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Abstract 

The loss of canopy-forming macroalgae is one aspect of coastal ecosystem 

degradation that is being driven by anthropogenic stressors. The drivers of canopy loss are, 

in many cases, well understood, but the effect of light availability is a factor that has been 

relatively overlooked given its importance. Light availability controls marine productivity 

and is a fundamental factor that shapes the structure of kelp-forest communities. When the 

variability of light availability exceeds natural thresholds as a result of anthropogenic 

stress, macroalgae struggle to acclimate or adapt and community structure and productivity 

is altered. Significant modification of the coastal light environment has likely occurred in 

many of the world’s coastal seas, and further increases in turbidity are predicted as a result 

of land use intensification, sea level rise and changing climatic conditions. This prediction 

forms the premise for this body of work. The primary objective was to detail the effect of 

light availability on the structure and function of kelp-forest communities, and to quantify 

the physiological processes that underpin this relationship. From this, a better 

understanding of how kelp-forest communities will respond to future changes in light 

availability is possible, and more accurate predictions of kelp-forest productivity can be 

made.  

Subtidal light availability was significantly less on reefs adjacent to coastlines 

dominated by urban, agricultural and forestry land use when compared to similar reefs 

associated with coastlines of native forest. When averaged over a seasonal cycle, light 

availability at 10 m on the low-light reefs was approximately half that measured on high-

light reefs.  The kelp-forest communities inhabiting these reefs were also shown to differ 

significantly. Although similar macroalgal species were shared between regions, 

community biomass was two to five times greater on high-light reefs. This was primarily 

due to a greater contribution by large canopy forming macroalgae. Additionally, 

macroalgae typically had a larger and deeper depth distribution on high-light reefs, in 

effect, providing more habitat and food to the kelp-forest ecosystem. This resulted in 0.7 – 

2.8 times more epifaunal biomass being supported per square metre in high- compared to 

low-light reefs. Although this difference was largely due to greater habitat availability on 

high-light reefs, habitat quality was also shown to influence epifaunal biomass. The 

invasive kelp, Undaria pinnatifida, contributed significantly to community biomass on 
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low-light reefs but was shown to support low epifaunal biomass as it offers low refuge 

value and, being an annual species, is an unstable host. 

Light limitation and the way that light is delivered to kelp-forest communities was 

shown to significantly influence the physiological processes of photoacclimation and 

photosynthesis. A photoacclimation response to light limitation was observed at the 

individual and kelp-forest community level between the low- and high-light reefs. In both 

cases greater pigment concentrations and accessory pigment to chlorophyll a ratios were 

recorded within the low-light setting. The cost of acclimation under low-light conditions 

helps to explain the disparity in standing biomass between the low- and high-light reefs, as 

energy, otherwise used for growth, is diverted to synthesise additional photosynthetic 

pigments. There was also evidence that a number of species on the low-light reef were 

living at the edge of their photosynthetic ability, and that a further reduction in light would 

likely result in a loss of those species at deeper depths. The rate that light is delivered to 

kelp-forest communities was shown to significantly affect macroalgal productivity, and in 

some cases may be more influential than the total amount of light that they receive. 

Greater photosynthetic efficiency at lower light intensity was shown to compensate for 

even large disparities in the total amount of light that dominant kelp-forest species 

received. This demonstrates that both the limitation of light and variability of its delivery 

are key determinants of kelp-forest structure and productivity. 

This thesis provides evidence that is suggestive of a change in kelp-forest 

communities in southern New Zealand as a result of light limitation. The findings from 

this study are applicable at a global scale and provide important information that will help 

improve estimates of kelp-forest productivity and persistence, now, and under future light 

regimes.  

  

 
 

 

 

 



iv 

 

 

Acknowledgements  

The decision to undertake this PhD was one of the best choices I have made. The 

knowledge that I leave with is far beyond academic, and in many cases totally unrelated to 

my field of study, in my opinion these were the most important lessons. I owe a great deal 

of gratitude to my primary supervisor and friend, Chris Hepburn, who has supported me 

now through two degrees. You were the key factor that encouraged me to take on this 

challenge and you have provided me with so many fantastic opportunities, both inside and 

outside of study that I am truly grateful for. The way you value teamwork, relationships 

and most importantly fun are characteristics that I aspire to as a scientist, thanks! To my 

secondary supervisor, Will Rayment, your guidance through the final stages of this PhD 

has been invaluable, as has your friendship and the example you set. To my surrogate 

supervisor, Dan Pritchard, the time and effort you have dedicated to me, purely because 

you’re a nice guy, is beyond what I could have expected and I want to acknowledge the 

role you have played in this PhD, it has been huge! Finally, to Wendy Nelson, I’m 

extremely grateful for the many hours you spent getting bitten by sandflies and reminding 

me for the 13
th

 time what seaweed species I was looking at, you are always a pleasure to 

work with.    

By far the most enjoyable aspect of this project has been the time spent in the field, and 

that is due primarily to the people who I have shared it with. To Tiffany Stephens, Peri 

Subritzky, Rocio Suárez-Jiménez, Emma Kearney, Brenton Twist, Cohen Stewart, Jordan 

Housiaux, Kyle Swan, Shaun Cunningham, Keiran Pullman, Tom Brough, Derek 

Richards, Eugene Leahy, Liina Pajusallu, and Maryse Wong-Ah-See, you guys have been 

amazing to work with and have made this process so easy and enjoyable, cheers dudes! In 

the same vein I would like to thank all the skippers who I’ve had the pleasure of spending 

time with, Sean Heseltine, Steve King, Paul Meredith, Bill Dickson, Dave Wilson and 

Evan Kenton. Although your tendency to talk about the ‘Great White Death’ before each 

dive was not appreciated, your skills, easy-going attitudes and breadth of knowledge was 

valued greatly. For the technical expertise of Reuben Pooley, Linda Groenewegen, Bev 

Dickson and again Dave Wilson, I am very thankful. To Richard Taylor, who provided me 

with a huge amount of information regarding epifauna both directly and via Rocio, I would 

like to say thanks. Finally I would like to acknowledge the East Otago Taiāpure 



v 

 

Committee, and Brendon Flack, who have shown enthusiasm and support for this project, 

and a number of others that I have been involved in over the past few years. To base my 

research within a framework where it is applied has added a lot of value and satisfaction 

for me.  

