.
When comparing the five lakes sampled in this study, PCB contribution to total
phytoplankton biovolume varied from over 50% to less than 10% and was highest in
lakes with low total phytoplankton biovolume and with abundant copepods (Table 4.2).
Copepod density was positively correlated to concentrations of PCB (r = 0.98, df = 4, pvalue = 0.0006), and PCB percentage contribution to biomass (r = 0.96, df = 4, p-value
= 0.002). There was a suggestion of a decreasing (non-significant) trend of PCB

50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%

A Lake Wanaka

B Lake Wakatipu
Low light
High light

Sep-08 Jan-09 Mar-09 May-09 Aug-09
Date

Percentage contribution of PCB
to primary production

Percentage contribution of PCB
to primary production

concentrations with increasing biovolume of other algae and chl a.

12%

Low light
High light

10%
8%
6%
4%
2%
0%
Dec-08

Feb-09
Date

Figure 4.2 Contribution of PCB to total photosynthetic carbon fixation in bioassay experiments (in%), at
a low (44 µmol photons m-2 s-1) and a high (311 µmol photons m-2 s-1) light level. A) Lake Wanaka, B)
Lake Wakatipu. Error bars = ± SE
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Table 4.2 PCB concentrations in 5 South Island lakes in March 2009 or March 2010 in relation to land use, nutrients, chl a, light attenuation, dominant algae, and
zooplankton abundances.
Nutrients and chl a in µg L-1. PCB in 103 cells mL-1. Zooplankton individuals per m3.
Lake

Wakatipu

Wanaka
Hawea

DOC

NNN

NH4N

DRP

TN

TP

Chl
a

kd

PCB
single
cells

PCB
total

% in
aggregates

PCB
pigment

PCB
%

Dominant
algae

Copepods

Cladocerans

Daph
nia

1 – 3,
5

1.3

21

4.2

<1.0

34

1.4

0.52

0.13

74

95

24

PE

71%

Colonial
green,
Dinobryon

1067

86

86

1 – 4,
5

1.7

11

5.5

<1.0

44

<1.0

0.69

0.15

19

20

2

PE

14%

Cyclotella

1

18

18

1,2

1.1

2

<1

<1.0

43

1.1

0.67

0.15

34

44

28

PE

25%

42

27

1

5

1.8

28

2.2

<1.0

86

1.6

0.80

0.31

44

44

1

PE

28%

81

326

216

25

27

8

PE

8%

1

887

117

27

32

20

PE

11%

3

145

11

Land
use

Manapouri

2, 3,
Dunstan
1.6
10
<1
<1.0 31 3.4
1.61 0.23
4, 6
(Clutha arm)
2, 3,
Dunstan
1.8
22
5.2
<1.0 38 4.4
1.19 0.24
(Dunstan arm) 4, 6
1 Scree/glacial, 2 Tussock, 3 Residential, 4 Farming, 5 Native forest, 6 Vineyards
PCB%: Percentage contribution of PCB to total phytoplankton biovolume
Cladocerans: Daphnia, Bosmina, Ceriodaphnia

Ceratium,
Dinobryon
Colonial
green,
Aulacoseira
Dinobryon,
Cyclotella
Dinobryon,
Cyclotella
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Primary productivity of PCB
The lowest total productivity of PCB was measured in late summer, and the highest in
winter or spring in Lakes Wanaka and Wakatipu (Figures 4.3, 4.4). In Lake Wanaka
productivity per cell followed a similar pattern to total productivity. By contrast,
productivities per cell were at similar rates in Lake Wakatipu in spring, early summer
and late autumn, and low in late summer. Both total PCB productivity and per cell

mgC uptake per daylight hour

productivity were higher in Lake Wakatipu than in Lake Wanaka.
0.5
0.45
0.4
0.35
0.3

Total
per cell *100

0.25
0.2
0.15
0.1
0.05
0
Sept-08 Nov-08 Jan-09 Mar-09 May-09 Aug-09 Jan-10 Mar-10
Date

Figure 4.3 Primary productivity of PCB in Lake Wanaka at 311 µE m-2 s-1. Error bars are SD

mgC uptake per daylight hour

1.2

Total
per cell *100

1
0.8
0.6
0.4
0.2
0
Dec-08

Feb-09

Sep-09
Date

Dec-09

May-10

Figure 4.4 Primary productivity of PCB in Lake Wakatipu at 311 µE m-2 s-1. Error bars are SD
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Seasonal, spatial and depth distribution of PCB
Concentrations of PCB (single cells plus cells in aggregates) were highest in early
spring (September, in Lake Wanaka; November, in Lake Wakatipu) and late summer
(February or March) in both lakes (Figures 4.5, 4.6). There was little spatial variation in
concentrations of PCB in Lake Wanaka with little difference in concentrations between
the shallow site (RB), the Aspiring Basin (ML), and the Minaret Basin (MB). In Lake
Wakatipu, there were only small differences in concentration of PCB between the
shallow Frankton Arm (FA) and the open lake site (OW) in most months, but in August
2009 concentrations were more than twice as high in the shallow Frankton Arm (Figure

PCB (1000 cells mL-1)

4.6), where the mixing depth was shallower and light availability was higher.
70
20 m depth
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PCB (1000 cells mL-1)

Figure 4.5 PCB concentrations in Lake Wanaka from September 2008 to May 2010 at 20, 40 and 80 m
depth. Error bars are SD
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Figure 4.6 Seasonal and spatial variation in PCB concentrations including cells in aggregates in Lake
Wakatipu at 20 m depth at open water site (OW) and in mixed layer in Frankton Arm from September
2008 to May 2010. Error bars are SD
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Figure 4.7 Depth distribution of PCB in selected months in Lakes Wanaka and Wakatipu

The light intensity marking the onset of light saturation for PCB (Ek), was low in both
lakes (Table 4.3), and lower than for eukaryotic phytoplankton (see Chapter 3). PCB
concentrations were highest at 20 m in Lake Wakatipu throughout the year (Figure 4.7),
at calculated light intensities between 0.35 and 1.10 mmol photons m-2 day-1, amounting
to less than 15% of sub-surface PAR intensity. In Lake Wanaka, the highest PCB
concentrations were usually reached at 40 m depth from December to February (except
January 2010) (at < 1% of sub-surface light) and at 20 m in most other months (at
saturating light intensities of 0.09 – 0.46 mmol photons m-2 day-1, i.e. < 6% of subsurface light) (Figure 4.7).
Table 4.3 EK (Onset of light saturation) determined for PCB over 3 – 6 h carbon uptake experiments
EK
(mmol photons
m-2 day-1)
Wanaka
Wakatipu

Spring

Summer

0.09
0.19

Autumn

0.14
0.10

0.081

109

Chapter 4: Picocyanobacteria dynamics

Nutrient status of PCB
In Lake Wanaka the addition of both N and P alone and of both nutrients in combination
caused lower growth of PCB (i.e. a lower increase from initial concentrations)
compared to the Control treatment in most months (Figure 4.8). N and P together had a
stronger effect than P or N alone (Figure 4.8). In Lake Wakatipu both N and P
depressed growth in summer, and P reduced growth in late spring and autumn, but there
was no response to either N or P in September 2009 (Figure 4.9). While there were
increases in the percentage contribution of PCB total photosynthetic carbon fixation
after nutrient additions in some experiments, the general trend was for negative effects
of nutrient enrichment (Figure 4.10).

Increase from initial
(1000 cells mL-1)

30
25
20
15
10
5
0
-5
-10
-15

*

*

*

*

*
*
*
*
March 09

May 09

Aug 09
Control

Oct 09
P

N

Jan 10

March 10

NP

Figure 4.8 Change in PCB concentrations relative to initial concentrations for Lake Wanaka in nutrient
enrichment experiments at saturating light levels, from March 2009 – March 2010. Error bars = ± SE.
Asterisk = significantly different from Control (p < 0.05). C = Control, P = added phosphate, N = added
ammonium and nitrate, NP = added phosphate, ammonium, nitrate

110

Chapter 4: Picocyanobacteria dynamics

Change from initial
(1000 cells mL-1)

50
40
30

*

20
*

10
0
-10
-20

* *
Feb 09

Sept 09
Control

Dec 09
P

May 10

N

A Lake Wanaka
4%
2%
0%
-2%
-4%
-6%
-8%

added P
Jan-09

added N

Mar-09

added N and P

May-09

Aug-09

Percentage contribution of PCB
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Figure 4.9 Change in PCB concentrations relative to initial concentrations for Lake Wakatipu in nutrient
addition experiments from February 2009 – May 2010. Error bars = ± SE. Asterisk = significantly
different from Control (p < 0.05). C = Control, P = added phosphate, N = added ammonium and nitrate

B Lake Wakatipu
4%
2%
0%
-2%
-4%
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added N and P

-6%
-8%
Dec-08
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Figure 4.10 Net change in percentage contribution of PCB to total photosynthetic carbon fixation in
nutrient enrichment experiments, at high (311 µmol photons m-2 s-1) light level. A) Lake Wanaka, B) Lake
Wakatipu. P = added phosphate, N = added ammonium and nitrate, NP = added phosphate, ammonium,
nitrate. Error bars = ± SE

For Lake Wakatipu a negative growth response to P addition was also observed in
February 2009 at low light intensity, whereas for Lake Wanaka there were no
significant responses to nutrient additions at the low light level (Figure 4.11). In contrast
to the high light level, at the low light level in Lake Wanaka, there was no, or a very
low, net growth over the duration of the experiment. In Lake Wakatipu in February
2009, there was no significant difference in responses under high and low light. Nutrient
effects seemed to be more pronounced at high light in March and May 09 in Lake
Wanaka, but in a factorial ANOVA, light was only a significant factor in August (data
not shown). Light-nutrient interactions were significant in all Wanaka experiments, but
not in Lake Wakatipu, where light was also not significant.
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Change from initial
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Figure 4.11 Net change in PCB concentrations for Lake Wakatipu and Lake Wanaka in nutrient
enrichment experiments from February 2009 – August 2009 at 44 µmol photons m-2 s-1. Error bars = ±
SE. Asterisk = significantly different from Control (p < 0.05). C = Control, P = added phosphate, N =
added ammonium and nitrate, NP = added phosphate, ammonium, nitrate

Relationship between PCB and environmental parameters
In Lake Wanaka in summer and autumn (January to May), PCB concentrations were
positively correlated with TN:TP (r = 0.80, df = 5, p = 0.03). In winter and spring,
concentrations were also positively correlated with TN:TP (r = 0.83, df = 4, p = 0.04),
and there was a weak negative correlation with thermocline depth (r = - 0.46, df = 12, pvalue = 0.09) throughout the year. By contrast, the pattern in Lake Wakatipu, was much
less clear with only a positive correlation between PCB concentrations and chl a (r =
0.61, df = 11, p = 0.03).

In Lake Wanaka, there was a positive correlation between the percentage contribution
of PCB to total phytoplankton biovolume and thermocline depth (r = 0.62, df = 12, p =
0.02), the DIN:TP ratio (r = 0.53, df = 12, p = 0.05), and NNN (r = 0.63, df = 12, p =
0.02). There was also a negative correlation with the temperature of the epilimnion (r =
-0.72, df = 12, p = 0.004). Unlike for Lake Wanaka, in Lake Wakatipu, the percentage
contribution of PCB to total phytoplankton biovolume was not correlated to nutrients or
thermocline depth. In both Lake Wanaka and Lake Wakatipu, there was a weak
negative, not significant, relationship between copepods (Wakatipu r = -0.03, p = 0.46,
Wanaka r = - 0.34, p = 0.14) and Daphnia (Wakatipu r =0.16, p = 0.31, Wanaka r = 0.17, p = 0.31) densities and PCB cell numbers.
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PCB aggregation
The percentage of PCB cells present in aggregates of six cells or more was higher in
Lake Wakatipu with 1 – 34% (average 16%) than Lake Wanaka with 0 – 11% (average
3%) (Figures 4.12, 4.13). Due to a generally low percentage of PCB cells in aggregates,
there was no obvious seasonal pattern or depth variation in this percentage in Lake
Wanaka. In Lake Wakatipu, the highest percentage of PCB cells in aggregates was
observed in summer (December to March) in both the open water and the shallow site,
at relatively high DIN concentrations (Figure 4.13). In some summer months (January
and February 2009) the percentage of cells in aggregates was higher at 20 m depth than
in deeper layers (data not shown).

In Lake Wanaka the percentage of PCB in aggregates was positively correlated with
the DIN: TP ratio (r = 0.50, df = 12, p = 0.06,), and negatively with the biovolume of
other algae (r = -0.45, df = 12, p = 0.09), but not with chl a. For Lake Wakatipu the
percentage of PCB in aggregates was positively correlated with chl a at 20 m depth (r =
0.69, df = 11, p-value = 0.008), the percentage contribution of PCB to total
phytoplankton biovolume (r = 0.48, df = 11, p = 0.09), and negatively correlated with
thermocline depth (r = -0.55, df = 11, p-value = 0.05). The percentage of PCB cells
present in aggregates was also high in Lake Hawea and the downstream site in Lake
Dunstan in March 2009, but low in Lake Manapouri and the upstream (shallow) site in

Proportion of PCB in
aggregates

14%
12%

% PCB in aggregates
Ammonia
NNN
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Lake Dunstan (Table 4.2).
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Figure 4.12 Percentage of PCB in aggregates and DIN in Lake Wanaka from September 2008 to May
2010. Error bars are SD

113

Chapter 4: Picocyanobacteria dynamics

Frankton Arm

Ammonia

NNN

Proportion of PCB in
aggregates

45
40
35
30
25
20
15
10
5
0

35%
30%
25%
20%
15%
10%
5%
0%

NNN, NH4-N in µg L-1

OW 20m
40%

Sep- Nov- Dec- Jan- Feb- Mar- Aug- Sep- Oct- Dec- Jan- Mar- May08 08 08 09 09 09 09 09 09 09 10 10 10

Figure 4.13 Percentage of PCB in aggregates and DIN in Lake Wakatipu from September 2008 to May
2010. Error bars are SD. OW 20 m = Deep site at 20 m depth.

Aggregation response to nutrient additions
The percentage of PCB in aggregates increased with P enrichment in March and May
2009 and with N enrichment in March and August 2009 in Lake Wanaka (Figure 4.14).
In Lake Wakatipu the percentage of cells in aggregates decreased with P enrichment in
February and September but increased in December 2009 (Figure 4.15). Aggregation
was lower in the N-enriched treatment than in the Control only in February 2009 in
Lake Wakatipu.

Change from initial (%)

5%

*

C

4%
3%
2%

*

P

*

N

*
*

1%

NP

0%
-1%
-2%
-3%
March 09

May 09

Aug 09

Figure 4.14 Change in percentage of PCB cells in aggregates in experiments for Lake Wanaka. Error bars
= ± SE. C = Control, P = added phosphate, N = added ammonium and nitrate, NP = added phosphate,
ammonium, nitrate. Asterisk = significantly different from Control (p < 0.05)
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Figure 4.15 Change in percentage of PCB cells in aggregates in experiments for Lake Wakatipu. Error
bars = ± SE. C = Control, P = added phosphate, N = added ammonium and nitrate. Asterisk =
significantly different from Control (p < 0.05)
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4.4 Discussion
Summary of findings
Several hypothesis about PCB in Lakes Wanaka and Wakatipu and three other South
Island sub-alpine lakes were rejected based on my field and experimental data
suggesting either that either phytoplankton dynamics have changed since previous
studies (Naismith 1994; Burns & Schallenberg 1998; Schallenberg & Burns 2001) or
our understanding of phytoplankton dynamics in these lakes was incomplete. Table 4.4
presents a summary of all hypotheses tested in chapter and whether they were rejected
or not.
Table 4.4 Overview results of hypotheses tested in this chapter

Hypothesis

Rejected?

1. PCB is the dominant component of phytoplankton biomass and productivity
in Lakes Wanaka and Wakatipu.

Yes

2. PCB biomass peaks in these lakes in autumn/winter.

Yes

3. Seasonal dynamics of PCB in Lakes Wanaka and Wakatipu can be partly
explained by nitrogen and phosphorus availability, the light climate,
temperature, and intra-specific competition amongst phytoplankters.

No

4. Increased nutrient availability reduces the relative biomass and productivity
of PBC in these lakes.

No

5. Increased light availability reduces the relative biomass and productivity of
PCB in these lakes.

No

6. PCB densities as well as their contribution to phytoplankton biomass are
higher in lakes that are dominated by copepods

No

7. The proportion of PCBs in aggregates decreases with increasing nutrient
availability.

Yes

1) PCB is the dominant component of phytoplankton biomass and productivity in
Lakes Wanaka and Wakatipu.
Contrary to previous findings (Naismith 1994; Schallenberg & Burns 2001), PCB were
not the dominant primary producers in Lakes Wanaka and Wakatipu in 2008-2010. In
Lake Wanaka, concentrations of PCB have decreased slightly compared to autumn and
winter 1993 (50 – 100*103 cells mL-1, Naismith (1994). However, in Lake Wakatipu,
they have remained relatively stable compared to several studies in the 1990s (40 –
110*103 cells mL-1 in 1990 (Burns & Stockner 1991), 50 – 280*103 cells mL-1 in winter
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and autumn in 1993 (Naismith 1994), 58*103 cells mL-1 in February 1995 (Burns &
Schallenberg 1998), and 22 – 131*103 cells mL-1 from April 1997 to April 1998
(Schallenberg & Burns 2001)). These high densities of PCB are typical of (ultra-)
oligotrophic lakes of both the Southern (Queimaliños 2002; Callieri et al 2007) and the
Northern Hemisphere (Stockner 1991). Contributions of PCB to total phytoplankton
biovolume (15% for Lake Wanaka and 30% for Lake Wakatipu, on average) were
similar to those established by Galbraith in autumn 1999 for Lake Wanaka, but
substantially lower for Lake Wakatipu (> 60%, L. Galbraith, unpublished data).
However, contributions of PCB to total phytoplankton biovolume were 30 – 40% lower
than calculated by Naismith (1994), slightly lower than for Lake Wakatipu in 1976
(43%, Paerl, 1977), and differed from previous reports that in Lake Wakatipu
phytoplankton was dominated by PCB (Schallenberg & Burns 2001). Since there were
only minor, if any, changes in total PCB concentrations, the recent changes in the
contribution to autotrophic biovolume could be a result of an increase in the biovolume
of larger phytoplankton. There is the possibility that populations of larger algae
increased significantly between 1993, 1999 and 2008 – 10 in Lake Wanaka, since chl a
has increased by nearly twofold compared to autumn and spring of 1993 (Naismith
1994), but there are insufficient data to assess whether this is a consistent trend or only
natural variability. Biovolume contributions of PCB to total phytoplankton biovolume
in Lakes Wanaka and Wakatipu and also in Lakes Hawea, Manapouri, and Dunstan in
March 2009 and 2010 (8 – 28%) are also comparable to those in Lake Taupo and Lake
Tarawera (15 – 20%) and other South Island lakes (including Lakes Brunner and Ohau,
11 – 20%) (Paerl 1977). However, PCB contributions in oligotrophic lakes world wide
are commonly assumed to often contribute more than 50% to total phytoplankton
biomass (Stockner & Shortreed 1991; Callieri & Piscia 2002). In contrast to this
assumption, Table 4.5 shows that PCB contribution to phytoplankton biomass and
productivity in a number of meso- to ultraoligotrophic lakes are highly variable spatially
and temporarily, and often below 50%. Based on Table 4.5, contributions of PCB to
phytoplankton biomass are not unusually low in Lakes Wanaka and Wakatipu.
However, the contributions of PCB to primary production in Lakes Wanaka and
Wakatipu were comparatively low (Table 4.5), especially in contrast to results from
oligotrophic New Zealand Lakes Tarawera, Taupo and Waikaremoana, where 25 – 80%
of carbon fixation was attributed to APP over a range of light intensities (Petersen
1991), and 43% in Lake Wakatipu in March 1976 (Paerl 1977). It is now acknowledged
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that the success of PCB in oligotrophic lakes is a possibility, rather than a certainty,
depending on various ambient conditions (e.g. light climate, grazing, composition of
phytoplankton community, etc), not only nutrient concentrations (Callieri & Stockner
2000).
Table 4.5 Contribution of APP to primary production and phytoplankton biomass or chl a in deep,
oligotrophic lakes
Lake
Wanaka
Wakatipu
Tarawera, Taupo,
Waikaremoana
Brunner and Ohau
Wakatipu
in March 1976
Deep South Island
lakes
Lakes Moreno,
Gutierrez, Mascardi,
Nahuel Huapi,
Correntoso and
Espejo
Maggiore

Location
NZ
NZ
NZ

% Primary
productivity
5 – 28%*
7 – 10% **
25 – 80%

% Phytoplankton biomass
(chl a or biovolume)
4 – 45% (mean 15%)
14 – 64% (mean 30%)
15 – 20%

NZ
NZ

34, 59%
43%

11, 20%

NZ
AR,
90464 m

17% on average
26 – 62%
(mean 49%)

I

Tahoe
Huron & Michigan

US
US

Quesnel Lake,
Sproat Lake
Chilko Lake

CA

mean 10%,
max 26%

13 – 53% (mean 28%)

1992: 0.3 – 27%
(mean 5%)
1998: 0.2 – 49%
(mean 12%)
25 – 50 (mean 35%)
0.5 – 50% (mean 10%)

CA

40%,
46%
mean 54%

43%,
56%
mean 73%

Baikal

RU

81%

offshore 57 – 84%,
near-shore 6 – 7%

Tanganyika

African
Rift
CA

29 – 53%

CA

20 – 30%

Eleven oligotrophic
lakes
Five oligotrophic to
mesotrophic, shallow
to deep, lakes

26 – 70 (mean 43%)
36 – 63% (chl a)
< 2 – 26% (carbon)
PCB: 2 – 10%, one
exception of over 50%

Reference
Chapter 4
Chapter 4
Paerl (1977),
Petersen (1991)
Paerl (1977)
Paerl (1977)
Burns & Galbraith
(2007)
Callieri et al (2007),
Diaz et al (2007)

Callieri & Pinolini
(1995),Callieri &
Piscia (2002)
Winder (2009)
Fahnenstiel & Carrick
(1992), Fahnenstiel et
al (1991)
Stockner & Shortreed
(1989)
Stockner & Shortreed
(1994)
Nagata et al (1994),
Kantano et al (2005)
Descy & Sarmento
(2008)
Stockner & Shortreed
(1991)
Pick & Agbeti (1991)

Eukaryotic APP: 1 – 13%
* at high light
** aggregates not included
AR = Argentina
CA = Canada
RU = Russia
US = United States of America
NZ = New Zealand
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The contribution of PCB to total phytoplankton biovolume and to primary productivity
differed between Lakes Wanaka and Wakatipu, with the contribution of PCB to total
biovolume being higher in Lake Wakatipu than Lake Wanaka, whereas the contribution
of PCB to primary productivity was lower in Lake Wakatipu (Figure 4.2). One possible
explanation for this difference is the high proportion of PCB in aggregates in Lake
Wakatipu (up to 34% of total PCB, 10% in December 2008 and February 2009), which
are excluded from the size fraction under 3 µm. A higher contribution to total primary
productivity than to total phytoplankton biovolume was also observed in other New
Zealand lakes: Paerl (1977) attributed an average of 50% of primary productivity in
Lakes Taupo and Tarawera to the size fraction smaller than 3 µm, but only 15 – 20% of
phytoplankton biomass to autotrophic picoplankton. His results were similar for three
South Island lakes (Brunner, Ohau, Kangaroo) with 33 – 59% of primary productivity,
but only 11 – 20% of biomass attributed to APP. Paerl (1977) suggested that the
relatively higher contribution of APP to primary productivity compared to
phytoplankton biomass by APP was due to the APP being 2 – 10 fold more
photosynthetically active than larger phytoplankton cells. An important caveat regarding
these findings is that, despite being used as a standard method to measure primary
productivity of APP, post-incubation size fractionation has been shown to overestimate
the picocyanobacterial production by 2 – 3 times, due to breakage and damage of larger
photoautotrophs during filtration and retention of those on filter (Fahnenstiel et al
1994). Thus the estimated contribution of PCB to primary production in my studies, as
well as those cited for other lakes, based on 14C post-filtration measurements may be too
high.
2) PCB biomass peaks in these lakes in autumn or winter
Contrary to my hypothesis of highest PCB concentrations in autumn or winter in the
Lakes Wanaka and Wakatipu, concentrations of PCB were highest in spring
(September, in Lake Wanaka, November or December, in Lake Wakatipu) and late
summer (February or March in both lakes) (Figures 4.5, 4.6). This observed pattern is
similar to the “typical” bimodal pattern of many oligotrophic lakes in the Northern
Hemisphere, where PCB tend to have a spring or early summer peak and a second peak
during autumn (Stockner et al 2000; Callieri 2008). The spring peaks in Lake Wanaka
and Lake Wakatipu occur despite relatively deep mixing, possibly due to deeper light
penetration, in contrast to Lake Mondsee (Crosbie et al 2003b), Lakes Bourget and
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Geneva (Personnic et al 2009), Lake Biwa (Maeda et al 1992), Lake Baikal (Belykh et
al 2006), Canadian lakes (Pick & Agbeti 1991), and English lakes (Hawley & Whitton
1991; Sanchez-Baracaldo et al 2008), where weak stratification and deep mixing in
spring seem to prevent spring maxima (Callieri 2010).
The pattern of spring and late summer peaks observed in Lakes Wanaka and Wakatipu
in 2008 – 2010 contrasts to PCB peaks in autumn (April) and winter (June) in the
shallow Frankton Arm of Lake Wakatipu recorded by Schallenberg and Burns (2001).
The differences between my study and Schallenberg and Burns (2001) may be
explained by the shallow nature of the Frankton Arm and the resulting absence of light
limitation in winter. Concentrations of PCB in August 2009 were more than twofold
higher in the Frankton Arm than in the open water, supporting this interpretation.
Because Lakes Wanaka and Wakatipu do not experience large irregular influxes of
sediment to the extent that Lake Coleridge does (James et al 2001), and, thus, have a
less variable and less limiting light climate, PCB concentrations in Lakes Wanaka and
Wakatipu were less variable than in Lake Coleridge, and there was no peak during
isothermy.
3) Seasonal dynamics of PCB in Lakes Wanaka and Wakatipu can be partly
explained by nitrogen and phosphorus availability, the light climate, temperature,
and intra-specific competition amongst phytoplankters
My study confirms that seasonal dynamics of PCB in Lakes Wanaka and Wakatipu are
influenced by nitrogen and phosphorus availability, the light climate, temperature, and
intra-specific competition amongst phytoplankters, as discussed in the following
sections. Figure 4.16 provides a summary of seasonal dynamics of PCB biomass and
productivity and potential controls.
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Figure 4.16 Schematic diagram of seasonal dynamics of PCB biomass and productivity in Lakes Wanaka
and Wakatipu and potential controls.
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Temperature
There was no correlation between temperature and PCB concentrations in Lakes
Wakatipu and Wanaka, but there was a decrease in PCB contribution to total biovolume
in Lake Wanaka with increasing temperature. Together with a positive relationship
between the dominant centric diatom Cyclotella and temperature (Chapter 3) this
suggests that PCB in Lake Wanaka may be out-competed at higher temperatures or the
reduced turbulence and light availability due to thermal stratification. Net primary
production attributed to PCB at 20 m depth was highest in early spring, winter and late
autumn, possibly linked to decreased predation in winter (Schallenberg & Burns 2001)
or lower abundances of larger algae at this depth in winter (Chapter 3).
Nutrients
Experimental data showed a negative response of PCB to phosphate enrichment:
phosphate additions depressed growth of PCB compared to the Control treatment in all
seasons except summer in Lake Wanaka and late winter in Lake Wakatipu (Figures 4.8,
4.9). These results are in agreement with previously shown negative responses of PCB
in Lake Wakatipu (Schallenberg & Burns 2001), by up to 68% in fertilised enclosures
(Burns & Schallenberg 1998). The lack of response in Lake Wakatipu in winter is
consistent with Schallenberg and Burns (2001), who suggested that low water
temperature could have slowed responses. However, in Lake Wanaka there was a
negative response to nutrient additions in August 2009, despite cold temperatures.
Schallenberg and Burns (2001) attributed the lack of response of PCB in Lake Wakatipu
in February 1998 to high grazing losses, potentially masking negative nutrient
responses. Similarly, the high decrease in PCB concentration my experiments in Lakes
Wanaka and Wakatipu in February and March may have been caused by grazing by
hetero- and mixotrophs. Generally PCB are N rather than P limited (Stockner &
Shortreed 1991; Padisák et al 2003), but DIN additions did not result in positive
responses of PCB in Lakes Wanaka and Wakatipu. High N:P ratios, such as those
present in Lakes Wanaka and Wakatipu (molar TN:TP > 20, Chapter 3), are considered
optimal for growth of PCB (Stockner et al 2000). In Lake Wanaka PCB concentrations
were positively correlated with N:P or DIN:TP, but this could either reflect a positive
response to N, or a negative response to P. Other studies have shown both positive
(Vaulot et al 1996; Stockner & Shortreed 1989; Drakare 2002) and negative (Rhew et al
1999; Tzaras et al 1999) responses of APP to nutrient enrichment. In a marine
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mesocosm experiment nutrient addition had no effect of PCB, except indirectly through
stimulation of predatory ciliates (Sundt-Hansen et al 2006). In a whole lake experiment
in Chilko Lake, a large, deep ultra-oligotrophic pre-alpine lake in Canada, PCB
responded positively to nutrient additions, but the highest increase was observed at the
lowest nutrient (N and P) addition (Stockner & Shortreed 1994). The higher nutrient
addition stimulated larger phytoplankton and reduced the APP growth response
(Stockner & Shortreed 1994). The lower contribution of PCB to photosynthetic carbon
fixation with nutrient enrichment in my bioassay experiments suggests that the negative
responses to nutrient (especially phosphate) enrichment may be due to PCB being outcompeted by larger, eukaryotic algae at higher nutrient concentrations (c.f. Wehr 1993;
Vadstein 2000; Moutin et al 2002; Callieri 2008). The decline in PCB under nutrient
addition in Lake Wakatipu in summer 1995 has also been speculated to be due to light
limitation caused by large increases in larger phytoplankton (mainly Cyclotella and
desmids) in fertilised treatments (Burns & Schallenberg 1998). The negative responses
of PCB to P additions are further investigated in Chapter 6.
Summer PCB maxima in Lake Wanaka occurred at, or just below, the thermocline (c.
40 m; Figure 4.5). The thermocline is a common location of PCB maxima in many lakes
(Fahnenstiel & Carrick 1992; Gervais et al 1997; Padisák et al 1997; Callieri & Piscia
2002; Padisák et al 2003), including oligotrophic Patagonian lakes (Pérez et al 2002). It
has been hypothesised that “nutrient availability is important for species selection in the
DCM [deep chlorophyll maximum] of lakes” and the low nutrient (especially SRP)
concentration below the thermocline selected for PCB below the thermocline of Lake
Stechlin (Gervais et al 1997). PCB maxima may have occurred at 40 m depth in Lake
Wanaka because PCB may have experienced reduced grazing pressure at that depth or,
alternatively, PCB may not have been favoured by the stronger light climate in the
mixed layer. However, Richie (2008) showed that cyanobacteria including
Synechococcus can tolerate high light intensities such as those in the mixed layer,
emphasising that higher light conditions probably stimulate competition from larger
algae rather than inhibit PBC growth.
Light
PCB in Lakes Wanaka and Wakatipu appear to be very well adapted to low light
conditions. Their EK values of ca. 8 – 16 µmol photons m-2 s-1 (Table 4.3) are in the
same range as those that sustain sufficient growth in cultured Synechococcus strains
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(instantaneous 5 – 15 µmol photons m-2 s-1, Ernst 1991). These low saturating light
intensities suggest that the light in the mixed layer is likely to meet PCB photosynthesis
requirements, except in the middle of winter. In contrast, eukaryotic algae in Lakes
Wanaka and Wakatipu are light limited in winter and spring, as indicated by their higher
EK values (Chapter 3). Petersen (1991) reported lower EK values for APP than for larger
phytoplankton in North Island lakes, supporting my findings that APP were more photoadapted than larger phytoplankton.
4) Increased nutrient availability reduces the relative biomass and productivity of
PBC in these lakes
I further hypothesised that PCB contribution to overall biovolume to decline as nutrient
concentrations and total phytoplankton biovolume increases across the five sub-alpine
lakes sampled in Otago and Southland. This hypothesis was supported because the PCB
contribution to total phytoplankton biovolume was highest in lakes with the lowest total
phytoplankton biovolume and in copepod dominated systems (Table 4.2). I also
hypothesised that nutrient (and light) enrichment would decrease PCB relative
contribution to total phytoplankton productivity. This was supported because in
bioassay experiments, the percentage of PCB contribution to primary productivity
tended to decrease under high light and increase under low light, and also tended to
decrease when nutrients (especially P) were added (Figures 4.2, 4.10). Similarly,
comparisons across trophic gradients have shown that the contribution of PCB to total
phytoplankton biovolume decreases with increasing trophic status (Vörös et al 1998;
Burns & Galbraith 2007). The percentage contribution of PCB across the lakes in my
study, and seasonally in Lake Wanaka, decreased with chl a, as has been recorded in
other lakes, for example, Lake Balaton (Mózes et al 2006), and across a range of lakes
in Hungary, Italy and Nepal (Vörös et al 1998) and Patagonia (Callieri 2008).
5) Increased light availability reduces the relative biomass and productivity of
PBC in these lakes
My hypothesis that in Lakes Wanaka and Wakatipu the contribution of PCB to total
phytoplankton biovolume is higher at low light intensities was supported. In general, in
bioassay experiments, the highest contribution of PCB to overall primary productivity
occurred at light levels below 50 µmol m-2 s-1 (Figure 4.2 and data not shown)
supporting the previous findings indicating superior competitive abilities of PCB
compared to eukaryotic algae at low light levels (Wehr 1993).
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6) PCB densities as well as their contribution to phytoplankton biomass are higher
in lakes that are dominated by copepods
Lakes in my study with high copepod and low Daphnia densities tended to have high
PCB concentrations (Table 4.2), which may, possibly, be a result of direct feeding by
Daphnia on PCB or by copepods on PCB predators such as HNF and rotifers. While
protists are commonly considered the most important grazers of APP, including PCB
(Stockner & Antia 1986; Stockner & Porter 1988), Horn and Horn (2008) reported
daphnids to have the highest impact on PCB populations, and provided evidence of topdown control of PCB. Burns and Schallenberg (1998) established a high clearance rate
(2.5 mL µg dry weight-1 day-1) of PCB by Cerodaphnia in Lake Wakatipu, but not by
the calanoid copepod Boeckella. Zöllner et al (2003) and Callieri et al (2004) also
observed a negative effect of Daphnia on PCB. Effects of copepods on PCB tend to be
indirect, and both positive (Sundt-Hansen et al 2006) and negative (Burns &
Schallenberg 1998, Zöllner et al 2003) or only slight (Burns & Schallenberg 1996)
effects have been described. Positive effects were due to grazing of copepods, ciliates
and appendicularia, which were the main predators of HNF at high or ambient copepod
densities in marine mesocosms (Sundt-Hansen et al 2006). A negative effect of
copepods on PCB concentrations in mesotrophic mesocosms was due to copepods
reducing ciliates which in turn increased HNF (Zöllner et al 2003), which are important
predators of PCB (Stockner & Antia 1986; Stockner & Porter 1988). Figure 4.17
presents a summary of foodweb interactions in several oligotrophic systems.
The link of high Daphnia densities with high PCB contribution of phytoplankton in the
five South Island lakes could suggest that the relative importance of PCBs in many
oligotrophic systems may, in part, be due to their ability to avoid being grazed by
copepods. The reduction in the importance of PCB in Lake Wanaka over the past
decade could be linked to the novel presence of high densities of Daphnia ‘pulex’.
However, in a previous study in Lake Wakatipu (Burns & Schallenberg 1998),
copepods had a negative effect on PCB, and I also observed a weak negative, but not
significant, relationship between both copepod and Daphnia densities and PCB numbers
in Lakes Wanaka and Wakatipu. Effects of copepods on PCB have also been shown to
be dependent on species of copepod and ciliate present (Gismervik 2006), and seem
vary even in oligotrophic systems (Figure 4.17). Therefore it is difficult to assess the
impact of metazooplankton (i.e. multi-cellular zooplankton with functional differences
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compared to the protozooplankton, Sieburth et al 1978) on PCB without data on protists
and the whole foodweb.
The dynamics of APP in aquatic ecosystems also seem to be affected by factors other
than light, nutrient, temperature, competition, and grazing, and sometimes only 50% of
APP concentrations can be explained by known abiotic and biotic factors (Lavallée &
Pick 2002; Katano et al 2005; Becker et al 2007). For example, viral lysis can account
for a large share of picoplankton carbon release (Mühling et al 2005; Baudoux et al
2008). Viral lysis can exceed grazing losses, but is highly variable over times
(Personnic et al 2009). Tsai (2012) noted that HNF grazing was the dominant cause of
Synechococcus mortality during daytime hours, while at night viral lysis was of similar
importance in reducing Synechococcus populations as HNF grazing. Predation by
protists, mixotrophic plankton (e.g. Dinobryon) and viral control might help to explain
the highly variable net growth rate of PCB Lakes Wanaka and Wakatipu observed in my
experiments and in those of Schallenberg and Burns (2001).