My family has given me unwavering support throughout my PhD, and in life in general. 

You all set an incredible example in unique ways and I attribute a lot of what I have 

achieved to you guys. Finally, to Rianda, you encouraged me to undertake this PhD and 

have never stopped since, thanks for being there always, even if it was from the other end 

of the country, baie dankie! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

 

Table of contents 

Chapter 1 ............................................................................................................................... 1 

1.1 Degradation of global coastal ecosystems .............................................................. 2 

1.2 The importance and decline of kelp-forest communities ........................................ 3 

1.2.1 What is a kelp-forest community? ................................................................... 3 

1.2.2 Kelp-forest community structure in New Zealand .......................................... 4 

1.2.3 Ecosystem services provided by kelp-forest communities .............................. 5 

1.2.4 The link between kelp-forest communities and upper trophic levels .............. 7 

1.2.5 The current state of kelp-forest communities .................................................. 7 

1.3 The drivers of kelp-forest loss ................................................................................ 8 

1.4 Light in temperate coastal seas ............................................................................. 10 

1.4.1 The path of light ............................................................................................ 10 

1.4.2 The effect of light limitation .......................................................................... 11 

1.4.3 The changing subtidal light environment ...................................................... 12 

1.5 Study environment ................................................................................................ 13 

1.5.1 Study sites ...................................................................................................... 13 

1.5.2 Physical attributes of southern New Zealand coastal waters ......................... 13 

1.6 Thesis Outline ....................................................................................................... 16 

1.6.1 Overarching aims ........................................................................................... 16 

1.6.2 Chapter 2: Light limitation and kelp-forest structure .................................... 17 

1.6.3 Chapter 3: Photoacclimation within kelp-forest communities ...................... 17 

1.6.4 Chapter 4: Light dose versus rate of delivery: implications for productivity 18 

1.6.5 Chapter 5: Kelp-forest epifaunal communities .............................................. 18 

1.6.6 Chapter 6: General discussion ....................................................................... 18 

Chapter 2 ............................................................................................................................. 20 

2.1 Introduction ........................................................................................................... 21 

2.2 Methods ................................................................................................................ 25 

2.2.1 Study site ....................................................................................................... 25 

2.2.2 Biotic and abiotic factors ............................................................................... 25 

2.2.3 In situ irradiance ............................................................................................ 26 

2.2.4 Macroalgal survey and collection .................................................................. 27 



vii 

 

2.2.5 Community metrics ....................................................................................... 27 

2.2.6 Statistical analysis ......................................................................................... 28 

2.3 Results ................................................................................................................... 30 

2.3.1 In situ irradiance ............................................................................................ 30 

2.3.2 Macroalgal standing biomass ........................................................................ 31 

2.3.3 Zonation ......................................................................................................... 31 

2.3.4 Density and diversity ..................................................................................... 31 

2.3.5 Community structure ..................................................................................... 32 

2.4 Discussion ............................................................................................................. 51 

Chapter 3 ............................................................................................................................. 58 

3.1 Introduction ........................................................................................................... 59 

3.1.1 Utilisation of light by macroalgae: an overview of photosynthesis .............. 59 

3.1.2 Mechanisms for survival in a variable light environment ............................. 60 

3.1.3 The role of pigments ...................................................................................... 61 

3.1.4 Ecological consequences ............................................................................... 63 

3.2 Methods ................................................................................................................ 65 

3.2.1 Study site ....................................................................................................... 65 

3.2.2 In situ irradiance ............................................................................................ 65 

3.2.3 Community composition ............................................................................... 65 

3.2.4 Pigment extraction and analysis .................................................................... 65 

3.2.5 Statistical analysis ......................................................................................... 67 

3.3 Results ................................................................................................................... 68 

3.3.1 In situ irradiance ............................................................................................ 68 

3.3.2 Chlorophyta community ................................................................................ 68 

3.3.3 Phaeophyta community ................................................................................. 68 

3.3.4 Rhodophyta community ................................................................................ 69 

3.3.5 Phaeophyta species pigment between sites at 2 m ........................................ 69 

3.3.6 Phaeophyta species pigment between sites at 10 m ...................................... 70 

3.3.7 Rhodophyta species pigment between sites at 10 m...................................... 70 

3.3.8 Low-light species pigment between 2 and 10 m ........................................... 71 

3.3.9 High-light species pigment between 2 and 10 m ........................................... 71 

3.4 Discussion ............................................................................................................. 79 

Chapter 4 ............................................................................................................................. 84 



viii 

 

4.1 Introduction ........................................................................................................... 85 

4.2 Methods ................................................................................................................ 90 

4.2.1 Study site ....................................................................................................... 90 

4.2.2 Irradiance and treatment levels ...................................................................... 90 

4.2.3 Sample collection and preparation ................................................................ 94 

4.2.4 Incubation ...................................................................................................... 94 

4.2.5 Statistical analysis ......................................................................................... 95 

4.3 Results ................................................................................................................... 97 