Figure 4.17 Diagram of effects of Daphnia and copepods on PCB in several oligotrophic, marine and
fresh waters. Red arrows indicate negative effects, blue arrows positive effects.
* or Cerodaphnia (Burns & Schallenberg 1998)
1: Pernthaler et al (1996); Callieri et al (2002)
2: Fahnenstiel et al (1991)
3: Role of rotifers as described for coastal Canadian lakes in Stockner & Shortread (1989)
4: Burns & Schallenberg (1996)
5: Burns & Schallenberg (1998, 2001a); Zöllner et al (2003); Callieri et al (2004); Horn & Horn (2008)
6: Zöllner et al (2003)
7: Sundt-Hansen et al (2006)
8: Nagata et al (1996); Carrick et al (1991); Burns & Schallenberg (1998)
9: Burns & Schallenberg (2001a)
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Potential effect of climate change on PCB
Since the importance of PCB biomass production in Lakes Wanaka and Wakatipu seem
to be negatively affected by high light and nutrients (mainly P) in my experiments
(Figures 4.2, 4.10), any increases in nutrients or light due to climate or land use changes
are likely to negatively affect the relative contribution of PCB to primary production
and phytoplankton biomass.
Climate change is likely to result in light enrichment because, assuming no change in
wind speed, mixing depth would be shallower (Chapter 2; Bayer et al 2013), which may
also induce higher nutrient limitation in the epilimnion (Hollan et al 1990; Diehl 2007).
This potential subsequent nutrient limitation may give PCB a competitive advantage.
However, climate change may also increase the input of external nutrients to Lakes
Wanaka and Wakatipu as a result of an increase in rainfall and runoff (e.g. Jones et al
2011), and increased weathering due to reduced snow cover, higher air temperatures and
more extreme weather events (Rogora et al 2003), as well as increased aeolian dust
deposition with increased wind speeds (McGowan et al 1996). Several studies have now
shown that climate change can mimic eutrophication in lakes or cause nutrient
enrichment (Pierson et al 2010; Trolle et al 2011; Tolotti et al 2012). Increases in
nutrients or carbon tend to favour heterotrophic bacteria (carbon limited) and larger
autotrophs that were previously nutrient limited, at the expense of APP (Jaquet et al
2002). Increases in wind speed of up to 10% over Lakes Wanaka and Wakatipu are
possible in the future (Ministry for the Environment 2008), and they are predicted to
lead to deeper mixing (Chapter 2; Bayer et al 2013), which might also increase nutrient
availability in the epilimnion (Hollan et al 1990). In Lake Tanganyika deeper mixing
favours diatoms over the otherwise dominant picocyanobacteria and green algae (Descy
& Sarmento 2008). In addition, greater abundances of larger mixotrophic species that
can occur with deeper mixing (Findlay et al 2001) could increase grazing pressure on
PCB.
Since PCB are not light limited in spring, a predicted earlier onset of stratification by
one week (Chapter 2; Bayer et al 2013) in November or December is unlikely to affect
the timing of the spring peak of PCB in Lake Wanaka, which occurs in September. In
Lake Wakatipu the spring peak of PCB either precedes or follows the peak of
eukaryotic phytoplankton (Figure 4.5, Chapter 3), and an easing of light limitation with
earlier onset of stratification could increase phytoplankton competition against PCB.
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Climate change is also predicted to result in a longer stratified period (Chapter 2; Bayer
et al 2013), which could enhance nutrient depletion in the mixed layer in summer. A
secondary peak in PCB towards end of stratification suggests that conditions at this time
are more favourable to PCB, possibly due to nutrient depletion (Figures 4.5, 4.6). Thus,
a longer stratification could be favourable to PCB.
However, PCB appear to already have declined in their contribution to phytoplankton
biovolume in the mixed layer in Lake Wanaka, coinciding with the increase in the
importance of the centric diatom, Cyclotella (or Discotella) stelligera. While this
increase in Cyclotella could be a result of lake warming or nutrient enrichment, recent
food web changes (the arrival of a new, invasive Daphnia species) may also have
contributed.
7) The proportion of PCBs in aggregates decreases with increasing nutrient
availability.
There is no experimental evidence of nutrient limitation causing PCB aggregation,
despite aggregation of PCB being highest in summer in Lake Wakatipu. On the
contrary, aggregation seems to increase with increasing DIN and DRP. Aggregation of
PCB in Lakes Wanaka and Wakatipu is mostly within the range reported by Stockner et
al (2000) of 1–21% of total PCB for oligotrophic lakes. In Lake Wakatipu, but not in
Lake Wanaka, there was a clear seasonal pattern in the proportion of PCB present in
aggregates. In Lake Wakatipu the proportion of PCB in aggregates was lowest in winter
and highest in summer (Figure 4.13), which confirms the pattern reported for Lake
Wakatipu by Schallenberg and Burns (2001) and in a range of oligotrophic to eutrophic
lakes (Szelag-Wasielewska 2004; Mózes et al 2006; Ivanikova et al 2007), where
aggregation was highest during periods of nutrient limitation (Stockner & Shortreed,
1994).
Nutrient availability and predation are the two main causes suggested for aggregate
formation of APP (Passoni & Callieri 2000). It has been suggested that nutrient
limitation in summer can trigger mucus formation due to excess polysaccharide
formation as a by-product of nutrient-limited photosynthesis (Crosbie et al 2003b) or as
an adaptation mechanism to increase rates of nutrient uptake (Stockner et al 2000).
Mucilage development could also facilitate N–fixation by providing a habitat for
associated diazotrophic planktonic bacteria (Postius & Böger 1998). Furthermore, some
Synechococcus can utilise organic nutrients (Gilbert et al 2004; McKnight et al 2000;
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Moore et al 2005; Fu et al 2006) which might be concentrated in mucus, thus favouring
the growth of APP in aggregates over single cells. It has also been argued that it is
unlikely that aggregate formation could be an adaptation to oligotrophic environments
because the mucilage facilitating aggregate development is not very permeable to
nutrients (Crosbie et al 2003b). However Callieri (2010), countered by arguing that
“exudates adsorbed to the cell surface can act as rich metabolite pools”, giving microcolonies an advantage over single cells (Callieri 2010).
The highest incidence of aggregates and the lowest per cell productivity of single cells
in Lake Wakatipu occurred summer and this is consistent with notion that aggregate
formation is a response to nutrient limitation. However, other evidence from Lakes
Wanaka and Wakatipu suggests the contrary. In Lake Wakatipu, the proportion of PCB
cells in aggregates was highest when DIN concentrations were high (Figure 4.13). By
contrast, a previous study in Lake Wakatipu (Frankton Arm) in 1997 – 1998 described a
negative relationship of aggregated PCB with NNN, but a positive relationship with
DRP (Schallenberg & Burns 2001). My results are also not consistent with other studies
which reported a negative relationship between the proportion of PCB cells in
aggregates with DIN (e.g. in Lake Balaton, Mózes et al 2006). Better evidence against
the notion that the aggregation of PCB is a response to nutrient limitation in Lakes
Wanaka and Wakatipu comes from my bioassay experiments, which showed a
significant increase in the proportion of PCB in aggregates in my P enriched treatments
in 1 out of 3 experiments in Lake Wakatipu as well as in my N or P enriched treatments
in all experiments in Lake Wanaka (Figures 4.14, 4.15). This suggests that aggregate
formation may be stimulated by P enrichment in Lake Wakatipu and N or P enrichment
in Lake Wanaka.
High levels of light, or exposure to UV light (Callieri et al 2011) has also been reported
to cause aggregation of PCB by promoting leakage or excretion of photosynthate (Wood
& Van Valen 1990); for example, Synechococcus elongatus rapidly forms aggregates
when exposed to high-intensity blue light (Koblížek et al 2000). In Lake Wakatipu,
thermocline depth was negatively correlated with the proportion of PCB in aggregates,
and aggregation was higher in the epilimnion than in deeper layers in Lake Wakatipu in
some summer months (data not shown), suggesting the potential for high light
intensities to stimulate aggregate formation.
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My study did not examine heterotrophic or mixotrophic nanoflagellates, which Stockner
and Antia (1986) and Stockner and Porter (1988) considered to be the most important
grazers of APP, and which can exhibit strong short-term control of APP populations
(Pernthaler et al 1996). Dinobryon, which occurs in Lake Wakatipu in summer, can also
ingest PCB (Stockner 1988), and mixotrophy (of predominantly Dinobryon) has been
suggested to be prevalent in two north Patagonia lakes (Queimaliños 2002). Grazing
may be a cause of aggregate formation (Stockner et al 2000), because the mucus
holding APP aggregates together forms an effective anti-grazing agent (Callieri 2010),
and there is experimental evidence of enhanced aggregate formation with increased
grazing pressure (Komárková & Šimek 2003). When PCB were cultured with an HNF
predator, it induced both aggregation and the formation of spinae or tubes radiating
from PCB cells, but no apparent mucus formation (Jezberová & Komárková 2007b).
Although there was no direct evidence suggesting that tube formation plays a role in
aggregation, these results suggest that aggregate formation may be a more complex
mechanism than previously assumed (Jezberová & Komárková 2007b). However, there
is also evidence against the hypothesis for grazing pressure causing aggregate
formation, as Pernthaler et al (1996) observed very little aggregation despite high grazing
pressure.
While nutrient limitation, predation and high light or UV can cause APP to aggregate,
certain genetic factors may “predispose” APP to aggregate formation (Callieri 2010;
Callieri et al 2011). Crosbie et al (2003a) showed that different strains of Synechococcus
exhibit different degrees of aggregation. However, it is currently not clear how much
aggregate formation is influenced by the genotypes present vs. the environmental
conditions (Passoni & Callieri 2000; Callieri 2010). Seasonal succession of different
types of Synechococcus in Lake Wakatipu, and the comparison of Synechococcus from
several lakes in Otago and Southland provide some evidence that genetic factors might
play a role in aggregate formation in Lakes Wanaka and Wakatipu (Chapter 5).
Potential food web implications of climate change
Carbon transfer through the microbial loop is most important in nutrient limited,
oligotrophic systems (Weisse 1991). Since carbon transfer through the microbial loop is
commonly considered less efficient than the “classic food chain” (Stockner & Porter
1988), a reduced importance of APP with climate change could increase the efficiency
of trophic transfer up the food web, but could also increase carbon sequestration via
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quicker sedimentation of larger phytoplankton (Weisse 1991). In contrast, Callieri et al
(2002) reported that in Lago Maggiore 80% of PCB produced carbon is taken up by
protists and presumably channelled to metazooplankton, but did not include
metazooplankton. In Lake Constance, during a phytoplankton bloom, presumably more
than 50% of pelagic carbon flow was channelled through the microbial food web
(Weisse et al 1990), but again no values for carbon transfer to metazooplankton are
given. In Lake Michigan it has been established that protists can be as important as prey
items for metazooplankton as phytoplankton (Carrick et al 1991). While Daphnia can
ingest PCB directly and reduce PCB numbers more effectively than copepods, copepods
feed on important grazers of PCB (HNF and ciliates) (c.f. Burns & Schallenberg 1996,
1998, 2001a, 2001b). The efficiency of the microbial loop could be influenced by large
aggregates of APP being directly ingested by larger grazers (e.g. copepods), and being
no longer available to HNF and ciliate grazers. Thus, the effect of changes in the
relative importance of PCB could also depend on metazooplankton present, as well as
on PCB aggregation behaviour (which determines the size of APP prey). PCB
aggregation in Lakes Wanaka and Wakatipu seems to increase with increasing DIN and
DRP, and may be linked to high light intensities. Therefore the climate change scenarios
of shallower mixing (Chapter 2; Bayer et al 2013), leading to light enrichment in the
epilimnion and possible increase of nutrient inputs, may increase aggregate formation in
Lake Wakatipu. The proportion of PCB in aggregates could be important in food web
dynamics as it is linked to edibility and the types of grazer that can ingest PCB. For
instance a large aggregate may be too big for HNF or rotifers, but may be targeted by
copepods directly. Thus, changes in PCB aggregation could change trophic pathways
and trophic efficiency.

131

Chapter 4: Picocyanobacteria dynamics

4.5 Conclusions
PCB contribution to phytoplankton biovolume and primary productivity in Lakes
Wanaka and Wakatipu were lower than previously reported, but similar to other
oligotrophic lakes (Table 4.5). The lack of dominance of PCB implies that trophic
efficiencies in the pelagic food webs in these lakes may not be as dependent on the
microbial loop as previous data (Naismith 1994; Schallenberg & Burns 2001)
suggested.
It was confirmed that PCB are well adapted to a low light climate and compete best with
eukaryotic algae at low light and low nutrients conditions in Lakes Wanaka and
Wakatipu. There was no evidence for nutrient limitation of PCB in the lakes: on the
contrary, their concentrations consistently declined with P enrichment in experiments.
As aggregations of PCB increased with higher nutrient concentrations as well as higher
light in Lakes Wanaka and Wakatipu, the formation of PCB into aggregates did not
seem to be caused by nutrient limitation. Chapter 5 presents some evidence that certain
strains of PCB are linked to higher incidents of PCB aggregation.
Since climate change is likely to result in some form of nutrient enrichment in the lakes,
PCB are likely to decrease in their relative contribution to phytoplankton and carbon
fixation, as may already have occurred in Lake Wanaka. Changes in the contribution of
PCB to total phytoplankton biovolume could be far reaching because their relative
dominance can affect trophic transfer efficiency (i.e. the amount of energy available to
zooplankton and fish). The positive relationships between the proportion of PCB present
in aggregates vs. light and nutrient concentrations could result in future changes to the
“edibility” of PCB and types of grazers that are able to exploit PCB, thus affecting
trophic pathways.
While the abiotic and biotic factors considered in this chapter can explain some of the
PCB seasonal pattern of abundance and “importance” and their aggregation behaviour,
they do not explain it completely. Genetic diversity and ecotype succession of PCB
have been suggested as another factor related to PCB dynamics (Ting et al 2002; Becker
et al 2007; Ivanikova et al 2007); these possibilities are investigated in the next chapter
(Chapter 5). The negative response of PCB to phosphate enrichment also warrants
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further investigation and, in chapter 6, I explore why this P inhibition may be occurring
in these lakes.
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5 Genetic diversity and seasonal succession of
Synechococcus in sub-alpine, oligotrophic New
Zealand lakes
5.1 Introduction
Despite their small cell size (< 3 µm) autotrophic picoplankton (APP) can contribute
substantially to primary production and food webs in oligotrophic lakes (Stockner &
Antia 1986; Stockner 1988; Weisse 1991; Callieri & Stockner 2002). APP can be
classified into eukaryotic and prokaryotic (i.e. picocyanobacteria), and according to
their shape (cocci vs. rods) and the type of dominant photosynthetic pigment. Although
phycoerythrin (PE) rich picocyanobacteria of the genus Synechococcus and Cyanobium
are not morphologically distinct enough to provide a basis for classification (Callieri
2008), it has been shown that different strains of Synechococcus can occupy different
niches within a lake and can have different nutrient and light requirements (Becker et al
2004; Ivanikova et al 2007). In addition, some strains seems to be prone to aggregation
(Crosbie et al 2003a; Callieri 2010; Callieri et al 2011). Thus, to assess impact of
climatic changes, which are likely to cause changes in lake physical properties and
nutrient concentration, on PCB biomass and seasonal succession, it is important to
know what strains are present and if their seasonal succession and occurrence is linked
to certain environmental conditions (such as season, nutrient concentration, light etc).
Picocyanobacteria (Synechococcus and Cyanobium are grouped into strains (or
genotypes), clusters and clades based on their genetic characteristics (Callieri 2008).
There appear to be at least six to seven clusters of non-marine PCB within the
picophytoplankton clade, and some closely related genotypes appear to be “globally”
distributed (e.g. described for lakes in Central Europe, North America and Japan) and
are observed in lakes with different limnological characteristics (Crosbie et al 2003a;
Ivanikova et al 2007). While Synechococcus clones have been sequenced from three
North Island lakes (Helensville Dam, Lake Kanui, Lake Rotoiti) (Rückert et al 2007)
and sequences published on the GenBank for uncultured Cyanobium and
Synechococcus in Lakes Rotoiti and Waihi (S. Wood, A. Rückert, S. Cary, GenBank
accession number EU015872-75), there is limited information about genotypes of PCB
occurring in fresh water in New Zealand. The most abundant APP in Lake Wakatipu in
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the past were 0.9–1.1 mm diameter cocci, rich in the photosynthetic pigment
phycoerythrin (PE) and, therefore, were assumed to be picocyanobacteria (PCB) of the
genus Synechococcus or Cyanobium (Schallenberg & Burns 2001). However, the
genetic diversity of the PCB in Lakes Wanaka and Wakatipu has not been studied yet.
Most PE-rich freshwater Synechococcus strains fall into the sub-alpine cluster 1, which
is claimed to be cosmopolitan and found in Europe, North America and Asia (Crosbie et
al 2003a; Ernst et al 2003; Becker et al 2004), but its presence has not yet been recorded
in New Zealand or elsewhere in the Southern Hemisphere. In this study, I tested 5 subalpine lakes in New Zealand (Lakes Wanaka, Wakatipu, Dunstan, Hawea, Manapouri)
for the presence of the sub-alpine cluster 1. As the sub-alpine cluster 1 is considered a
cosmopolitan cluster, I predicted that it is present in these New Zealand lakes.
The five lakes sampled in my study are all located in inland southern South Island on
the east slopes of the Southern Alps but have differences in morphology, land use and
plankton communities. Since studies have shown that even in neighbouring, similar
lakes, differences are often large enough to create “niches” for different strains (Becker
et al 2004; Ivanikova et al 2007), I predicted to find a number of different strains in
these lakes.
It is increasingly recognised, that many lakes possess a diverse community of PCB, and
different genotypes of Synechococcus dominate at different times and depths of the
water column, for instance in Lake Constance (Becker et al 2007). This seasonal and
vertical variation might be explained by the fact that despite small morphological
differences, different ecotypes of Synechococcus are adapted to specific light and
nutrient regimes (Ting et al 2002; Ivanikova et al 2007). In this chapter, the seasonal
succession of genetic diversity of Synechococcus in Lakes Wanaka and Lake Wakatipu
and possible linkages to abiotic or biotic factors are presented. I hypothesised that there
is a seasonal succession of strains in Lakes Wanaka and Wakatipu (as in Lake
Constance), possibly with a “spring, summer, autumn and winter assemblage”. In
addition, there may be differences between strains present in the epi- and hypolimnion
(because of the differences in light and nutrient conditions). If different strains with
different preferences of nutrient and light climate are present, this could be important in
assessing the lake responses to climate change, as changes in nutrient concentration and
light climate could alter the genetic diversity or dominant strains present and potentially
affect the role of PCB by increasing or decreasing their total importance.
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I have shown in Chapter 4 that the occurrence and seasonal prevalence of PCB
aggregates in Lakes Wanaka and Wakatipu was only loosely correlated with nutrient
dynamics or other environmental factors. While aggregate formation may be triggered
by environmental factors such as nutrient limitation, predation and high light, genetic
make-up may also play a role in aggregation behaviour, since different strains of
Synechococcus have been shown to have different degrees of aggregation (Crosbie et al
2003a; Callieri 2010; Callieri et al 2011). Thus, some strains may form aggregates more
readily than others (Callieri 2010; Callieri et al 2011). I hypothesised that in Lakes
Wanaka and Wakatipu the extend of aggregation differs among strains.
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5.2 Methods
Study sites
Lakes Wanaka, Wakatipu and Hawea are sub-alpine, deep, oligotrophic lakes in the
Queenstown Lakes District of Otago, New Zealand. Lake Dunstan is a shallower,
mesotrophic hydro-lake on the Clutha River, receiving water from both the outlets of
Lake Wanaka and Lake Wakatipu. Lake Manapouri is a deep, oligotrophic lake with a
catchment of native forest, located to the south-west of the other study lakes (Figure
5.1).
Samples for genetic diversity of PCB were taken from Lakes Wakatipu and Wanaka at
intervals of 1 – 3 months from September 2008 to May 2010 at 20 m and 80m depth at
deep sampling sites (AB in Wanaka, OW in Wakatipu), and 20 m in the Frankton Arm
of Lake Wakatipu (Figure 5.1). Lakes Dunstan and Hawea were sampled in March 2010
and Lake Manapouri in March 2009 at 20 m depth (Figure 5.1). Lake Dunstan was
sampled in the basin upstream from Cromwell and the deeper and narrower downstream
section, near the deepest point. Lake Manapouri was sampled at the deepest point, near
Pomona Island (Figure 5.1).
Sample processing
Five to 10 L of lake water were filtered through a 10 µm mesh to remove possible
interference by larger phytoplankton, and a pre-combusted GF/D filter (nominal pore
size 2.7 µm) onto a pre-combusted GF/F filter (nominal pore size 0.7 µm). The GF/F
and GF/D filters were frozen and stored in sterile 15 mL Falcon tubes at -80°C
(modified from Becker et al (2007), without addition of buffer (LeBreton et al 2000)).
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Figure 5.1 Location of sampling sites in Lakes Wanaka, Hawea, Wakatipu, Manapouri and Dunstan. OW
= Open Water, FA = Frankton Arm, MB = Minaret Basin, AB = Aspiring Basin, RB = Roy Bay