4.3.1 Fv/Fm ............................................................................................................ 97 

4.3.2 Differences in PFD rate ................................................................................. 97 

4.3.3 Differences between depths ........................................................................... 98 

4.3.4 Compensation of productivity ....................................................................... 98 

4.3.5 Respiration rate .............................................................................................. 99 

4.4 Discussion ........................................................................................................... 109 

Chapter 5 ........................................................................................................................... 114 

5.1 Introduction ......................................................................................................... 115 

5.2 Methods .............................................................................................................. 118 

5.2.1 Study site ..................................................................................................... 118 

5.2.2 Macroalgal species collection ...................................................................... 118 

5.2.3 Epifaunal collection and preservation ......................................................... 118 

5.2.4 Taxonomic classification ............................................................................. 121 

5.2.5 Fish surveys ................................................................................................. 121 

5.2.6 Statistical analysis ....................................................................................... 121 

5.3 Results ................................................................................................................. 124 

5.3.1 MEC metrics in East Otago ......................................................................... 124 

5.3.2 MEC metrics in Stewart Island .................................................................... 125 

5.3.3 Regional differences in MEC metrics ......................................................... 125 

5.3.4 MEC structure between regions .................................................................. 125 

5.3.5 Estimated reef scale MEC biomass ............................................................. 126 

5.3.6 Fish densities ............................................................................................... 127 

5.4 Discussion ........................................................................................................... 139 

Chapter 6 ........................................................................................................................... 145 

6.1 Study rationale .................................................................................................... 146 



ix 

 

6.2 Summary of findings .......................................................................................... 146 

6.3 Experimental design ........................................................................................... 149 

6.4 Implications for current research ........................................................................ 149 

6.4.1 Quantifying and detecting light variability and limitation .......................... 149 

6.4.2 Loss of canopy formers and the importance of baseline community data .. 150 

6.4.3 Acclimation and productivity ...................................................................... 151 

6.5 Future work ......................................................................................................... 152 

6.5.1 Quantifying the sources of light limitation .................................................. 152 

6.5.2 Relationships between light and community structure ................................ 152 

6.5.3 Photosynthetic plasticity .............................................................................. 153 

6.5.4 Food-web dynamics ..................................................................................... 153 

6.5.5 Ecosystem services ...................................................................................... 154 

6.6 Management considerations ............................................................................... 154 

6.7 Concluding remarks ............................................................................................ 155 

References ......................................................................................................................... 156 

A.1 Appendix 1 .......................................................................................................... 182 

A.2 Appendix 2 .......................................................................................................... 183 

A.3 Appendix 3 .......................................................................................................... 187 

A.4 Appendix 4 .......................................................................................................... 202 

A.5 Appendix 5 .......................................................................................................... 203 

 

 

 

 

 

 

 

 

 

 

 



x 

 

List of figures 

Figure 1.1. Distribution of the main kelp-forest forming genera, Ecklonia, Laminaria, 

Lessonia, Macrocystis and Necrosystis. Note: all species are not found in all 

locations. Figure modified from Raffaelli and Hawkins 1996, and Graham et al. 

2007. .......................................................................................................................... 4 

Figure 1.2. Canopy forming Macrocystis pyrifera (a), M. pyrifera with an understory of 

Carpophyllum flexuosum and Marginariella urvilliana (b), Canopy, sub-canopy 

and understory configuration (c) and articulate and encrusting coralline algae (d). . 5 

Figure 1.3. Map of study regions and sites. Geographical position of the modified (East 

Otago) and unmodified (Stewart Island) regions (a). Geographical position of the 

two modified sites of Karitāne and Aramoana (b). Geographical position of the 

three unmodified sites West Head, Horseshoe Bay and Cooper Bay (c). ............... 15 

Figure 1.4. Satellite image of New Zealand (a) with magnified view of the two study 

regions (b) (eMODIS aqua, April 2011; NASA 2011). The modified region of East 

Otago (b) shows greater particulate matter within coastal waters compared to the 

unmodified region of Stewart Island (d). ................................................................ 16 

Figure 2.1. Daily dose mol photons m
-2

 day
-1

 pooled by coast at the surface (top), 2 m 

(middle) and 10 m (bottom) depths from December 2012 to October 2013. Logging 

interval for each logger was 10 minutes, deployment of 295 days.  Lines represent 

a weighted least-squares regression smoother (loess, see text for details). Shaded 

area represents 1.96-times the standard error (approximate 95% C.I.) of the loess 

smoother. Low-light (green, solid line) n = 2, high-light (blue, dashed line) n = 3.

 ................................................................................................................................. 35 

Figure 2.2. Percentage of surface irradiance pooled by coast at 2 m (top) and 10 m 

(bottom) depths from December 2012 to October 2013. Lines represent a weighted 

least-squares regression smoother (loess, see text for details). Shaded area 

represents 1.96-times the standard error (approximate 95% C.I.) of the loess 

smoother. Low-light (green, solid line) n = 2, high-light (blue, dashed line) n = 3.

 ................................................................................................................................. 36 

Figure 2.3. Percentage of surface irradiance, predicted from attenuation coefficients 

between 2 and 10 m depths, pooled by coast between December 2012 to October 

2013. Shaded areas represent empirical 90% confidence intervals for each region. 

Low-light (green, solid line) n = 2, high-light (blue, dashed line) n = 3. ................ 37 

Figure 2.4. Seasonal macroalgal dry biomass per square metre at 2 m (a) and 10 m (b) 

within the low-light (white bars) and high-light (grey bars) coasts. Values represent 

means (± SE) for low-light (n = 12) and high-light (n = 18). Significant difference 

is indicated by different letter combinations above bars (Tukey HSD) (ɑ = 0.05). 38 

Figure 2.5. Seasonal individual macroalgal dry biomass at 2 m (a) and 10 m (b) within the 

low-light (white bars) and high-light (grey bars) coasts. Values represent means (± 

SE) for low-light (n = 12) and high-light (n = 18). Significant difference is 

indicated by different letter combinations above bars (Tukey HSD) (ɑ = 0.05). .... 39 



xi 

 

Figure 2.6. Maximum and minimum depth distribution of dominant macroalgal species 

over all four seasons within the low-light (white bars) and high-light (grey bars) 

coasts. Modified (n = 6) and forested (n = 9). ......................................................... 40 

Figure 2.7. Seasonal macroalgal density per square metre at 2 m (a) and 10 m (b) within 

the high-light (white bars) and low-light (grey bars) coasts. Values represent means 

(± SE) for low-light (n = 12) and high-light (n = 18). Significant difference is 

indicated by different letter combinations above bars (Tukey HSD) (ɑ = 0.05). .... 41 

Figure 2.8. Seasonal Shannon’s Diversity Index at 2 m (a) and 10 m (b) within the low-

light (white bars) and high-light (grey bars) coasts. Values represent means (± SE) 

for low-light (n = 12) and high-light (n = 18). Significant difference is indicated by 

different letter combinations above bars (Tukey HSD) (ɑ = 0.05).......................... 42 

Figure 2.9. Principal coordinates analysis based on the percentage contribution of each 

functional group to total dry biomass during summer (top left), autumn (top right), 

winter (bottom left) and spring (bottom right). Functional groups responsible for 

separating sites are shown by vectors, with the length of the vector representing the 

strength of effect. Triangles, low-light; squares, high-light. Open symbols, 2 m 

depth; closed symbols, 10 m depth. ......................................................................... 43 

Figure 2.10. Principal coordinates analysis based on the percentage contribution of each 

species to total dry biomass during the seasons of summer (top left), autumn (top 

right), winter (bottom left) and spring (bottom right). Species responsible for 

separating sites are shown by vectors, with the length of the vector representing the 

strength of effect. Where vectors are clustered together and effect is small the 

species involved are represented by asterisks which correspond to the species list at 

the right of each figure. Triangles, low-light; squares, high-light. Open symbols, 2 

m depth; closed symbols, 10 m depth. .................................................................... 44 

Figure 3.1. Absorption spectrum of the four pigments examined in this study; chl a 

(green), chl c (yellow), fucoxanthin (black) and phycoerythrin (red) as well as the 

wavelength of maximal transmission in the open ocean (dashed black) and the 

coastal ocean (solid black). ...................................................................................... 63 

Figure 3.2. Daily dose of light received at the low-light (green) and high-light (blue) sites 

at 2 m (a) and 10 m (b). Solid lines represent mean daily dose received over the 

duration of logger deployment (36 days). ............................................................... 72 

Figure 3.3. Phaeophyta community pigment concentrations based on the average 

community assemblage per square metre of substrate (n = 6) at the low-light (white 

bars) and high-light (grey bars) sites. Means (± SE) were calculated using biomass 

weighted species means (n = 5 replicate tissue samples per species) for the 

pigments Chl a (a), Chl c (b) and fucoxanthin (c) and were standardised to mg g
-1

 

dry weight. Significant difference between sites is indicated by * and between 

depths within a site by + (ɑ = 0.05). ........................................................................ 73 

Figure 3.4. Rhodophyta community pigment concentration based on the average 

community assemblage per square metre of substrate (n = 6) at the low-light (white 

bars) and high-light (grey bars) sites. Means (± SE) were calculated using biomass 



xii 

 

weighted species means (n = 5 replicate tissue samples per species) for the 

pigments Chl a (a) and phycoerythrin (b) and were standardised to mg g
-1

 dry 

weight. Significant difference between sites is indicated by * and between depths 

within a site by + (ɑ = 0.05). ................................................................................... 74 

Figure 3.5. Pigment concentration of Phaeophyta species at 2 m at the low-light (white 

bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigments Chl a (a) Chl c (b) and fucoxanthin (c). Missing value means species was 

absent from site. Significant difference is indicated by * (ɑ = 0.05)....................... 75 

Figure 3.6. Pigment concentration of Phaeophyta species at 10 m at the low-light (white 

bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigments Chl a (a) Chl c (b) and fucoxanthin (c). Missing value means species was 

absent from site. Significant difference is indicated by * (ɑ = 0.05)....................... 76 

Figure 3.7. Pigment concentration of Rhodophyta species at 10 m at the low-light (white 

bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigments Chl a (a) and phycoerythrin (b). Missing value means species was absent 

from site. Significant difference is indicated by * (ɑ = 0.05). ................................. 77 

Figure 4.1. Schematic detailing why gross photosynthetic oxygen production is predicted 

to be greater when delivered at a lower PFD compared to a higher PFD while 

maintaining the same total quantum dose. Due to the non-linear relationship 

between photosynthesis and irradiance a doubling of PFD will not result in a 

doubling of photosynthesis. ..................................................................................... 89 

Figure 4.2. Frequency of PFDs recorded at 10 min intervals over 730 days at 10 m. Dashed 

lines represent the two treatment PFD vales of 5 µmol photons m
-2

 s
-1

 and 20 µmol 

photons m
-2

 s
-1

. ........................................................................................................ 92 