Analysis
The genetic diversity of Synechococcus was analysed using denaturing gradient gel
electrophoresis (DGGE), after PCR-based amplification of Synechococcus gene
sequences of the internal transcriber spacer (ITS 1) of the 16S – 23S rDNA region from
water samples (Becker et al 2007). This approach allows direct analysis of the PCB
community without prior culturing. Past research has shown that the 16S rDNA
sequence separates unicellular PCB from other cyanobacteria with 100% bootstrap
support (Crosbie et al 2003a; Ernst et al 2003). DNA extraction, PCRs and DGGE were
carried out in the Bannister Lab, Botany Department, University of Otago, with the help
of and under the direction of Tina Summerfield.
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For DNA extraction each filter was cut aseptically in six pieces, one of which was used
for DNA extraction, while the others were kept frozen as spares at -80°C. DNA was
extracted by addition of 300 µL of STE buffer (10 mM Tris-HCl [pH 8.0], 0.1 M NaCl,
1 mM EDTANa2) mixed with lysozyme to tubes containing a filter piece each. Samples
for DNA extraction were incubated at 37°C for 2 hours, before 10% sodium dodecyl
sulphate (SDS) was added to the samples and they were incubated at 37°C for 1 h, 95°C
for 15 min, 70°C for 15 min, and 37°C for 15 min. The next steps were two rounds of
phenol-chloroform extraction (i.e. addition of equal amount of 50:50 phenol:chloroform
solution to sample, centrifugation, removal of aqueous (top) layer to a new tube), after
which the extracted DNA was precipitated with 96% ethanol and resuspended in TrisEDTA buffer (Ivanikova et al 2007).
PCR: Picocyanobacterial DNA was amplified in a semi-nested PCR (in a standard PCR
machine) in 25 µL reactions using primer pairs to target the internal transcriber spacer
(ITS) region between the 16S rDNA and 23S rDNA gene sequences: PITSANF and
PITSEND for the first round of PCR and PITSGCANF and PITGC for the second round
(Becker et al 2002) under conditions outlined in Becker et al (2002). Primers in the 2nd
PCR target strains of the sub-alpine cluster 1, which contains most, but not all, known
PE-rich strains. After the first round and second of PCR, the presence of PCR products
was confirmed by electrophoresis of 5 mL of product in 1% agarose gels prior to
proceeding.
DGGE: Denaturing gradient gel electrophoresis was performed using a DCode
Universal Mutation Detection System (Bio-Rad, Hercules, CA, USA) on 16 x 16 cm
10% polyacrylamide gels, with a gradient of 10 – 40% (Becker et al 2002).
Electrophoresis was in 1 x Tris-borate-EDTA (TBE) running buffer at a constant
voltage of 200 V, at 60°C for 4 hours (Becker et al 2002). Gels were stained with
ethidium bromide (0.5 µg mL-1) for 10 min, then destained in 1 x TBE buffer for 15 min
prior to photographing.
DGGE gives no quantitative information on species composition, due to PCR bias (i.e.
PCR does not replicate DNA proportionally). However, if samples are diluted after
DNA extraction, PCR bias can be reduced to a point where the dominant species is
exclusively amplified (unless there was a subdominant population), and the intensity of
the band on the DGGE gel should be roughly proportional to the abundance in the
community (Katano & Fukui 2003). Due to problems of inhibition of PCR, DNA and

139

Chapter 5: Genetic diversity of picocyanobacteria

products of the first PCR had to be diluted by varying degrees (1:1 to 1:100), thus it is
possible that only the dominant strain(s) were amplified in some, or most, samples.
To assess relationship between DGGE bands and environmental variables a factor
analysis was conducted on all samples from the five lakes sampled using IMB SPSS
Statistics (version 20), as well as a principal component analysis on the same data set
using ‘R’ (version 2.10.0, The R Foundation for Statistical Computing).
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5.3 Results
Genetic diversity and seasonal succession of strains
According to their PCR1 product (a 903 – 1004 base pair sequences of the ITS 1
between the 16S rDNA and 23S rDNA regions amplified by PITSANF and PITSEND),
PE-rich Synechococcus from Lakes Wanaka and Wakatipu appear most closely related
to each other, two uncultured Cyanobium from Lake Rotoiti (S. Wood, A. Rückert, S.
Cary, GenBank no EU015872 and EU015873), and a sequence from a northern
Patagonian lake (uncultured cyanobacterium clone AL-01, GenBank No. GQ401166,
Caravati et al (2010)) (Figure 5.2). These four Southern Hemisphere lakes seem to
cluster outside the sub-alpine cluster 1, and other described clusters (Figure 5.2). DGGE
bands represent variations in the ITS 1, which could represent unique PE-rich strains or
even ecotypes, but since they were not cultivated or cloned to confirm, they will be
referred to as “types”, rather than strains.
There was a distinct difference among the five lakes sampled in Otago in DGGE bands,
with “type 5” dominant in the PCR products of PCB DNA from Lakes Dunstan,
Wanaka and Manapouri in March 2009 and 2010 but “type 2” dominant in Lakes
Hawea and Wakatipu in March 2010 (Figure 5.3). However, across all five South Island
lakes all types were present over a range of nutrient conditions and chl a concentrations
(Table 5.1). There was a weak trend for “type 2” to be more common with low
concentrations of TP, however, and “type 5” to be more common with high TP
concentrations. “Type 2” also appeared more common in lakes with high contribution of
PCB to phytoplankton biomass and high percentage of PCB in aggregates (Table 5.1).
At times of high DIN, a larger number of PCB types tended to be present. In Lake
Wakatipu more “types” were present in summer, but there was no obvious relationship
between the number or kind of types present and the contribution of PCB to total
biomass, chl a or nutrient concentrations.
In Lake Wanaka there was little seasonal variation and “type 5” dominated, with the
only exceptions being January 2009 (Type 1 and 3 present), October 2009 (Type 1 and
5 present) (Figure 5.4). In Lake Wakatipu four distinct types were present (Figures 5.5,
5.6). The most commonly occurring type was “type 2”, which was present in all months
except March 2009, August 2009 and from March to May 2010. “Type 5”, which
dominated in Lake Wanaka, was present in Lake Wakatipu in the summer of 2009 and
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late spring/summer 2010, during a period of stratification and low nutrient
concentrations. It also coincided with a high proportion of PCB being present in
aggregates (Figure 5.5). “Type 1” first appeared in August 2009 and was then observed
in all samples except December 2009. In Lake Wakatipu, in spring predominantly “type
2 and 3” were present, whereas in summer “type 2 and 3” but also “type 4 and 5” were
present. In autumn and winter the diversity was less with only one type present (i.e. in
autumn either “type 1 or 5” and in winter “type 1” only).
When the types present at depths of 20 m and 80 m in Lake Wanaka in January, March
and August 2008 are compared, the types present were identical in August, but not in
January and March where “type 2” was present at 80 m depth, but not at 20 m. “Type 5”
was always present in the deep sample, but not necessarily in the shallow sample. In
Lake Wakatipu there was no difference in types between 20 m and 80 m depth in
January and March, but in August there were more types in the deep sample (Types 1,
3, and 5 at 80 m compared to “type 1” at 20 m).
Two samples were compared for the size fraction less than 3 µm and greater than 3 µm
(i.e. single vs. aggregated cells). In Lake Wakatipu in August 2009 (Figures 5.3, 5.7)
”type 1” was present in the ≤ 3 µm size fraction, and “type 2” in the larger size fraction,
and in Lake Wanaka “type 1” was present in the larger size fraction, but “type 5” in the
smaller size fraction (Figure 5.3).
There was no significant correlations between DGGE bands and environmental
variables (DIN, TP, chl a, PCB concentration, percentage of PCB in aggregates,
percentage of PCB contribution to total phytoplankton biomass) when only samples
from either Lake Wanaka or Lake Wakatipu, respectively, were considered. However,
when samples for all five lakes were pooled the correlation matrix of a factor analysis
showed significant correlations, as also shown in a PCA (Figure 5.8). The DGGE bands
present were correlated to TP (r = 0.28, p = 0.04), chl a (r = 0.35, p = 0.02), the number
of PCB cells present (r = -0.31, p = 0.03), percentage of PCB in aggregates (r = -0.39, p
= 0.01), the contribution of PCB to total phytoplankton biomass (r = -0.41, p = 0.01)
and the lake the sample was taken from (r = 0.35, p = 0.02).
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PC-rich outgroup
Tibetan cluster 2
Lake Biwa cluster

Sub-alpine cluster 1

Cyanobium gracile
cluster

Sub-alpine cluster 2
Figure 5.2 Comparison of a partial sequence of the ITS1 between the 16S rDNA and 23SrDNA for
selected strains/isolates (Name of strain, source lake, GenBank accession number, country). Strains
classified as belonging to a cluster by: Ernst et al (2003), Becker et al (2004), Wu et al (2010). Data from
GenBank, submitted by: Ernst et al (2003), Rückert et al (2007), Caravati et al (2010), Wu et al
(2010).”Virtual PCR products” were generated with primers PITSANF and PITSEND (Becker et al 2002)
using the programme ‘AmplifX’
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Figure 5.3 DGGE gel including samples from Lakes Wanaka (ML), Wakatipu (OW), Dunstan (DU),
Hawea (HA) and Manapouri (MA) taken at 20 m water depth between September 2008 and March 2010.
Samples were pre-filtered to remove colonies, except for OW 20 m 08/09 > 3 µm
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Figure 5.4 Phytoplankton and PCB biovolume (µm3) in Lake Wanaka from September 2008 to May
2010. Numbers (1-5) indicate bands present in DGGE
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Figure 5.5 Phytoplankton and PCB biovolume (µm3) in Lake Wakatipu from September 2008 to May
2010. Numbers (1-5) indicate bands present in DGGE

Figure 5.6 DGGE gel for Lake Wakatipu from September 2008 to May 10 from open water site (deep)
and Frankton arm (shallow). The ‘marker’ is used to help identify bands and contains a mix of types 1, 2
and 5

Figure 5.7 DGGE gel for Lakes Wanaka (ML) and Wakatipu (OW) for samples from 20 m and 80 m
water depth. Samples were either pre-filtered through <3 µm or 25 µm (>3 µm) before collection on the
filter. The ‘marker’ is used to help identify bands and contains a mix of types 1, 2 and 5.
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PCB_C
PCB_A

Figure 5.8 Principal component analysis of DGGE bands and environmental variables for samples from
five Southern New Zealand lakes. PCB = concentration of picocyanobacteria (PCB). PCB_C =
contribution PCB to total phytoplankton biomass. PCB_A = Percentage of PCB present in aggregates
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Table 5.1 Picocyanobacteria (PCB) concentrations and DGGE bands present in 5 lakes in southern New Zealand in March 2009 or March 2010 in relation to land use,
nutrients, chl a, light attenuation, dominant algae, and zooplankton abundances. Nutrients and chl a in µg L-1. PCB in 103 cells mL-1. Zooplankton individuals per m3.
Lake

Wakatipu

Wanaka
Hawea

Land
use

DOC

NNN

NH4

DRP

TN

TP

Chl
a

kd

PCB
single
cells

PCB
total

% in
aggregates

PCB
pigment

DGGE
band

PCB%

1 - 3,
5

1.3

21

4.2

<1.0

34

1.4

0.52

0.13

74

95

24

PE

2*

71%

1 - 4,
5

1.7

11

5.5

<1.0

44

<1.0

0.69

0.15

19

20

2

PE

5

14%

1, 2

1.1

2

<1

<1.0

43

1.1

0.67

0.15

34

44

28

PE

2

25%

5

1.8

28

2.2

<1.0

86

1.6

0.80

0.31

44

44

1

PE

5

28%

25

27

8

PE

5

8%

27

32

20

PE

N/D

11%

Manapouri

2, 3,
Dunstan
1.6
10
<1
<1.0 31 3.4
1.61 0.23
4, 6
shallow
2, 3,
Dunstan
1.8
22
5.2
<1.0 38 4.4
1.19 0.24
4, 6
gorge
* dominant band in Lake Wakatipu in most samples
1 Scree/glacial, 2 Tussock, 3 Residential, 4 Farming, 5 Native forest, 6 Vineyards
PCB%: Contribution of PCB to biovolume
Cladocerans: Daphnia, Bosmina, Ceriodaphnia
N/D not determined