Figure 4.3. Cumulative frequency of the time a PFD of 5 µmol photons m
-2

 s
-1

 or less (a) 

and 20 µmol photons m
-2

 s
-1

 or more (b) persisted for. Vertical dashed lines 

represent the respective treatment delivery times of 240 min (4 hr) for 5 µmol 

photons m
-2

 s
-1

 (a) and 60 min (1 hr) for 20 µmol photons m
-2

 s
-1

 (b). Horizontal 

dashed lines represent the percentage of occurrences where the respective PFD 

treatment persisted for the respective treatment delivery time. ............................... 93 

Figure 4.4. Acrylic photosynthetic chamber containing algal tissue and showing oxygen 

optode (a), and light delivery set up showing the light source and light boxes with 

neutral density filters on top (b). ............................................................................. 96 

Figure 4.5. Figure 1. Mean (± SE, n = 5) net oxygen production at 2m (a) and 10 m (b) 

under the PFD treatments of 5 µmol m
-2

 s
-1

 (white bars) and 20 µmol m
-2

 s
-1

 (grey 

bars). Significant difference between treatments within the same depth is indicated 

by * and between depth within the same treatment by +. Significance was set at the 

5% level (ɑ = 0.05). ............................................................................................... 100 

Figure 4.6. Difference in net oxygen production between PFD treatments at 2 m (white 

bars) and 10 m (grey bars). Orientation of bars indicate the PFD treatment of higher 



xiii 

 

oxygen production. A greater difference in oxygen production indicates a greater 

photosynthetic efficiency. Values represent difference in means (n = 5). ............ 101 

Figure 4.7. Net photosynthetic oxygen production rate at 2m (a) and 10 m (b) under the 

PFD treatments of 5 µmol m
-2

 s
-1

 (white bars) and 20 µmol m
-2

 s
-1

 (grey bars). 

Rates are based on a delivery time of 1 and 4 hr for the 5 µmol m
-2

 s
-1

 and 20 µmol 

m
-2

 s
-1

 PFD treatments respectively. Values represent means (± SE, n = 5) and 

significant difference is indicated by * (ɑ = 0.05). ................................................ 102 

Figure 4.8. Net oxygen production at 2m (white bars) and 10 m (grey bars) under the PFD 

treatments of 5 µmol m
-2

 s
-1

 (a) and 20 µmol m
-2

 s
-1

 (b). Delivery times for the 5 

µmol m
-2

 s
-1

 and 20 µmol m
-2

 s
-1

 PFD treatments were 4 and 1 hr respectively, 

resulting in the same total quantum dose of 720000 µmol. Values represent means 

(± SE, n = 5) and significant difference is indicated by * (ɑ = 0.05). ................... 103 

Figure 4.9. Difference in net oxygen production between depths under the 5 µmol m
-2

 s
-1

 

(white bars) and 20 µmol m
-2

 s
-1

 (grey bars) PFD treatments. Orientation of bars 

indicate the depth of higher oxygen production. A greater difference in oxygen 

production indicates a greater photosynthetic efficiency. Values represent 

difference in means (n = 5). ................................................................................... 104 

Figure 4.10. Net photosynthetic oxygen production rate at 2m (white bars) and 10 m (grey 

bars) under the PFD treatments of 5 µmol m
-2

 s
-1

 (a) and 20 µmol m
-2

 s
-1

 (b). Rates 

are based on a delivery time of 1 and 4 hr for the 5 µmol m
-2

 s
-1

 and 20 µmol m
-2

 s
-1

 

PFD treatments respectively. Values represent means (± SE, n = 5) and significant 

difference is indicated by * (ɑ = 0.05). .................................................................. 105 

Figure 4.11. Compensation potential of light delivered at 5 µmol m
-2

 s
-1

 at 2 m (white bars) 

and 10 m (grey bars). Percent values represent the amount that total quantum dose 

could be reduced under a 5 µmol m
-2

 s
-1

 PFD delivery rate while still maintaining 

equivalent oxygen production as a 20 µmol m
-2

 s
-1

 PFD delivery rate with higher 

total quantum dose (n = 5). .................................................................................... 106 

Figure 4.12. Respiration rate at 2 m (white bars) and 10 m (grey bars). Rates based on dark 

incubation of 4 hr. Values represent means (± SE, n = 5) and significant difference 

is indicated by * (ɑ = 0.05). ................................................................................... 106 

Figure 5.1. Diver encloses a Marginariella boryana individual within a plastic bag in East 

Otago. Picture shows the 100 µm mesh opening at the top of the bag and 

drawstring cord at the bottom of the bag. .............................................................. 120 

Figure 5.2. Example of epifaunal organisms found on macroalgae in East Otago and 

Stewart Island regions. Eatoniella sp. (a), Haliotis sp. (b), Maeridae sp. (c), 

Paradexamine sp. (d), Nereididae sp. (e), Nereididae sp. (f), Plakarthruim typicum 

(g), Tanaidacea sp. (h), Ostracoda sp. (i), Harpacticoida sp. (j), Foraminifera sp. (k) 

and unidentified sp. (l). .......................................................................................... 128 

Figure 5.3. Epifaunal biomass on macroalgal species from the East Otago (a) and Stewart 

Island (b) regions. Values represent means (± SE, n = 5). Significant difference 

between species within a region is indicated by different letter combinations above 



xiv 

 

bars (Tukey HSD) and significant difference between regions is indicated by * (ɑ = 

0.05). ...................................................................................................................... 129 

Figure 5.4. Epifaunal density on macroalgal species from the East Otago (a) and Stewart 

Island (b) regions. Values represent means (± SE, n = 3). Significant difference 

between species within a region is indicated by different letter combinations above 

bars (Tukey HSD) and significant difference between regions is indicated by * (ɑ = 

0.05). ...................................................................................................................... 130 

Figure 5.5. Epifaunal diversity on macroalgal species from the East Otago (a) and Stewart 