Dominant
algae

Copepods
m-3

Cladocerans
m-3

Colonial
green,
Dinobryon

29885

2404

Cyclotella

204

2669

6315

4013

3640

14668

20

15075

143

6539

Ceratium,
Dinobryon
Colonial
green,
Aulacoseira
Dinobryon,
Cyclotella
Dinobryon,
Cyclotella
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5.4 Discussion
Genetic diversity of PCB in New Zealand
Due to the cosmopolitan nature of the sub-alpine cluster of PCB I expected to find its
presence in five southern New Zealand lakes. Contrary to my prediction, Synechococcus
from Lakes Wanaka and Wakatipu did not cluster within the sub-alpine cluster 1 and
other described clusters of PE-rich Synechococcus (Figure 5.2), but with sequences
from two Southern Hemisphere lakes, including Lake Rotoiti (S. Wood, A. Rückert, S.
Cary, GenBank no EU015872 and EU015873), and a sequence from a northern
Patagonian lake (Caravati et al 2010), in proximity of the sub-alpine cluster 1. These
results may indicate a potential “Southern Hemisphere sub-alpine lake” cluster of
Synechococcus. They may also be further evidence for a tendency of Synechococcus to
form regional (sub-)clusters, including a Tibetan lakes sub-cluster discovered recently
(Wu et al 2010). However, a novel cluster discovered in Lake Superior was not
widespread in the Great Lakes (Ivanikova et al 2007). Further research will show
whether some Synechococcus clusters are truly cosmopolitan and how prevalent
regional (sub-)clusters are.
Seasonal succession and distribution of different strains of Synechococcus in
relation to (seasonal changes in) environmental factors
While my hypothesis of seasonal succession of PCB strains was supported for Lake
Wakatipu, there was very little variation in PCB strains in Lake Wanaka. In Lake
Wakatipu “Type 2” was not present in autumn and winter, which might suggest that this
type may be adapted to summer conditions, including more light, lower nutrients, or
higher grazing. There is evidence that ecotypes of Synechococcus can adapt to different
light and nutrient regimes (Ting et al 2002; Ivanikova et al 2007), and certain genotypes
dominate at different times (in Lake Constance, Becker et al 2007). Despite their
generally high affinity for P, some genotypes (e.g. genotype BO8807) need
comparatively more phosphate for maximum growth than other genotypes, and thus are
relatively more abundant when the P-supply is high (e.g. at the onset of stratification)
(Becker et al 2007). Light requirements and photo acclimation can also be strain
specific (Callieri et al 2005; Moser et al 2009). I further hypothesised that there are
differences between strains of the epi- and hypolimnion in Lakes Wanaka and
Wakatipu. There was some evidence for variation with depth in Lakes Wanaka and
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Wakatipu, suggesting potential vertical “niche partitioning” of PCB types, in addition to
temporal variation in dominant type. More detailed data on the presence and succession
of PCB types in these lakes might let a clearer picture emerge.
I predicted to find a number of different strains in five neighbouring but
morphologically and ecologically different lakes in southern New Zealand. In fact, the
type of Synechococcus present varies in the five sampled lakes and DGGE showed
clustering in two groups, with Lakes Wakatipu and Hawea in one group, and Lakes
Wanaka, Dunstan and Manapouri in the other. The second group of lakes was
characterised higher biomass of eukaryotic algae, lower transparency, higher DOC
concentrations, a relatively lower proportion of PCB in aggregates, and a relatively
lower contribution of PCB to total phytoplankton biovolume. These differences might
have contributed to the selection of a different dominant type in the two groups of lakes,
since differences between or even within one lake do not need to be large to create
“niches” for different strains (Becker et al 2004; Ivanikova et al 2007). Factor analysis
of relation of DGGE bands to environmental factors across all lakes supports a
relationship between PCB types and nutrients, phytoplankton biomass and the lake
sampled (Figure 5.8). This “niche partitioning” according to different light and nutrient
conditions could determine the future dominance and occurrence of different strains,
and thus, to a limited extent, the response of PCB to climate change. However, other
factors, including differences in food webs, linked to copepods being dominant
zooplankton in one group and Daphnia in the other, are also a possible explanation for
differences in dominant PCB types. Future research on the distribution of PCB strains in
New Zealand lakes and factors affecting their distribution is recommended.
Environmental variables, strain prevalence and aggregate formation
I showed that the percentage of PCB present in aggregates seems to coincide with the
type of Synechococcus present in Lakes Wanaka and Wakatipu. Seasonal succession of
DGGE bands and comparison of several lakes in Otago in March 2009 and 2010
provide some evidence that genetic make-up could play a role in aggregate formation:
The lakes in which “type 2” was present have the highest percentage of PCB in
aggregates, and across all lakes the PCB type present was correlated to the percentage
of PCB in aggregates. It is currently not known how much aggregate formation is
influenced by the genotypes present and how much by environmental conditions
(Passoni & Callieri 2000; Callieri 2010). Nutrient limitation, predation and high light or
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UV can trigger APP aggregate formation (Koblížek et al 2000; Passoni & Callieri 2000;
Callieri et al 2011), and high light, but not nutrient limitation, appears to coincide with
high aggregate formation in Lake Wakatipu (Chapter 4). However, certain prerequisites
may exist or their genetic make-up may “predispose” APP to aggregate formation
(Callieri 2010; Callieri et al 2011), as different strains of Synechococcus can have
different degrees of aggregation (Crosbie et al 2003a). Some strains in Lake Constance
possess a layer on their surface that could facilitate aggregation (Ernst et al 1996). There
is still a wide scope for more research into causes of PCB aggregation.
Limitations of this study
Since DGGE results for Lakes Wanaka and Wakatipu mostly come from < 3 µm filtered
water, cells that were present in aggregates are likely to have been underrepresented.
Therefore, my results may be a weak indication only of links of PCB type and
aggregation. However, if individual cells that separated from an aggregate were present
in the filtered water, their DNA would have been amplified and represented in the
DGGE.
Although most clusters of Synechococcus appear to be cosmopolitan, some seem
restricted to a particular geographical location, such as the dominant PCB in Lake
Superior (Ivanikova et al 2007). By using relatively “narrow” primers, strains of a
potential new New Zealand cluster might have gone unnoticed, and thus the true genetic
diversity of PCB in the five lakes sampled in southern New Zealand may be higher.
However, most PE-rich strains so far described are either part of the sub-alpine cluster 1
or 2 or Lake Biwa cluster (Crosbie et al 2003a; Ernst et al 2003; Becker et al 2004; Wu
et al 2010). While the DGGE primers used may have been too narrow to amplify some
PE-rich strains from sub-alpine cluster 2 and the Lake Biwa cluster, their DNA should
have been amplified with the 1st PCR primer and produced bands of a different size (i.e.
794 to 942 base pairs based on published sequences). Although some shorter bands
were present, they were identified as eukaryotic chloroplasts. However, for future
research the use of a wider primer pair is recommended. My results also suggest the
future need for a broader genomic analysis including other genes (e.g. the 16S rRNA
gene), and the analysis of transcriptomes or 16S rRNA to determine which strains are
active in situ.
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5.5 Conclusions
PE-rich Synechococcus of New Zealand lakes and a Patagonian lake seem to cluster
outside the sub-alpine cluster 1, indicating a potential “Southern Hemisphere sub-alpine
lake” cluster of Synechococcus. Seasonal succession of strains in Lake Wakatipu and
differences in strains between the lakes suggest some “niche partitioning” among
strains, which could have implications for the response of PCB, and thus subsequently
the entire aquatic food web, to climate change. There is some evidence that certain types
of Synechococcus in the five lakes sampled in Otago may coincide with higher
incidence of PCB in aggregates.
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6 Potential causes of the negative response of
picocyanobacteria to nutrient enrichment
6.1 Introduction
Autotrophic picoplankton (APP), including prokaryotic picocyanobacteria (PCB), are
important contributors to primary productivity and phytoplankton biomass in the ocean
and oligotrophic freshwater lakes, including deep, oligotrophic New Zealand Lakes
Wanaka and Wakatipu (Naismith 1994; Schallenberg & Burns 2001), where they form
an important part of the microbial ‘loop’ of the food web (Stockner & Antia 1986;
Stockner 1988; Weisse 1991; Callieri & Stockner 2002). The low nutrient
concentrations favouring PCB in these lakes could increase with climate change due to
increased nutrient inputs as a result of increased rainfall and runoff (Ministry for the
Environment 2008), increased weathering due to reduced snow cover, higher air
temperatures and more extreme weather events (Rogora et al 2003), and increased
deposition of aeolian dust (phosphorus) with increased wind speeds (McGowan et al
1996). Several studies in Europe confirm a trend for increased nutrient input to lakes
with climate change in areas with increased rainfall (Pierson et al 2010, Jeppesen et al
2011). In addition, land use development, with intensification in pastoral farming, is
increasing on the shores of Lakes Wanaka and Wakatipu, and could result in nutrient
enrichment in these lakes.
Nutrient enrichment is likely to negatively affect PCB in Lakes Wanaka and Wakatipu
because experiments conducted in the Frankton Arm of Lake Wakatipu in January 1995
(Burns & Schallenberg 1998) and in 1997/8 (Schallenberg & Burns 2001) showed that
adding trace amounts of phosphate resulted in reduced growth rate of PE-rich
picocyanobacteria in most seasons. Studies in other lakes report both positive (Vaulot et
al 1996; Stockner & Shortreed 1989; Drakare 2002) and negative (Rhew et al 1999;
Tzaras et al 1999) responses of PCB to nutrient enrichment. Because PCB have
constituted the base of the pelagic food web in Lakes Wanaka and Wakatipu in the past
(Naismith 1994; Burns & Schallenberg 1998; Schallenberg & Burns 2001), changes in
PCB contribution to biomass with nutrient enrichment (increased by climate or land use
change) could have implications for the aquatic food web and energy flow. My evidence
for P inhibition of PCB in these lakes was presented in Chapter 4; in this chapter I
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consider hypotheses as to why this reduced growth rate after P addition may have
occurred.
The relative importance of PCB decreases with increasing trophic status (Paerl 1977;
Burns & Stockner 1991; Vörös et al 1998; Burns & Galbraith 2007). This decrease is
commonly attributed to APP losing their competitive edge over other phytoplankton at
higher nutrient concentrations (Wehr 1993; Vadstein 2000; Moutin et al 2002; Callieri
2008), or to increased competition with bacteria for nutrients at higher DOC levels
(Drakare 2002). Therefore, the negative responses to nutrient enrichment (especially to
phosphate) in Lakes Wanaka and Wakatipu could be due to PCB losing a competitive
advantage at low nutrient concentrations to larger, eukaryotic algae at the higher
nutrient concentrations (Wehr 1993; Vadstein 2000; Moutin et al 2002; Callieri 2008). I
hypothesised that P-inhibition would be less prevalent if competition by other algae was
reduced prior to P additions. If reduced growth was purely due to competition with
larger phytoplankton for the available nutrients, it should not have been observed in
experiments where these cells were removed with pre-filtration.
Besides competition from other phytoplankton, other possible causes of reduced growth
of PCB with phosphate additions could be either i) increased competition by
heterotrophic bacteria for nutrients (Drakare 2002) or ii) increased viral control of PCB
(e.g. Wilson et al 1998; McDaniel & Paul 2005). Currie and Kalff (1984) and Drakare
(2002) showed that heterotrophic bacteria are superior to PCB in competition for P if
sufficient carbon is available. Lakes Wanaka and Wakatipu are both low in DOC (Rae
et al 2001), but increased precipitation and runoff (which may be associated with
climate change) could increase the DOC input to lakes, and thus fuel the productivity of
heterotrophs (Yoshioka et al 2002). Tzaras et al (1999) reported a decrease in APP and a
simultaneous increase in heterotrophic bacteria when P was added to mesocosms in a
small oligotrophic lake with 4 – 5 mg L-1 DOC. Certain types of heterotrophic bacteria,
can accumulate phosphate present in elevated concentrations in the form of
polyphosphate inclusions, thereby quickly removing phosphate-P from the water
(Oehmen et al 2007), making it unavailable for use by other microorganisms.
I hypothesised that P-inhibition is an effect of competition with heterotrophic bacteria,
and occurs simultaneously to an increase in heterotrophic bacteria in nutrient enriched
treatments.
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Phages (bacterial viruses) play an important role in the control of APP and
cyanobacteria in marine environments and lakes (Mühling et al 2005; Baudoux et al
2008; Personnic et al 2009). For example, losses of cyanobacteria due to viruses may
exceed grazing losses in three sub-alpine lakes in autumn (Personnic et al 2009).
Mortality due to viruses can be as high as grazing losses (Tsai et al 2012) and be
responsible for about 30% of mortality for marine cyanobacteria (Proctor & Fuhrman
1990). There is evidence that viral reproduction in algae can be phosphate limited
(Bratbak et al 1993). For heterotrophic bacteria it has been shown that phosphate
additions can trigger conversion of prophages to infectious viruses (Williamson et al
2002). Wilson et al (1996, 1998) propose that when Synechococcus cells are starved for
phosphorus, viral reproduction is inhibited. Phage reproduction is then triggered by the
addition of phosphate, causing a shift from a lysogenic to lytic cycle. A marine field
study showed that abundances of cyanophages decreased along a gradient from nutrientrich coastal to oligotrophic open water, suggesting that lower concentrations of nutrients
could favour lysogeny rather than lytic infection (Sullivan et al 2002). I hypothesised
that P-inhibition is consistent with control by phages. If this were the case there should
be evidence for lysis of PCB cells under scanning electron microscopy (SEM).
If the negative response of APP to P additions is due to increased P favouring larger
eukaryotic phytoplankton or heterotrophic bacteria or to a stimulation of viral lysis, then
the negative PCB response to P additions should be only temporary, i.e. PCB
populations will recover after the pulse of P has been taken up and nutrient
concentrations are lower again. Previous experiments in Lakes Wanaka and Wakatipu
(Schallenberg & Burns 2001) were run for 48 h and, therefore, did not note a
subsequent recovery of APP. I aimed to test whether typical declines in PCB after P
additions were only temporary and whether PCB eventually recovered after a
temporary decline immediately after P additions. I predicted that PCB populations
would recover from P-inhibition throughout a longer experimental duration.
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6.2 Methods
Study sites
Lake Wakatipu and Lake Wanaka are sub-alpine, ultra-oligotrophic lakes in the
Queenstown Lakes District, South Island, New Zealand (Figure 6.1). The lakes have
maximum depths of more than 300 m, are warm-monomictic, thermally stratifying from
December to June, and have very low concentrations of nutrients and algal biomass
(Chapter 3, Table 6.1).

Figure 6.1 Map of Lakes Wanaka and Wakatipu with sampling locations and approximate 200 m, and
300 m water depth contour lines (Bathymetry information from Irwin (1972, 1976), map source arc info).
OW = Open Water, FA = Frankton Arm, MB = Minaret Basin, AB = Aspiring Basin, RB = Roy Bay.
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Table 6.1 Characteristics of Lakes Wanaka and Wakatipu. Range (Standard Deviation) from September
2008 – May2010 at 20 m depth (Chapter 3) unless otherwise indicated.

Lake type
Max depth [m]
Lake area [km2]
Catchment area [km2]
Lake fetch [km]
Mean residence time [y]
Volume [km3]
Euphotic depth [m]
PCB [103cells mL-1]
Chl a [µg L-1]
DIN [µg L-1]
DRP [µg L-1]
DOC [mg L-1]

Lake Wanaka
glacial1
3112
1801
25901
33.44
5–6
33
23.6 – 49 (36.5)
22 – 97 (45)
0.3 – 1.4 (0.7)
16 – 44 (31)
<1 to 2.3
0.66

Lake Wakatipu
glacial1
3803
2891
26741
29.74
12.65
61.55
15.9 – 32.6 (27.2)
14 – 70 (27)
0.4 – 2.4 (1.2)
15 – 43 (29)
<1
0.56

1

Livingstone et al (1986)
Irwin (1976)
3
Irwin (1972)
4
Hamill (2006)
5
Pickrill & Irwin (1982)
6
Rae et al (2001)
2

Sampling and analysis
Water for experiments was collected from open water sites in Lake Wakatipu (Site OW
in February, September and December 2009, May 2010) and Lake Wanaka (Site ML in
March, May, August and October 2009, January and March 2010) at 20 m depth (Figure
6.1). The water for all treatments was kept cool until returned to the laboratory and
screened through a 55 µm mesh. To determine whether the previously recorded negative
response to P addition (Schallenberg & Burns 2001) is likely to be a result of
phytoplankton competition or predation, two experiments were conducted in each lake
comparing treatments where all organisms larger than 2.7 µm were removed (referred to
as ‘pre-filtered’) with treatments that only had metazooplankton grazers removed (55
µm) (referred to as ‘unfiltered’). For ‘pre-filtered treatments’ there was an additional
filtration through a GF/D filter (nominal pore-size 2.7 µm) using acid cleaned filtration
equipment. The water was then transferred to 300 mL borosilicate BOD bottles, and
either spiked with nutrients (2.5 µg L-1 phosphate as NaH2PO4·H2O or 50 µg L-1
NH4NO3, which corresponds to approximately doubling the in-lake concentrations
measured by Schallenberg and Burns (2001)), or not, for the controls. Three replicates
of each treatment were run. Bottles were incubated at ambient lake temperature at
saturating light intensities (311 µmol photons m-2 s-1) for 48 h in most experiments. For
experiments in February, March, May and August 2009 there were additional treatments
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at 44 µmol photons m-2 s-1. An experimental duration of 48 hours was selected for these
experiments to reduce any “bottle effects” while allowing sufficient time to observe
responses. Doubling rates of 1 – 4 days were suggested by Padisák et al (1997) and
Stockner et al (2000). However, experimental data from a Swedish lake (Drakare 2002)
showed that APP responses to P additions were depressed until after 3 days, so longer
experiments may give a better representation of responses. Therefore, to assess longer
term effects of P additions, four experiments were run for either 6 days or 11 days.
Picocyanobacteria were enumerated by epifluorescence microscopy. Ten mL of sample
were filtered onto black 0.2 µm pore size polycarbonate filters (Millipore or GE
Osmonics) using low vacuum pressure (0.13 mbar). After filters had been in the dark for
15 – 30 min, they were mounted on microscope slides using low fluorescence
immersion oil and frozen immediately for up to 1 month. The PCBs were counted on a
Zeiss Axiophot (Carl Zeiss Jena GmbH, Jena, Germany) microscope with UVillumination. A green filter set was used (BP546:12:FT580:LP590) as it has been shown
that very few picoplankton in Lake Wakatipu fluoresce under blue excitation (Burns &
Schallenberg 1998), which was confirmed in my samples for both lakes. Preservation
with formaldehyde (2% final concentration), which does not auto-fluoresce like
glutaraldehyde (Crosbie et al 2003b), prior to filtration was observed to decrease the cell
counts compared to samples with no addition of preservative (by 10% on average, n =
20). Therefore, samples were processed without the addition of a preservative. At least
20 fields or 400 single cells were counted at 1000x magnification, and at least 40 fields
(for samples high in aggregates) or ¼ of the filter (for samples low in aggregates) at
400x for picocyanobacteria present in aggregates. Aggregates were counted as small,
medium, large or very large at 400x and the average number in each size category was
determined from counting cells in at least 20 aggregates per size per sample at 1000x.
Heterotrophic bacteria samples were preserved with 2% 0.2 µm-filtered formalin, and
stored at 4°C in the dark. On the day of counting 5 ml were filtered onto black 0.2 µm
polycarbonate filters, stained with 7.5 µg DAPI (i.e. final concentration of 1.5 µg DAPI
mL-1) for 5 min in the dark and then the filters were mounted on glass microscope slides
and the bacteria counted immediately under UV light (filter set: BP 365/12, F3 395) at
1000x.
For scanning electron microscopy (SEM), 200 ml were filtered on 0.2 µm pore size
polycarbonate filters. Cells were fixed with a glutaraldehyde buffer, and subjected to a
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critical point drying process. A small piece of filter was mounted on a stub and coated
with gold before being examined using a field emission scanning electron microscope
(JEOL Ltd, Tokyo, Japan) fitted with JEOL 2300F EDS system (JEOL Ltd, Tokyo,
Japan).
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6.3 Results
Filtered vs. unfiltered treatments
The addition of both N and P alone and in combination in nutrient enrichment
experiments frequently depressed the growth of PCB compared to the Control treatment
in Lakes Wanaka and Wakatipu (Figures 6.2, 6.3). There was less growth in the prefiltered treatments compared to the unfiltered treatments, owing possibly to the removal
of PCB in aggregates with pre-filtration (Figures 6.2, 6.3). There was a stronger
reduction in growth rate after P addition in the pre-filtered than in the unfiltered
treatments in May 2009 in Lake Wanaka (Figure 6.2) and in December 2009 in Lake
Wakatipu (Figure 6.3) but no significant response to N in any of the pre-filtered
treatments.
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Figure 6.2 Change in PCB concentrations relative to initial concentrations for Lake Wanaka in nutrient
addition experiments from March 2009 – March 2010. Error bars = ± SE. *= significantly different from
Control (p < 0.05). C = Control, P = added phosphate, N = added ammonium and nitrate, NP = added
phosphate, ammonium, nitrate. Treatments ‘< 3µm’ were pre-filtered through GF/D filters
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Figure 6.3 Change in PCB concentrations relative to initial concentrations for Lake Wakatipu in nutrient
addition experiments from February 2009 – May 2010. Error bars = ± SE. * = significantly different from
Control (p < 0.05). C = Control, P = added phosphate, N = added ammonium and nitrate, NP = added
phosphate, ammonium, nitrate. Treatments ‘< 3µm’ were pre-filtered through GF/D filters

Morphology of PCB cells after P-addition
Across all experiments a substantial proportion of PCB cells from Lakes Wanaka and
Wakatipu P treatments showed changes in morphology visible under epifluorescence
microscopy, with black dots in the centre or sickle shaped cells (Figure 6.4). These cells
are herewith referred to as ‘abnormal cells’.
B

A

1µm

1µm

Figure 6.4 PCB cells from nutrient addition experiments in Lake Wakatipu, under epifluorescence. A
‘normal’ cells, B ‘abnormal’ cells

In unfiltered water (< 55 µm), the P treatment resulted in more than 90% ‘abnormal’
PCB cells in Lake Wanaka and 40 – 86% in Lake Wakatipu, whereas PCB cells were
unaffected by the N treatment in unfiltered treatments (Figure 6.5). There was, a small
effect of N addition on PCB cells in pre-filtered treatments (2 – 50%, Figure 6.5). When
water was pre-filtered (< 3 µm) prior to the experiment, the percentage of abnormal
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PCB cells in P treatments after 48 hours was over 90% for both lakes, with the
exception of Lake Wanaka in March 2010 (55%).
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* *
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Lake Wanaka
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Lake Wakatipu

60%
40%
20%
0%
initial

P < 3µm N < 3µm C < 3µm

P
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Figure 6.5 Percentage of ‘abnormal’ PCB cells in nutrient additions to water from Lakes Wanaka and
Wakatipu after 48 hours. Error bars = ± SE, n = 2 to 6. C = Control, P = added phosphate, N = added
ammonium and nitrate, NP = added phosphate, ammonium, nitrate. Treatments ‘< 3µm’ were pre-filtered
through GF/D filters. Asterisks indicates significant difference (p < 0.05) compared to Control treatments

Six to eleven day experiments
In Lake Wanaka the concentrations of PCB increased over the course of an 11 day
experiment in October 2009, with smaller increases in the P compared to the Control
treatment. However, PCB decreased over the course of 6 days in January 2010 (Figure
6.6). In the P treatment, the percentage of abnormal looking PCB cells decreased after
day 2 in October 2009, but remained at high levels after 6 days in January 2010 (Figure
6.7). In October 2009 there was no increase in the percentage of abnormal cells over the
course of the experiment in the Control, but in January 2010 there was a substantial
increase.
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Figure 6.6 Changes in PCB concentrations during 11-day nutrient additions to Lake Wanaka water in
October 2009 (A) and 6-day nutrient additions in January 2010 (B) to treatments pre-filtered through
GF/D filters. Error bars = ± SE. C = Control, P = added phosphate, N = added ammonium and nitrate. * =
significantly different from Control (p < 0.05)
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Figure 6.7 Changes in percentage of ‘abnormal’ cells during 11-day nutrient addition experiment for
Lake Wanaka in October 2009 (A) and 6 day experiment in January 2010 (B) in treatments pre-filtered
through GF/D filters. Error bars = ± SE. C = Control, P = added phosphate, N = added ammonium and
nitrate. * = significantly different from Control (p < 0.05)

A similar pattern to the one shown in Lake Wanaka was observed in Lake Wakatipu,
when water was pre-filtered. In December 2009, PCB concentrations in the P treatment
increased initially (albeit by less than in the Control). Then after day 4 numbers
dropped, reducing to below the initial concentration by day 11 (Figure 6.8). The
concentrations in the Control treatment also started to decrease after day 4, but much
less rapidly.
The percentage of ‘abnormal’ cells in P treatments was higher in the < 3µm pre-filtered
treatments compared to the < 55µm treatments (Figure 6.9), but the percentage of
‘abnormal’ cells in the P treatment declined after day 4.
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Figure 6.8 Changes in PCB concentrations during 11 day nutrient addition experiment in for Lake
Wakatipu December 2009 (A) and 6 day experiment in May 2010 (B) in treatments pre-filtered through
GF/D filters. Error bars = ± SE. C = Control, P = added phosphate. * = significantly different from
Control (p < 0.05)
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Figure 6.9 Changes in percentage of ‘abnormal’ cells during 11 day nutrient addition experiment for
Lake Wakatipu in December 2009 (A) and 6 day experiment in May 2010 (B). Error bars = ± SE. C =
Control, P = added phosphate. * = significantly different from Control (p < 0.05)

The percentage of PCB cells in aggregates increased over the course of the 11 day
experiment in December 2009 in the Control and P treatments, with a higher increase in
the P treatments (Figure 6.10). PCB in the pre-filtered P treatment also started forming
aggregates, increasing from 0 to 20% cells in aggregates.
Therefore, while the concentrations of single PCB in both the Control and P treatments
and total concentration in the Control treatment decreased towards day 11 in December
2009, the total concentration of PCB in the < 55µm phosphate treatment, including cells
in aggregates, increased (Figure 6.11).
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Figure 6.10 Changes in percentage of PCB cells in aggregates in 11 day nutrient addition experiment in
December 2011 in treatments pre-filtered through a 55µm sieve for Lake Wakatipu. Error bars = ± SE. C
= Control, P = added phosphate. * = significantly different from Control (p < 0.05)
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Figure 6.11 Changes in PCB abundance of single and total cells (including cells in aggregates) in 11 day
nutrient addition experiment in December 2009 in treatments pre-filtered through a 55µm sieve , for Lake
Wakatipu. Error bars = ± SE. C = Control, P = added phosphate. * = significantly different from Control
(p < 0.05)

Bacterial competition
Bacteria that were not APP (i.e. bacteria not containing phycoerythrin, phycocyanin or
chl a) were counted in three experiments: Lake Wanaka in January and March 2010 and
Lake Wakatipu in May 2010. All experiments showed a significant increase in large rod
shaped bacteria in the phosphate treatment compared to the Control after two days
(Figures 6.12, 6.13). These rod-shaped cells fluoresced weakly yellow when stained
with DAPI, compared to ‘normal’ bright-blue-fluorescing cocci bacteria. Scanning
electron microscope (SEM) images confirmed the presence of a large number of rodshaped cells (1 – 2 µm, some of which had flagella) in treatments with added P (Figure
6.14).
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Figure 6.12 Abundances of cocci and rod-shaped bacteria in Lake Wanaka in nutrient addition
experiments in January (A) and March (B) 2010 after 2 and 4 days. C = Control. P = added phosphate.
Error bars = ± SE. * = significantly different from Control (p < 0.05)
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Figure 6.13 Abundances of cocci and rod-shaped bacteria in Lake Wakatipu in nutrient addition
experiment in May 2010 after 2 and 6 days. C = Control. P = added phosphate. Error bars = ± SE.
* = significantly different from Control (p < 0.05)

1 µm

Figure 6.14 Rod shaped cells from nutrient addition experiments for Lake Wakatipu under SEM

SEM pictures: Cell lysis?
Several cells from the experiment in May 2010 (Lake Wakatipu), which I assumed to be
PCB, appeared to have “dimples” under SEM (Figure 6.15). These cells appear to be
lysed cells (Figure 6.16). The P treatment had a 2.6 times higher ratio of “dimpled” to
normal cells than the Control. This ratio was established by counting the proportion of
dimpled to un-dimpled cells under SEM on four filters (two P, two Control), a total of
156 cells. The ratio matches well with the ratio of percentage of abnormal cells (P=
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93% and C= 38%) between Control and P treatment counted under epifluorescence
(ratio = 2.5).

Figure 6.15 Lysed picocyanobacteria (?) from nutrient addition experiments (P treatment) for Lake
Wakatipu under SEM

Figure 6.16 Picocyanobacteria (?) from nutrient addition experiments (Control treatment) for Lake
Wakatipu under SEM
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6.4 Discussion
Effects of competition with eukaryotic phytoplankton
I hypothesised that P-inhibition of PCB would be less prevalent after competition by
other algae was reduced prior to P additions. From my experiments, it would appear that
competition with eukaryotic phytoplankton was partly responsible for lower growth of
PCB in treatments with N addition in nutrient enrichment bioassays in Lakes Wanaka
and Wakatipu, but was not the sole cause for lower growth in treatments with P
addition. If reduced growth after P addition was purely due to competition with larger
phytoplankton, it should not have been observed in experiments where these cells have
been removed with pre-filtration. When competition from larger phytoplankton (as well
as PCB in aggregates and most grazers), was removed prior to the experiment, the
significant negative response to N was alleviated, while the negative response to P was
sustained (Figures 6.2, 6.3). Eukaryotic phytoplankton biovolume in Lake Wanaka was
also positively correlated with inorganic N (Chapter 3), suggesting inorganic N
stimulated the growth of larger phytoplankton. Competition from phytoplankton was
also the most likely explanation for the negative effect of nutrient addition on PCB
recorded by Rhew et al (1999) as total algal biomass and eukaryotic phytoplankton
increased in their experiments under nutrient enrichment. Burns & Schallenberg (1998)
also suggested that the decrease of PCB numbers in fertilised enclosures in Lake
Wakatipu may have been due to light limitation caused by the rapid increases in
biomass of larger phytoplankton. The higher number of ‘abnormal’ PCB in my
experiments in the added-P, pre-filtered (3 µm mesh) treatments compared to the addedP, unfiltered treatments (Figure 6.5) also indicates that the effect of phosphate addition
was enhanced by either a lack of competition for P from other phytoplankton, or
absence of grazers (which will also control bacterial numbers), or the absence of PCB
aggregates, or all of the above. It would appear that the removal of grazers had less
impact on PCB than the removal of “photosynthetic competition”, even though grazing
pressure by HNF may have been lowered by more than 50% with pre-filtration in my
experiment since, according to Burns and Schallenberg (1998), about 60% of HNF were
smaller than 3 µm in January 1995 in Lake Wakatipu. The pre-filtration would also
have removed larger (> 3 µm) mixotrophic flagellates. While increased nutrients could
help HNF to reproduce faster, Tzaras et al (1999) recorded less HNF in nutrient
enriched enclosures compared to controls, despite increased abundance of heterotrophic
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bacteria. These results led them to hypothesise that low APP numbers may be the cause
of low HNF abundances. In addition, in previous experiments in Lake Wakatipu (April
1997 to April 1998) the grazing rate of protists on PCB was negligible, except in
February 1998 (Schallenberg & Burns 2001), and I assumed that the grazing rate of
protists on PCB might still be low in Lake Wakatipu. The role of predation also did not
seem to govern the contribution of PCB to total phytoplankton production in a marine
mesocosm experiment, where PCB contribution to total primary production was higher
in the treatments with normal levels of nutrient than in nutrient enriched treatments
(Sundt-Hansen et al 2006), despite a lower total predation pressure on PCB in the
treatments with higher nutrient levels compared to treatments with normal nutrient
levels. Thus, it appears that increased predation pressure of protists after nutrient
enrichment is less likely to cause lower growth of PCB in unfiltered, nutrient enriched
treatments than competition of larger, eukaryotic phytoplankton for resources.
Competition with other bacteria
I predicted an increase in heterotrophic bacteria in nutrient enriched treatments, and thus
a likely link of P-inhibition of PCB to competition with heterotrophic bacteria. In
support of this hypothesis, in nutrient enrichment experiments in Lakes Wanaka and
Wakatipu there was increased bacterial growth under P enrichment, with bacteria
possibly out-competing PCB for nutrients (Figures 6.12, 6.13). Heterotrophic bacteria
can be superior competitors to PCB for P (Currie & Kalff 1984; Tzaras et al 1999;
Drakare 2002) if sufficient carbon is available and especially if PCB are inhibited by
high light (Bastidas Navarro et al 2009). While there was little change in small, cocci
shaped bacteria in experiments in Lake Wanaka and Lake Wakatipu in January, March
and May 2010 there was a significant increase in larger, rod shaped cells with P
addition, which appeared yellow rather than bright blue when stained with DAPI
(Figures 6.12, 6.13). It is likely that these yellow fluorescing DAPI stained objects are
bacterial cells, since SEM evidence shows evidence of rod shaped cells of the similar
size (Figure 6.14). These yellow cells may also be aerobic anoxygenic phototrophic
bacteria (APB), which fluoresce yellow under UV when stained with DAPI
(Sommaruga et al 2011). APB are widely distributed in the open ocean, coastal (Cottrell
et al 2006; Lami et al 2007; Lamy et al 2011), and freshwater environments (Yurkov &
Beatty 1998), and are abundant in oligotrophic and mesotrophic lakes (Masin et al
2008). Freshwater APB vary in morphology, but many are rod shaped and 1 – 2 µm in
length, some even larger (Yurkov & Beatty 1998; Masin et al 2008).
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While there are few data on freshwater APB, experiments in marine environments
indicate that rapid growth of APB can be stimulated by nitrogen, carbon or phosphate
additions (Hojerová et al 2011; Lamy et al 2011) or by removal of predators (Ferrera et
al 2011). The rod shaped cells that were stimulated by phosphate additions in my
experiments could have been APB that had rapidly increased in concentration in the P
treatment and were possibly out competing PCB. At low light levels there was no
negative response to P in Lake Wanaka (Chapter 4), which implies that the process
causing decreased PCB growth after P addition requires light. If so, light dependence
could support phototrophic bacterial competition as a cause of the negative response of
PCB to P additions. However, an alternative explanation for an increase in rod shaped
bacteria, but not cocci, is that rods may be a morphological adaptation to nutrient
enrichment, as suggested by Burns and Schallenberg (1998) who observed a 40%
increase in bacterial rods in Lake Wakatipu after nutrient enrichment.
Evidence for (viral?) cell lysis
I hypothesised that the negative growth response of PCB after phosphate addition may
be consistent with control by phages. There is some evidence for a potential role of
viruses in depressing PCB in P enrichment treatments in nutrient bioassays in Lakes
Wanaka and Wakatipu. Because Lakes Wanaka and Wakatipu had very low
concentration of dissolved phosphate (Chapter 3), the reproduction of viruses of PCB
could have been phosphate limited, as was observed for algal viruses by Bratbak et al
(1993). Phosphate addition in experiments could have triggered viral reproduction and a
shift from lysogenesis to lysis (Wilson et al 1996; Wilson et al 1998), causing host cells
to lyse and phages to be released. Schallenberg and Burns (2001) speculated this
process may have been the cause for the negative response of PCB to P observed in
Lake Wakatipu in 1997 – 98. However, McDaniel and Paul (2005) could not confirm
experimentally an induction of the lytic cycle after P addition for marine Synechococcus
populations, and related the prevalence of the lysogenic cycle to low abundances of
Synechococcus rather than low concentrations of nutrients. A link between system
productivity and viral lytic and lysogenic variables in bacteria was also observed by
Payet & Suttle (2013) who reported lytic infection to be more pronounced with high
productivity and lysogeny with low productivity. An alternative hypothesis is that P
addition did not stimulate transition to the lytic cycle, but stimulated lytic phage
production due to increased host-cell growth, as observed by Williamson and Paul
(2004). The pattern observed in 11-day experiments of increase, and then decrease, of
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abnormal cells, and the appearance of suspected lysed cells under SEM (Figure 6.15) ,
provides some support for the hypothesis of viral control being responsible for reduced
growth of PCB after P addition. While bacterial competition or intracellular P-storage
cannot be excluded at this stage as possible causes of the negative response to
phosphate, neither of these alternatives explains the ‘donut’ shape of the cells under
SEM (suspected cell lysis).
‘P-Effect’ is not temporary
I predicted that PCB populations will recover from P-inhibition throughout a longer
experimental duration. This prediction was not supported. While the percentage of
abnormal cells in the P treatment decreased over time in nutrient enrichment bioassays
for Lakes Wanaka and Wakatipu, PCB concentrations in the P treatment were still
significantly lower than in the Control treatment after 6 (or 11) days. Thus, it appeared
that a decrease in the percentage of abnormal cells did not necessarily lead to a
“recovery” of PCB populations, due possibly to abnormal looking cells having been
lysed and removed from the population. A lack recovery was also described by Burns
and Schallenberg (1998) who observed a stronger negative growth response of PCB to
nutrient additions after 4 days than after 2 days in in-lake enclosures in Lake Wakatipu.
Other experiments in mesocosms or in-lake enclosures over several weeks also reported
a negative effect of nutrient on PCB (Rhew et al 1999, Tzaras et al 1999). Tzaras et al
(1999) described a negative effect of nutrients on PCB cell numbers which was not
immediate, but persistent. However, their findings are not directly comparable to my
data, as in these studies nutrients were added throughout the duration of the experiment.
The increase of PCB in the Control treatment toward the end of the experiment in Lake
Wanaka in October (Figure 6.6 A) and Lake Wakatipu in December (Fig 6.8 A) could
be due to nutrient recycling by grazers or, on the contrary, due to larger eukaryotic algae
failing to thrive due to bottle effects and/or most nutrients having been consumed. In a
12 day marine mesocosms experiment in the Mediterranean PCB also increased after
day 6, whereas all eukaryotic phytoplankton decreased after an initial peak at day 2 (T.
Bayer, unpublished data; Deininger et al, in preparation).
The abnormal-looking fluorescence and slower growth of cells in experiments for Lakes
Wanaka and Wakatipu might also be attributed to cell inclusions (polyphosphate
granules) that cyanobacteria can form when an oversupply of P occurs after P
starvation. In green photosynthetic sulphur bacteria, polyphosphate granules were
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visible as black areas in cells under epifluorescence (Martin Hohman-Mariett, pers.
com., Department of Biochemistry, University of Otago). Lean and Pick (1981) have
shown that luxury P uptake after P starvation can temporarily suppress