Island (b) regions. Values represent means (± SE, n = 3). Significant difference 

between species within a region is indicated by different letter combinations above 

bars (Tukey HSD) and significant difference between regions is indicated by * (ɑ = 

0.05). ...................................................................................................................... 131 

Figure 5.6. Principal coordinates analysis based on MECs on macroalgal species from East 

Otago (black shapes) and Stewart Island (grey shapes). Values represent groups, 

where the family level is the lowest taxonomic classification. ............................. 132 

Figure 5.7. Modelled macroalgal biomass (a), epifaunal biomass (b) and ratio of epifaunal 

to macroalgal biomass (c), between 2 m and 10 m at each site. Values modelled 

from mean macroalgal biomass (n = 6) and mean epifaunal biomass (n = 5). Error 

bars represent one standard deviation (σ). ............................................................. 133 

Figure 5.8. Modelled macroalgal biomass (a), epifaunal biomass (b) and ratio of epifaunal 

to macroalgal biomass (c) across depth at each site. Values modelled from mean 

macroalgal biomass (n = 6) and mean epifaunal biomass (n = 5). Error bars 

represent one standard deviation (σ). .................................................................... 134 

Figure 5.9. Finfish density per 4 x 30 m transect swath, at 2 m (a) and 10 m (b) in East 

Otago (white bars) and Stewart Island (grey bars). Values represent means (± SE, n 

= 3). Significant difference between regions is indicated by * (ɑ = 0.05). ........... 135 

Figure 6.1. Schematic representation of the effects of light limitation on a kelp-forest 

community based on findings from this study. High-light environment (a) and low-

light environment (b). ............................................................................................ 148 

Figure A.2.1. Abundance of Evechinus chloroticus (a) and Haliotis iris and australis (b) 

per square metre at within the low-light (white bars) and high-light (grey bars) 

coasts. Values represent mean (± SE) for low-light (n = 12) and high-light (n = 18).

 ............................................................................................................................... 183 

Figure A.2.2. Calibration of natural log-transformed data from HOBO and LI-COR data 

loggers over four individual campaigns at different sites and under different light 

conditions. Calibration was achieved via linear regression. .................................. 184 

Figure A.4.3. Spectral output of VIRIBRIGHT LED PAR 38 4000K light source, based on 

the manufacturers specifications. Additional information at 

www.viribright.com/par38-led-light/. ................................................................... 202 

 



xv 

 

List of tables 

Table 2.1. Results of ANOVA on macroalgal community parameters within the 2 and 10 

m depth strata from the low- and high-light coasts. Factors were Coast (df = 1), 

Site nested within Coast (df = 3), Season (df = 3) and Season crossed with Coast 

(df = 3). Significant differences are Bold, significance was set at the 5% level (ɑ = 

0.05). ........................................................................................................................ 45 

Table 2.2. PERMANOVA analysis, pairwise tests for differences in community structure 

between low- and high-light sites at 2 and 10 m based on the percentage 

contribution to total biomass of functional groups and species. Unrestricted 

permutation (9999 times) was carried out on the raw data. Significant interactions 

are Bold, significance was set at the 5% level (ɑ = 0.05). ...................................... 46 

Table 2.3. Similarity percentages (SIMPER) analysis of functional group contribution to 

community biomass, at 2 m depth  for the low- and high-light sites over a seasonal 

cycle. Average dissimilarity is the overall dissimilarity between sites. % of 

dissimilarity shows the contribution of each functional group to the overall 

dissimilarity between sites. n = 6, 1m
2
 quadrats per site for each season. .............. 47 

Table 2.4. Similarity percentages (SIMPER) analysis of functional group contribution to 

community biomass, at 10 m depth for the low- and high-light sites over a seasonal 

cycle. Average dissimilarity is the overall dissimilarity between sites. % of 

dissimilarity shows the contribution of each functional group to the overall 

dissimilarity between sites. n = 6, 1m
2
 quadrats per site for each season. .............. 48 

Table 2.5. Similarity percentages (SIMPER) analysis of species contribution to community 

biomass, at 2 m depth for the low- and high-light sites over a seasonal cycle. 

Average dissimilarity is the overall dissimilarity between sites. % of dissimilarity 

shows the contribution of each functional group to the overall dissimilarity between 

sites. Only species that accounted for more than 10% of overall dissimilarity are 

shown. n = 6, 1m
2
 quadrats per site for each season ............................................... 49 

Table 2.6. Similarity percentages (SIMPER) analysis of species contribution to community 

biomass, at 10 m depth for the low- and high-light sites over a seasonal cycle. 

Average dissimilarity is the overall dissimilarity between sites. % of dissimilarity 

shows the contribution of each functional group to the overall dissimilarity between 

sites. Only species that accounted for more than 10% of overall dissimilarity are 

shown. n = 6, 1m
2
 quadrats per site for each season ............................................... 50 

Table 3.1. Results of two-way ANOVA comparing Phaeophyta and Rhodophyta 

community pigment concentration and ratio between the low-light and high-light 

site at 2 m and 10 m depth. Significant differences are Bold, significance was set at 

the 5% level (ɑ = 0.05). ........................................................................................... 78 

Table 4.1. Fv/Fm measured 24 and 48 hr following collection. Individual macroalgae were 

dark acclimated for 30 min prior to measurement. Values represent means (± SE, n 

= 3). ........................................................................................................................ 107 



xvi 

 

Table 4.2. Results of two-way ANOVA comparing net oxygen production between PFD 

treatments, within treatments between depths and the interaction effect. Significant 

differences are Bold, significance was set at the 5% level (ɑ = 0.05). .................. 107 

Table 4.3. Results of two-way ANOVA comparing net photosynthetic oxygen production 

rate between PFD treatments, within treatments between depths and the interaction 

effect. Significant differences are Bold, significance was set at the 5% level (ɑ = 

0.05). ...................................................................................................................... 108 

Table 4.4. Results of Student’s t-test comparing respiration rate between depths. 