14

C uptake

during photosynthesis. Photographs of PCB cells taken under epifluorescence by
Jezberová and Komarkova (2007a) also show the cell centre to be black in PCB grown
under cold and dark conditions. They also noted enlarged morphologies of some
Synechococcus strains grown in BG-11 (a P-replete medium) and cold, dark conditions
(Jezberová & Komarkova 2007a). These morphological changes could indicate the
formation of cell inclusions under nutrient rich, but otherwise sub-optimal, growth
conditions. If abnormal looking cells were the result of poly-P cell inclusion, then an
increase of PCB concentrations in the P treatment compared to the Control could be
expected after an initial depression of growth. However, PCB concentrations in the P
treatment were still lower than in the Control at the end of all four experiments, with the
exception of aggregated PCB in Lake Wakatipu in December 2009, which suggests that
viral lysis is a more likely explanation for the sustained negative impact of P addition on
PCB populations from Lakes Wanaka and Wakatipu than the inclusion of
polyphosphate granules in cells. Future experiments should include measurements of
viral abundances, P concentration throughout the experiment, and a more detailed
investigation of bacterial and PCB cells.
Other potential causes of negative response to P enrichment
In an additional experiment in Lake Wanaka in September 2009 where unfiltered lake
water as incubated in 300 ml borosilicate bottles suspended at 10 m depth in the lake I
observed significant positive response to both N and P, despite a large proportion of
abnormal looking cells in the P treatment. However it is unlikely that the observed
decrease in growth rate after P addition arises from methodological biases in laboratory
experiments (e.g. artificial lighting used for incubation or effects of water transport),
since Schallenberg and Burns (2001) conducted in-situ experiments in Lake Wakatipu
and reported a negative response to P in 4 out of 6 experiments.
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6.5 Conclusions
In most seasons and both oligotrophic lakes I observed a negative response of PCB to
phosphate enrichment, combined with ‘abnormal’ cell morphologies with P additions.
Longer experiments did not result in recovery of PCB concentrations under phosphate
enriched conditions, but a decrease in ‘abnormal’ morphology. It would appear that the
negative response to DIN is most likely due to photosynthetic competition, whereas P
inhibition is most likely due to viral control although competition with heterotrophic or
aerobic, anoxygenic phototrophic bacteria or temporary lack of growth due to poly-P
storage are also potential causes. Further research confirming the presence/absence of
poly-P granules, anoxygenic phototrophic bacteria and phages is needed.
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7 General discussion and conclusions
The aim of my study was to predict impacts of climate change on two large,
oligotrophic lakes in New Zealand, in particular the effects on phytoplankton biomass
and composition and on the role of autotrophic picoplankton (APP). Using a numerical
model, DYRESM, I simulated the thermal stratification and mixing depths of
oligotrophic Lakes Wanaka and Wakatipu, and potential changes in physical lake
dynamics under future climate scenarios. My work also provided new information on
phytoplankton (including autotrophic picoplankton (APP)) dynamics and on factors
limiting phytoplankton growth in these two lakes. Finally, I suggested several potential
impacts of climate change on phytoplankton biomass and composition and the role of
APP in Lakes Wanaka and Wakatipu.
In this chapter, first, I summarise phytoplankton ecology of Lakes Wanaka and
Wakatipu and compare my findings to other deep, oligotrophic systems, to point out
similarities and differences between large, oligotrophic lakes in New Zealand and the
Northern Hemisphere. Then, I summarise the potential physical and biological impacts
of climate change on Lakes Wanaka and Wakatipu, and compare these impacts to those
observed or predicted for large, oligotrophic lakes in the Northern Hemisphere. I
conclude by discussing why many limnological responses to climate change are likely
to be lake-specific, even within New Zealand.
Phytoplankton ecology
In chapters 3 and 4 I have shown that even morphologically similar lakes situated in the
same geographical area, such as Lakes Wanaka and Wakatipu, can differ in their
phytoplankton ecology and food web dynamics, and thus in their likely response to
climate change. These differences have implications for lake management, suggesting
that there is no ‘one size fits all’ management approach to mitigate impacts of climate
change on lakes.
Light limitation and seasonal patterns of phytoplankton biomass
In common with many other deep, oligotrophic, temperate lakes, phytoplankton
productivity in Lakes Wanaka and Wakatipu is light limited due to deep mixing when
the lakes are not thermally stratified (Reynolds 2006; Kirk 1994; Chapter 3). In Lake
Wakatipu, the spring bloom of phytoplankton occurred in response to the alleviation of
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light limitation and the reduction of turbulence, which is frequently observed in many
large oligotrophic lakes (Chapter 3; Bleiker & Schanz 1997; Winder & Schindler
2004b; Berger et al 2007; Peeters et al 2007). This spring bloom represented the period
of annual peak phytoplankton biomass in Lake Wakatipu, but not Lake Wanaka
(Chapter 3). In this regard, Lake Wanaka also differs from other large, oligo- to
mesotrophic lakes, such as Lake Washington, USA (Arhonditsis et al 2004), some of the
hydro lakes along the Waitaki River, South Island, New Zealand (Duthie & Stout 1986),
Lake Baikal, Russia (Hampton et al 2008), Lake Tahoe, USA (Winder & Hunter 2008),
and Lake Garda, Italy (in years of high phosphorus concentrations, Salmaso 2005).
In Lakes Wanaka and Wakatipu, the euphotic zone extended beyond the mixed layer
during the period of thermal stratification, as occurs in deep, oligotrophic Patagonian
lakes (Callieri et al 2007), so that light is sufficient for phytoplankton growth
throughout this period. In contrast, the full extent of the mixed layer is not adequately
irradiated for phytoplankton growth in some deep, oligotrophic lakes in the Northern
Hemisphere, such as Lake Superior (Guildford et al 2000), so that phytoplankton is
often light limited for several months, even during periods of thermal stratification. The
extremely high transparency of the (ultra-)oligotrophic Otago and Patagonian lakes was
also associated with photoinhibition of phytoplankton production in the surface layer
(Callieri et al 2007; T. Bayer unpublished data).
Nutrient limitation and seasonal patterns of phytoplankton biomass
Whereas Lakes Wanaka and Wakatipu appear to have been light limited in winter,
nutrient enrichment experiments and seasonal nutrient dynamics suggest phytoplankton
in the lakes was nutrient limited in summer (Chapter 3). Thus, while light and thermal
stratification drove the timing and, partly, the extent of the spring phytoplankton
development, nutrients appear to have determined the potential upper limit of
phytoplankton biomass in summer in these nutrient-poor systems. Due to very low
nutrient availability, nutrient limitation in summer is a common feature of oligotrophic
lakes in summer when the epilimnion is largely cut off from nutrient supply from the
hypolimnion (e.g. Diehl 2002). Lake Superior, a North American Great Lake, is another
example of a severely phosphorus-deficient lake in summer (Guildford et al 2000), and
the lack of available nutrients appears to limit phytoplankton growth and biomass in
most of the North American Great Lakes (Fahnenstiel et al 2000).
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While Lake Wakatipu had a spring bloom coinciding with the start of the stratification,
there was a peak of total phytoplankton biomass in Lake Wanaka in late autumn, winter
or very early spring in 2006 – 2010 (Chapter 3). Possible reasons for the winter
phytoplankton peak in Lake Wanaka include potential nutrient re-supply from the
hypolimnion with the breakdown of stratification, lack of complete mixing (to the
bottom of the lake) during isothermy in winter allowing phytoplankton to build up in
surface waters, and reduced grazing pressure (Chapter 3). DRP, the limiting nutrient in
Lake Wanaka in autumn, was below the detection limit in my study, and did not
increase measurably in autumn/winter (Chapter 3). Therefore, the role of DRP re-supply
in supporting high phytoplankton biomass in winter in Lake Wanaka cannot be assessed
based on my data. However, an increase in DRP (and/or DIN) with thermocline erosion
occurred in a number of monomictic, oligotrophic lakes, such as Lake Taupo (Vincent
1983), Lake Constance (Straile et al 2003a; Stich & Brinker 2010), Lago Garda with
complete turnover (Salmaso 2005) and Lake Coleridge (James et al 2001). In these
lakes, the breakdown of stratification re-supplies dissolved inorganic nutrients, which
can trigger an autumn or winter peak in phytoplankton biomass. In fact, several
Patagonian lakes (Soto 2002) and North Island, New Zealand, lakes have winter
phytoplankton peaks due to this nutrient pulse (e.g. Lakes Taupo, Rotoiti, Okataina,
Rotokakahi and Ngapouri (White et al 1980; Vincent 1983; Viner 1985)). My nutrient
data did not show a winter re-supply of dissolved inorganic nutrients to the mixed layer,
but destratification could contribute a similar winter nutrient pulse in Lake Wanaka
which is immediately taken up into phytoplankton biomass. The potential roles of
reduced grazing in winter, incomplete mixing during calm periods and nutrient resupply in fuelling high winter phytoplankton biomass in Lake Wanaka warrants further
investigation. As winter is a productive season in Lake Wanaka, a more intensive study
of phytoplankton and nutrient dynamics between autumn to spring is recommended.
Phytoplankton composition
In Lakes Wanaka and Wakatipu autotrophic picoplankton (APP) consisted mainly of
prokaryotic phototrophic picocyanobacteria (PCB). Picocyanobacterial contributions to
phytoplankton biomass and primary production were below 50% in both lakes, and
much lower than reported for Lake Wakatipu in three previous studies (Naismith 1994;
Schallenberg & Burns 2001; L. Galbraith, unpublished data), and lower than described
in one of two previous studies for Lake Wanaka (Naismith 1994; L Galbraith,
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unpublished data), suggesting major changes in the role of PCB in these lakes. This
finding also implies that the microbial loop is possibly responsible for a lower amount
of carbon transfer to higher trophic levels in these lakes than could be assumed based on
previous studies (Naismith 1994; Schallenberg & Burns 2001). The relatively low
contribution of PCB to phytoplankton biomass and productivity in Lakes Wanaka and
Wakatipu contrasts with the general pattern that autotrophic picoplankton (APP) are
often the main photosynthetic primary producers in oligotrophic lakes (Stockner &
Shortreed 1991; Nagata et al 1994; Bell & Kalff 2001; Callieri & Piscia 2002; Callieri
2008). This pattern appears well founded and is supported by a review of 22 temperate
lakes which showed that in oligotrophic waters APP typically contribute more than 50%
of the total biomass (Bell & Kalff 2001). However, on closer examination, the
contribution of APP to biomass and productivity can vary greatly, spatially and
seasonally, within a lake (Table 4.5). Furthermore, average concentration of both
biomass and productivity throughout field surveys were often below 50% in a range of
deep, mostly monomictic, meso- to oligotrophic lakes (Table 4.5). Whereas Lake
Wanaka and Wakatipu have a contribution of PCB to biomass and productivity that is
within the range shown in Table 4.5 for deep, oligotrophic lakes, PCB productivity is
comparatively low in Lake Wakatipu, and the contribution to biomass is comparatively
low in Lake Wanaka (Table 4.5). My estimates of the contribution of PCB to total
phytoplankton production may be underestimates because the contribution of PCB
aggregates in Lake Wakatipu could not be ascertained using my methodology. Despite
this weakness in methodology, I conclude that changes have occurred in these lakes that
have resulted in a reduced contribution of PCB to biomass and production of
phytoplankton. I also suggest that APP are not necessarily the dominant phytoplankton
in all oligotrophic lakes as they contribute less than 50% to phytoplankton biomass or
productivity in a range of oligotrophic lakes (Table 4.5). In fact, while PCB seem to be
favoured under nutrient (P) limitation, it is now acknowledged that the success of PCB
in oligotrophic lakes is a possibility, rather than a certainty, because other ambient
factors (e.g. light climate, grazing, composition of phytoplankton community, etc) also
have a major influence in regulating PCB concentrations (Callieri & Stockner 2000).
While my data support that seasonal dynamics of PCB in Lakes Wanaka and Wakatipu
are influenced by the availability of nitrogen and phosphorus, light climate, temperature,
and intra-specific competition amongst phytoplankters (Chapter 4), PCB dynamics also
appear to be influenced by other factors not considered in my study. A weakness of my
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study was that grazing by HNF and mixotrophs (e.g. Dinobryon) was not included, but
even in studies where grazing had been considered, often only 50% of APP
concentrations could be explained by known abiotic and biotic factors (Lavallée & Pick
2002; Katano et al 2005; Becker et al 2007). Viral lysis as a cause of PCB mortality has
been studied increasingly, and has been shown to account for a large share of
picoplankton losses (Mühling et al 2005; Baudoux et al 2008; Payet & Suttle 2013),
sometimes exceeding grazing losses (Personnic et al 2009; Tsai et al 2012). Since
predation by protists, mixotrophs and viral control could be the cause of the highly
variable net growth rate of PCB in Lakes Wanaka and Wakatipu observed in my
experiments and in those of Schallenberg and Burns (2001), further study of the impact
of grazing and viral control on PCB population in Lakes Wanaka and Wakatipu is
recommended.
Picocyanobacteria (PCB) in Lakes Wanaka and Wakatipu were well adapted to low
light and out-competed eukaryotic algae at low light and low nutrients conditions
(Chapter 4). In Lake Wanaka, PCB had concentration maxima at or below the
thermocline, possibly due to being out-competed in the higher light environment of the
epilimnion. Since APP have been shown to out-compete larger, eukaryotic algae at low
nutrient concentrations (Wehr 1993; Vadstein 2000; Moutin et al 2002; Callieri 2008),
and low light intensities (Pick & Agbeti 1991), my findings are consistent with data
from other lakes.
There was no evidence for nutrient limitation of PCB in Lakes Wanaka and Wakatipu;
on the contrary, their concentrations declined with P enrichment in experiments
(Chapter 5). A reduced growth response of PCB to P enrichment was also observed in a
previous study in Lake Wakatipu (Schallenberg & Burns 2001), freshwater mesocosms
(Rhew et al 1999) and a small oligotrophic Canadian lake (Tzaras et al 1999). In Lakes
Wanaka and Wakatipu, the reduced growth of PCB after P enrichment was also
observed when larger phytoplankton were removed prior to the experiment (Chapter 6).
Therefore, the lower contribution of PCB to photosynthetic carbon fixation with
phosphate enrichment compared to the Control treatment in my bioassay experiments
was not solely due to competition with larger, eukaryotic algae at higher nutrient
concentrations as could be predicted based on previously published results showing that
APP are superior competitors to larger eukaryotic algae only at low nutrient
concentrations (Stockner & Shortreed 1989; Wehr 1993; Vadstein 2000; Moutin et al
2002; Callieri 2008). In addition, PCB cells showed “abnormal” morphologies in the P
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treatment in most seasons and in both Lake Wanaka and Lake Wakatipu. Based on
photographs taken under a scanning electron microscope (SEM), it would appear that
that the abnormally shaped cells that were visible under epifluorescence microscopy
were lysed PCB cells (Chapter 6). Viral reproduction in PCB can be inhibited when
Synechococcus cells are starved for phosphorus, and viral reproduction and a shift to a
lytic cycle may be triggered by the addition of phosphate (Wilson et al 1996, 1998).
Further evidence that low levels of nutrients could favour lysogeny rather than lytic
infection comes from a marine field study (Sullivan et al 2002). Thus, the reduced
growth response after P addition in Lakes Wanaka and Wakatipu could have been
caused by viral lysis. However, competition with heterotrophic or aerobic, anoxygenic
phototrophic bacteria or temporary lack of growth due to poly-P storage within PCB
cells cannot be excluded as potential causes of reduced growth after P enrichment
(Chapter 6). Further research on the potential presence of poly-P granules, anoxygenic
phototrophic bacteria and phages, and their role in the PCB P ‘inhibition’, could further
our understanding of PCB dynamics and controls in Lakes Wanaka and Wakatipu, and
may help explain the phenomenon of P-inhibition of PCB.
My study provided novel insight on the genetic diversity of PCB in New Zealand lakes,
and I presented evidence that light, nutrients and temperature play roles in controlling
the temporal succession of PCB strains (Chapter 5). However, more work is needed on
the seasonal changes in genetic diversity of PCB in large, oligotrophic New Zealand
lakes, including Lakes Wanaka and Wakatipu. For a more in-depth assessment of the
likely response of PCB to changes in nutrient and light availability, culturing several
PCB strains present in Lakes Wanaka and Wakatipu (Chapter 5) and assessing their
individual nutrient and light requirements, as well as competition experiments under
different conditions, may help explain data on seasonal succession of strains, and
predict the response of PCB composition to future external pressures.
Phytoplankton of Lakes Wanaka and Wakatipu (Chapter 3), as well as many other large
oligotrophic lakes in New Zealand are dominated by diatoms (Jolly & Chapman 1977;
White et al 1980; Vincent 1983; Duthie & Stout 1986). High diatom abundance is also a
feature of other oligotrophic lakes, including Lake Tahoe (Winder & Hunter 2008), and
ultra-oligotrophic lakes of Patagonia (Diaz et al 2000; Soto 2002). In Lake Wanaka a
small, centric diatom, Cyclotella, dominated the phytoplankton in all seasons. This
sustained Cyclotella dominance seems to represent a shift in phytoplankton
composition, from a more diverse phytoplankton community in Lake Wanaka that was
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reported in previous studies (Flint 1975; Naismith 1994). Unfortunately, due to a
paucity of historical data, further analysis of past changes in phytoplankton composition
in Lake Wanaka is not possible. A paleolimnological study of diatom composition in
the sediments of Lake Wanaka could provide more information of past changes in
diatom communities in the lake.
Zooplankton composition
The zooplankton in Lake Wakatipu was dominated by calanoid copepods. Many large
oligotrophic lakes in New Zealand and Patagonia also tend to be dominated by calanoid
copepods, with Daphnia often sparse or absent (Jolly & Chapman 1977; Soto & Zuniga
1991; Burns & Schallenberg 1998; Modenutti et al 1998; Burns & Schallenberg 2001b;
James et al 2001; De Los Ríos et al 2012). In contrast, Daphnia was the dominant
zooplankter in Lake Wanaka. Northern American and European lakes commonly have
higher number of species, and cladocerans dominate within a wide trophic range that
includes several oligotrophic lakes (Dodson 1992; Gillooly & Dodson 2000; Wetzel
2001; De Los Ríos et al 2012). Recently, the zooplankton composition in New Zealand
lakes has changed, as the non-indigenous Daphnia ‘pulex’ and Daphnia galeata spread
through the country (Duggan et al 2006; Duggan et al 2012; Burns 2013). In Lakes
Wanaka and Wakatipu, Daphnia were more abundant in the lakes during my studies
than had been reported in a previous study (Burns & Schallenberg 1998).
Impacts of climate change
While the impacts of climate change have been documented for a number of Northern
Hemisphere lakes (Findlay et al 2001; George et al 2004; Winder & Schindler 2004b;
Coats et al 2006; Jankowski et al 2006; Tirok & Gaedke 2007; Hampton et al 2008) (see
also Table 1.1, 1.2), there is little data from lakes in the Southern Hemisphere
(Schneider & Hook 2010; Hylander et al 2011; Hamilton et al 2013). My studies of two
large, warm-monomictic oligotrophic lakes in New Zealand helps to reduce this
knowledge gap.
Physical changes in deep New Zealand lakes
The hydrodynamic model (DYRESM) performed satisfactorily in simulating physical
lake dynamics (thermal stratification and mixing depth) in Lakes Wanaka and
Wakatipu, despite weaknesses in thermocline representation (Chapter 2; Bayer et al
2013). Modelling a variety of climate change scenarios provided future scenarios of
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thermal lake dynamics: Climate change is likely to result in an earlier, longer, shallower
summer stratification in Lakes Wanaka and Wakatipu by 2040 and 2090 (Tables 2.5,
2.6), as it has done, or is predicted to do, in many temperate, deep, large lakes (Table
2.7). There are some characteristics that may moderate the thermal response of New
Zealand lakes, including Lakes Wanaka and Wakatipu: New Zealand lakes are
characterised by deep thermoclines, high importance of wind-driven mixing, low interannual temperature variations, and high input of snowmelt and glacial melt waters
(Green et al 1987; Davies-Colley 1988; Baigun & Marinon 1995; Schallenberg et al
1999). In addition to these characteristics, the impacts of climate change on
stratification will be influenced by New Zealand-specific climate predictions (i.e. lower
temperature increase than predicted for other parts of the world, as well as increased
rainfall and potentially higher wind speeds, Tables 2.7 A.1, A.2 Ministry for the
Environment 2008). These differences are likely to lead to a less pronounced increase in
the duration of stratification than in Central Europe and North America, and less
reduction in mixing depth in Lakes Wanaka and Wakatipu (Chapter 2; Bayer et al 2013,
Table 2.7). Lake modelling suggests that the predicted air temperature increase of 1 –
2°C in the inland Otago region (Ministry for the Environment 2008) is likely to negate
the cooling influences of predicted increased rainfall and river flows for Lakes Wanaka
and Wakatipu (Chapter 2; Bayer et al 2013). Changes in wind speeds may be crucial in
determining the response of large, deep New Zealand lakes to a changing climate, as
increases in wind speed by 10% or more were shown to increase mixing depth in Lakes
Wanaka and Wakatipu (Tables 2.5, 2.6). Therefore, changes in wind speed (and
direction) are a critical factor in predicting future lake dynamics of large oligotrophic
lakes in New Zealand, but are among the most difficult climate variables to predict
accurately (Ministry for the Environment 2008). These predicted changes in physical
lake dynamics could have far-reaching implications for primary production and lake
ecology as they can alter light and nutrient availability to phytoplankton (Diehl et al
2002; Straile et al 2003b; Winder & Schindler 2004a; Coats et al 2006; Hampton et al
2008; Jäger et al 2008).
Despite similar responses in physical lake dynamics (e.g. thermal structure),
phytoplankton and food web dynamics in Lakes Wanaka and Wakatipu are likely to
respond differently to changes in thermal structure. The response of lakes to changes in
climate partly depends on current controls and limitations of phytoplankton growth (see
Table 2.8), and Lake Wanaka and Wakatipu have different phytoplankton communities
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and drivers of productivity and phenology (as described previously in this chapter, and
in Chapters 3 and 4).
Effect of climate change on phytoplankton biomass
In Lake Wanaka, total phytoplankton biomass peaked in winter, autumn or spring, but
did not have a distinct spring peak in most years (Chapter 3). Thus, warmer winters
could increase winter/spring phytoplankton biomass in Lake Wanaka, but may not result
in a forward shift of the peak with earlier onset of stratification. In Lake Wakatipu,
phytoplankton have a distinct spring peak, typical of large, oligotrophic lakes, triggered
by an easing of light limitation with the onset of stratification; therefore, warmer winters
and the predicted earlier onset of stratification are likely to cause the spring bloom to
occur earlier in the spring. With a warming climate, an earlier onset of stratification
leading to an earlier spring bloom was also predicted or observed in many deep,
oligotrophic lakes (Table 1.1, 1.2) (Bleiker & Schanz 1997; Winder & Schindler 2004b;
Berger et al 2007; Peeters et al 2007).
Lakes that experience a larger and/or earlier spring bloom do not necessarily sustain a
higher overall phytoplankton biomass, as nutrients in the epilimnion become depleted
faster, potentially leading to more severe nutrient limitation, as observed in Lake
Geneva (Anneville et al 2002). No increase in total phytoplankton biomass was
observed in three Swedish lakes with an extension of the growth season by one month
Weyhenmeyer 2001) and in Lake Tahoe despite changes in thermal structure and
nutrient availability (Winder & Hunter 2008). Because Lakes Wanaka and Wakatipu
seem nutrient limited, even early in the summer stratification (Chapter 3), an increase in
total phytoplankton biomass seems unlikely, unless external nutrient loading increases.
With climate change, light availability in the epilimnion of Lakes Wanaka and
Wakatipu is likely to increase due to a potential shallowing of the summer mixed layer.
In several large, deep, oligotrophic lakes, such as Lake Superior, which were light
limited even in some summer months (Guildford et al 2000), phytoplankton could
benefit from this light enrichment. However, in New Zealand Lakes Wanaka and
Wakatipu and in deep, oligotrophic Patagonian lakes sufficient light is already available
and phytoplankton even appear photo-inhibited near the surface (Callieri et al 2007,
Chapter 3).
While an increase of external nutrient inputs with climate warming is likely for many
lakes (e.g. Pierson et al 2010, Jeppesen et al 2011), the concentrations of internal
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nutrients in the epilimnion of deep, oligotrophic lakes are likely to decrease with a
longer, more stable stratification. A more stable thermal stratification restricts nutrient
supply from the hypolimnion and can lead to reduced primary production (Goldman et
al 1989; Behrenfeld et al 2006). However, a pulse of nutrients is often released when
stratification breaks down, which is important for phytoplankton dynamics during
winter or the following spring and summer. Incomplete mixing (for example in
oligomictic lakes in northern Italy which only fully mix in cold winters) changes the
nutrient dynamics and phytoplankton growth in subsequent years (Salmaso 2005).
Therefore, mild winters resulting in incomplete mixing can prevent nutrient
replenishment in these lakes (Anneville et al 2005; Salmaso 2005). Due to high windinduced mixing and potentially increased wind speeds in the future (Ministry for the
Environment 2008), incomplete winter mixing is not likely to occur under current
climate change predictions in deep, oligotrophic lakes of the South Island of New
Zealand, such as Lakes Wanaka and Wakatipu (Chapter 2; Bayer et al 2013). However,
Lake Taupo, a deep, oligotrophic lake in the North Island of New Zealand, has already
undergone incomplete mixing in exceptionally warm years (Hamilton et al 2013), but
predictions of climate responses for Lake Taupo are further complicated by its
geothermal inputs.
For phytoplankton, indirect effects through changes in nutrient loading may be more
important than direct effects such as temperature increase (De Senerpont Domis et al
2013). However, changes in external nutrients due to climate change can be difficult to
distinguish from the effects of direct anthropogenic changes in nutrient loading
(Anneville et al 2004) and the possible complexity and time lag of catchment runoff
mechanisms (Blenckner et al 2007). For Lakes Wanaka and Wakatipu, without detailed
catchment runoff and nutrient export modelling coupled with ecological lake modelling,
the magnitude of changes in both external nutrient inputs and internal nutrient
availability are difficult to assess. Thus, whether climate change will lead to a net
increase or a reduction in nutrients available to phytoplankton, and therefore to
increased or reduced phytoplankton biomass in Lakes Wanaka and Wakatipu, still
remains to be determined. Moreover, land use changes in the region, such as an
intensification of agriculture, forestry, and increased urban or recreational developments
(e.g. golf courses), could also contribute to increasing nutrient loads to the lakes (see
Elliot & Sorrell 2002 for export coefficients to New Zealand lakes from different land
uses). As climate change can compound effects of increased nutrient loading
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(Christoffersen et al 2006), careful management of anthropogenic external nutrient
inputs is recommended.
Shifts in phytoplankton community structure
Changes to vertical mixing processes including an extended growing season with a
longer and warmer summer stratification can change lake phytoplankton assemblages
(Schindler et al 1996; Findlay et al 2001; Diehl et al 2002; Huisman et al 2004; Strecker
et al 2004; Bopp et al 2005; Smol et al 2005; Winder & Hunter 2008). In Lake Wanaka,
a shift to the newly dominant small, centric diatom Cyclotella (or Discotella) has
occurred between the 1990s and 2005 (Chapter 3). Increased Cyclotella abundances
were also seen in long-term data records from Lake Tahoe (Winder & Hunter 2008),
and Lakes Geneva, Constance, Walen and Zurich (Anneville et al 2005). This increase
in small centric diatoms and decrease in large diatoms has been suggested to be a
consequence of lake warming (Rühland et al 2008; Winder et al 2009), because large
diatoms sink faster with reduced turbulence. In Lago Maggiore, Fragilaria and
Tabellaria, rather than Cyclotella, were suggested as potential indicators of climate
change (Morabito et al 2012). However, due to a lack of long-term monitoring data it is
difficult to assess whether the increase of Cyclotella in Lake Wanaka is due to changes
in physical lake dynamics (water temperature and thermal stratification), changes in inlake nutrient concentrations, or changes in zooplankton composition (the new presence
of Daphnia ‘pulex’).
I suggest that if changes in climate or land use lead to increased nutrient concentrations
this could result in a decrease in the relative importance of picocyanobacteria (PCB) in
Lakes Wanaka and Wakatipu. Since the total contribution of PCB to phytoplankton
productivity and biomass decreases with nutrient or light enrichment in Lakes Wanaka
and Wakatipu (Chapter 4, 6), as well as in other lakes (Pick & Agbeti 1991, Wehr 1993,
Vörös et al 1998, Burns & Galbraith 2007, Callieri et al 2007), a lower contribution of
PCB to biomass and primary productivity is likely to occur with climate change in
Lakes Wanaka and Wakatipu, and potentially also in other large, oligotrophic lakes. A
lower contribution of PCB (and thus the ‘microbial loop’) could enhance the role of the
classic pelagic food web and ultimately increase the amount and rate of sedimentation
(Weisse 1991). It could also possibly enhance trophic efficiency, as the transfer of
carbon through the ‘microbial loop’ is generally considered to be less efficient than the
direct transfer from phytoplankton to large zooplankton (Stockner & Porter 1988).
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The assessment and prediction of the responses of Lakes Wanaka, Wakatipu and other
New Zealand lakes to climate change are also complicated by the arrival of a new
species of Daphnia (Duggan et al 2012; Burns 2013), and any associated changes in
zooplankton composition in these lakes (Chapter 3). In Lake Wanaka, copepods are no
longer the dominant zooplankter, and the shift towards a Daphnia-dominated system
potentially increased the grazing pressure on phytoplankton, and affected the
phytoplankton composition. This change in dominant zooplankton could be linked to
the arrival of Daphnia ‘pulex’ in early 2000, but could also be a response to lake
warming, and potentially increased phytoplankton biomass, as are the higher Daphnia
densities in Lake Baikal (Hampton et al 2008). While the zooplankton populations of
large, oligotrophic lakes in New Zealand (including Lake Wakatipu) and Patagonia are
commonly dominated by copepods (Soto & Zuniga 1991; Villalobos 1994; Burns &
Schallenberg 1998; Modenutti et al 1998; Burns & Schallenberg 2001b; James et al
2001; De Los Ríos et al 2012), it appears that nutrient enrichment and a shallow mixing
depth (that may occur with climate change) can favour Daphnia: In Chilean Patagonia,
lakes which sustained the highest chl a and had the shallowest mixing depth (and were
located at the lowest latitude) also had the highest contribution of Daphnia to
zooplankton (De Los Ríos & Soto 2006). However, in a study of shallow New Zealand
lakes, there was only a slight correlation between chl a and Daphnia biomass (Jeppesen
et al 2000). Warmer lake temperatures can also favour Daphnia: While spring warming
resulted in a higher biomass of both Daphnia and copepods in Lake Constance, its
effect was much more pronounced on Daphnia biomass (Straile 2005). Laboratory data
also suggest that larger zooplankton are more likely to benefit from warmer water
temperatures (Gillooly 2000).
A change in dominant zooplankton, such as in Lake Wanaka, can have far reaching
implication for lake ecology: Copepods are more likely than Daphnia to select diatoms
(Burns & Schallenberg 2001a), and Cyclotella in Lake Wakatipu were grazed more
efficiently by the copepod Boeckella than by Cerodaphnia (Burns & Schallenberg
1998). Whether copepods or daphnids are the dominant zooplankter in a lake can
influence the relative importance of carbon fixed by APP in the food web (Figure 4.17),
and therefore also the response of the food web to changes in the relative contribution of
APP to primary production. APP numbers can be reduced more efficiently by Daphnia
than by copepods, as Daphnia can directly ingest APP, but copepods can have a much
higher impact than Daphnia on APP predators, that is, HNF and ciliates (Burns &
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Schallenberg 1996; Burns & Schallenberg 1998; 2001b; 2001a). Whether copepods
have an overall negative (Zöllner et al 2003) or positive (Sundt-Hansen et al 2006) or
only slight (Burns & Schallenberg 1996, see also Figure 4.17) effect on APP seems to
depend on the species of ciliates and copepods present (Gismervik 2006) and the
structure of the food web. As cladocerans typically sequester more P, and copepods
more N, a change in dominant zooplankton can also result in either P or N deficient
phytoplankton communities (c.f. Johndon & Luecke 2012). In addition, cladocerans can
enhance energy transfer to higher levels, as they have higher grazing rates, different
food particle sizes, and higher P retention (Hampton et al 2008). In summary, a shift
from copepods to Daphnia as the dominant zooplankton, which has occurred in Lake
Wanaka, just possibly due to changes in climate or nutrient enrichment or the arrival of
Daphnia ‘pulex’, can have far reaching consequences for the pelagic food web.
However, our understanding of food web dynamics in Lakes Wanaka and Wakatipu is
still incomplete, and future studies should include the role of bacteria and
microzooplankton. Furthermore, a comparison of carbon transfer through the microbial
loop with the shorter transfer directly from phytoplankton to zooplankton would enable
more accurate predictions of trophic efficiency in the future.
Management implications and conclusions
Climate change is predicted to alter the thermal structure of deep, oligotrophic lakes,
including Lakes Wanaka and Wakatipu, and has the potential to substantially change
both phytoplankton and zooplankton communities in these lakes. Because these lakes
are so nutrient poor, increases in plankton biomass appear to be dependent on increases
in supply of external nutrients. However, climate change may not only create conditions
that are favourable to enhanced phytoplankton growth, but also cause nutrient
enrichment by increasing the external nutrient inputs to lakes. Thus, temperate, large,
deep, oligotrophic lakes, such as Lakes Wanaka and Wakatipu, might become more
susceptible to nutrient enrichment, and nutrient inputs will need to be managed even
more carefully in the future.
My work also suggests that responses of lakes to climate change are likely to be lakespecific, even within the geographical area and among lakes with similar morphologies.
Lake responses are likely to depend on current plankton controls and limitations as well
as the food web structure, and a good understanding of plankton dynamics is required to
predict lake responses. My study presents an alternative approach to the sole reliance on
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using ecological lake models to simulate dynamics of phytoplankton and predict
phytoplankton responses to climate change. Ecological modelling of the likely impact of
climate change on phytoplankton biomass and composition in Lakes Wanaka and
Wakatipu, and a comparison of my predictions with the outcomes of ecological
modelling, could highlight pros and cons of both approaches and render a more
complete picture of the future water quality and productivity of Lakes Wanaka and
Wakatipu.
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Appendix A: Online supplementary material for chapter 2
Online Resource 1: Projected changes for air temperature and precipitation for
inland Otago (Queenstown) by 2040 and 2090
Supplementary material for
Journal: Hydrobiologia
Title: Application of a numerical model to predict impacts of climate change on water
temperatures in two deep, oligotrophic lakes in New Zealand
Authors: Tina K. Bayer, Carolyn W. Burns, Marc Schallenberg
Contact information: tina.bayer@otagoalumni.ac.nz
University of Otago, Department of Zoology, PO Box 56, Dunedin, New Zealand
Table A.1 Projected changes in seasonal and annual mean temperature (°C) in Queenstown from
downscaled results (0.05° latitude and longitude grid covering New Zealand) of six emission scenarios (B1,
A1T, B2, A1B, A2, A1FI) using twelve global climate models (Ministry for the Environment, 2008). The
average and the possible range across scenarios and models [in square brackets] are shown. For more
information on emission scenarios, climate models and the downscaling process refer to Ministry for the
Environment (2008).
Season
Summer
Autumn
Winter
Spring
Annual