Significant differences are Bold, significance was set at the 5% level (ɑ = 0.05).

 ............................................................................................................................... 108 

Table 5.1. Results of one-way ANOVA comparing MEC biomass, density and diversity on 

macroalgal species within East Otago and Stewart Island. Significant differences 

are Bold, significance was set at the 5% level (ɑ = 0.05). .................................... 136 

Table 5.2. Results of Student’s t-test comparing MEC biomass, density and diversity on 

macroalgal species shared between regions. Significant differences are Bold, 

significance was set at the 5% level (ɑ = 0.05). .................................................... 136 

Table 5.3. Similarity percentages (SIMPER) analysis of groups and their contribution to 

the MEC of shared macroalgal species between East Otago and Stewart Island. 

Average dissimilarity is the overall dissimilarity in MEC between regions. % of 

dissimilarity shows the contribution of each group to the overall dissimilarity 

between macroalgae from each region. Only groups that accounted for more than 

10% of overall dissimilarity are shown. ................................................................ 137 

Table 5.4. PERMANOVA analysis, main and pairwise tests for differences in MEC 

structure for shared macroalgal species between regions. Unrestricted permutation 

(9999 times) was carried out on the raw data. Significant interactions are Bold, 

significance was set at the 5% level (ɑ = 0.05). .................................................... 138 

Table 5.5. Results Student’s t-test comparing finfish density between regions. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ 

= 0.05). ................................................................................................................... 138 

Table A.1.1. Minimum, maximum and average (± SE) sea temperature at 10 m depth 

within the regions of East Otago (295 days, two sites, n = 590) and Stewart Island 

(295 days, three sites, n = 885). ............................................................................. 182 

Table A.2.1. Total species list with assigned functional group. BC = branched coarse, LE = 

leathery, BF = branched fine, MT = membranous/thin, BL = blade and FI = 

filamentous. Canopy-forming species are shown by "CA". Seasonal presence, X = 

Karitāne, O = Horseshoe Bay. ............................................................................... 185 

Table A.3.1. Mean abundance and biomass of all macroalgae at the low-light and high-

light sites at 2 m and 10 m. .................................................................................... 195 

Table A.3.2. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between the low-light and high-light site at 2 m. Significant 



xvii 

 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ 

= 0.05). ................................................................................................................... 197 

Table A.3.3. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between the low-light and high-light site at 10 m. 

Significant differences (after FDR correction) are Bold, significance was set at the 

5% level (ɑ = 0.05). ............................................................................................... 198 

Table A.3.4. Results of Student’s t-test comparing Rhodophyta species pigment 

concentration and ratio between the low-light and high-light site at 10 m. 

Significant differences (after FDR correction) are Bold, significance was set at the 

5% level (ɑ = 0.05). ............................................................................................... 199 

Table A.3.5. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between 2m and 10 m at the low-light site. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ 

= 0.05). ................................................................................................................... 200 

Table A.3.6. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between 2m and 10 m at the high-light site. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ 

= 0.05). ................................................................................................................... 201 

Table A.5.1. Mean (±SE) abundance of epifaunal groups per 100 g W.W tissue (n = 3) 

upon macroalgal species within East Otago. Bold denotes regional endemism, 

underlined denotes macroalgal specific endemism. .............................................. 203 

Table A.5.2. Mean (±SE) abundance of epifaunal groups per 100 g W.W tissue (n = 3) 

upon macroalgal species within Stewart Island. Bold denotes regional endemism, 

underlined denotes macroalgal specific endemism. .............................................. 205 

Table A.5.3. Estimated macroalgal biomass at 1 m depth intervals at Aramoana and 

Karitāne (East Otago), and at Cooper Bay, Horseshoe Bay and West Head (Stewart 

Island). Estimates are based on a linear relationship between macroalgal biomass at 

two known depths, as is the associated standard deviation. Values represent mean 

(± SD), n = 6. ......................................................................................................... 207 

Table A.5.4. Percentage of community biomass per square metre represented by the seven 

selected species at each site at 2 m and 10 m depth. Values represent mean (± SE), 

n = 6. ...................................................................................................................... 209 

 

 



 

1 

 

Chapter 1  
General introduction 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 



 

2 

 

1.1 Degradation of global coastal ecosystems 

A rapidly growing body of literature details the worrying effects humans have 

exerted, and continue to exert on coastal ecosystems (Vitousek et al. 1997, Hughes et al. 

2003, Myers and Worm 2003, Lotze et al. 2006, Worm et al. 2006, Halpern et al. 2007, 

Waycott et al. 2009, Watson and Pauly 2013). In the majority of cases the pressures 

applied result in the degradation of habitats that have sustained human populations in the 

past (Pauly and Christensen 1995, Jackson et al. 2001, Watson and Pauly 2013) and that 

are still heavily relied upon today (Pauly and Christensen 1995, Myers and Worm 2003, 

Watson and Pauly 2013). The global trend of coastal ecosystem degradation has been 

catalogued in all major habitat types in coastal waters (Halpern et al. 2007) including; 

estuarine (Kraft et al. 1992, Lotze et al. 2006), mangrove (Valiela et al. 2001, Giri et al. 