∆Tair by 20401
0.9 [ 0.0, 2.4]
0.9 [ 0.1, 1.9]
1.0 [ 0.3, 2.1]
0.7 [ 0.0, 1.8]
0.9 [ 0.1, 1.9]

∆Tair by 20902
2.0 [ 0.7, 4.8]
2.0 [ 0.8, 4.6]
2.2 [ 0.8, 4.8]
1.7 [ 0.5, 4.3]
2.0 [ 0.8, 4.6]

1

Difference between 1990 (1980–1999 average) and 2040 (2030-2049 average)

2

Difference between 1990 (1980–1999 average) to 2090 (2080–2099 average)
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Table A.2 Projected changes in seasonal and annual precipitation in Queenstown (in% of the 1980-1999
average) from downscaled results (0.05° latitude and longitude grid covering New Zealand of six emission
scenarios (B1, A1T, B2, A1B, A2, A1FI) using twelve global climate models (Ministry for the Environment,
2008). The average and the possible range across scenarios and models [in square brackets] are shown. For
more information on emission scenarios, climate models and the downscaling process refer to Ministry for
the Environment (2008).
Season
Summer
Autumn
Winter
Spring
Annual
1

by 20401
1 [–16, 20]
2 [–15, 23]
16 [ 2, 38]
8 [ –3, 21]
7 [ 1, 22]

by 20902
1 [–38, 37]
2 [–32, 20]
29 [ 7, 76]
15 [ –5, 50]
12 [ –2, 34]

Percentage change in precipitation between 1990 (1980–1999 average) and 2040 (2030-2049 average)

2

Percentage change in precipitation differences between 1990 (1980–1999 average) to 2090 (2080–2099
average)

References
Ministry for the Environment, 2008. Climate change effects and impacts assessment: A guidance manual for
local government in New Zealand. Mullan, B., Wratt, D., Dean, S., Hollis, M., Allan, S., Williams, T.,
Kenny, G. & MfE. Ministry for the Environment, Wellington

208

Appendix B

NNN or NH4-N in µg L-1

Appendix B: Nutrient concentrations
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Figure B.1 Dissolved inorganic nitrogen concentrations in Lakes Wanaka and Wakatipu at 20m depth
from September 08 to May 2010
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Figure B.2 Total phosphorus concentrations in Lakes Wanaka and Wakatipu at 20m depth from
September 08 to May 2010
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Figure B.3 Total nitrogen concentrations in Lakes Wanaka and Wakatipu at 20m depth from September
08 to May 2010
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Figure B.4 TN to TP ratio in Lakes Wanaka and Wakatipu at 20m depth from September 08 to May 2010
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Figure B.5 DIN to TP ratio in Lakes Wanaka and Wakatipu at 20m depth from September 08 to May
2010

210