2007), soft sediment (Thrush and Dayton 2002, Nystrom et al. 2012), seagrass (Walker 

and McComb 1992, Waycott et al. 2009), biogenic reef (Lenihan and Peterson 1998, 

Hughes et al. 2003, Cranfield et al. 2004, De’ath et al. 2012) and rocky reef (Strain et al. 

2014, Filbee-Dexter et al. 2016) habitats. 

The anthropogenic impacts driving the observed degradation are diverse, complex 

and often have compounding effects through additive interactions (Vitousek et al. 1997, 

Worm et al. 2006, Halpern et al. 2007, Strain et al. 2014). The nature of the effect can be 

generally split into direct and indirect categories. Direct effects are associated with 

extraction processes e.g. destructive fishing practices (Mcmanus et al. 1997), while 

indirect effects result from terrestrial and marine activities that have a negative 

“downstream” influence e.g. eutrophication from poor land use practices (Gorman et al. 

2009). The major threats to coastal marine ecosystems have been highlighted as 

overfishing (Jackson et al. 2001, Halpern et al. 2007), destructive fishing practices (Thrush 

and Dayton 2002, Halpern et al. 2007), mineral extraction (Peterson et al. 2003, Halpern et 

al. 2007), ocean warming (Halpern et al. 2007, Filbee-Dexter et al. 2016, Poloczanska et 

al. 2016), acidification (Halpern et al. 2007, Hoegh-Guldberg et al. 2008, Poloczanska et 

al. 2016), invasion by exotic taxa (Grosholz 2002, Halpern et al. 2007), nutrient loading 

(Halpern et al. 2007, Rabalais et al. 2009) and sedimentation (Airoldi 2003, Halpern et al. 

2007). 

The effect of such degradation is particularly noticeable within temperate coastal 

systems where productivity is high (Pauly and Christensen 1995, Field et al. 1998). 
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Temperate rocky reef environments are among the most productive ecosystems on the 

planet, with primary productivity rates rivalling those of tropical rainforests (Mann 1973, 

Harrer et al. 2013).  Such high productivity means there is a significant reliance on these 

systems for food production and valuable ecosystem services (Dayton et al. 1998, Steneck 

et al. 2002, Vásquez et al. 2013). Phytoplankton and macroalgae form the base of these 

systems (Dayton 1985, Duggins et al. 1989, Longhurst et al. 1995) as they fix inorganic 

carbon, using solar energy, to useable organic carbon which is the currency of coastal 

food-webs (Bunt 1973, Duarte and Cebrian 1996). It is macroalgae, however, that play a 

larger role in shaping coastal ecosystems as they provide not only food but also habitat and 

numerous other services (Mann 1973, Dayton 1985, Duggins et al. 1989, 1990, Steneck et 

al. 2002). Therefore the decline of macroalgal dominated habitats is one of the primary 

drivers of modification of temperate coastal ecosystems (Dayton et al. 1998, Benedetti-

Cecchi et al. 2001, Steneck et al. 2002, Connell et al. 2008, Gorman and Connell 2009, 

Gorman et al. 2009, Perkol-Finkel and Airoldi 2010, Wernberg et al. 2011, Campbell et al. 

2014). 

1.2 The importance and decline of kelp-forest communities 

1.2.1 What is a kelp-forest community? 

Laminariales are large macroalgae, generally canopy forming, Phaeophyceae 

(brown) species known as kelp (Steneck et al. 2002).  A kelp-forest community is an 

assemblage of macroalgae, in which species from the order Laminariales forms the 

dominant three dimensional structure (Steneck et al. 2002). Kelp-forest distribution is 

restricted to hard rocky substrates within cool-temperate latitudes (Steneck et al. 2002) 

(Fig 1.1). Besides kelps, kelp-forest communities also include a vast array of diverse 

macroalgal species from the classes Phaeophyceae, Chlorophyceae (green) and 

Rhodophyceae (red) (Dayton 1985, Steneck et al. 2002). These communities have been 

likened in structure to terrestrial forests where distinct patch dynamics can be observed and 

canopy adaptation occurs (Dayton 1985). Numerous canopy and understory structures 

exist, and communities usually include a combination of the following ; 1) a floating 

canopy with fronds at or near the surface (Figure 1.2a), 2) a stipitate, erect understory in 

which the fronds are supported above the substratum (Figure 1.2b and c), 3) a prostrate 

canopy in which the fronds lie on or immediately above the substratum (Figure 1.2c), 4) 

various turf-forming associations usually composed of articulated coralline algae or foliose 
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and filamentous red algae (Figure 1.2c and d), and 5) encrusting coralline algae (Figure 

1.2d) (Dayton 1985).  

 

Figure 1.1. Distribution of the main kelp-forest forming genera, Ecklonia, Laminaria, 

Lessonia, Macrocystis and Necrosystis. Note: all species are not found in all locations. 

Figure modified from Raffaelli and Hawkins 1996, and Graham et al. 2007. 

1.2.2 Kelp-forest community structure in New Zealand 

Within New Zealand, kelp-forest communities can be found from the top of the 

North Island to the Subantarctic Island groups, and boast some of the highest diversity 

globally with approximately 900 known macroalgal species (Nelson 2013). Typically, 

species from the orders Laminariales and Fucales form the canopy, which can range 

between ~0.5 and 20 m above the benthos (Schiel 1990, Hay 1990, Hepburn 2005, 

Graham et al. 2007, Shears and Babcock 2007). Species that are common components 

within the canopy include those from the genera Carpophyllum, Cystophora, Durvillaea, 

Ecklonia, Macrocystis, Marginariella, Sargassum and Undaria (Schiel 1990, Shears and 

Babcock 2007, Hepburn et al. 2011) (Figure 1.2a, b and c). An often diverse mix of brown, 

green and red species form the sub-canopy and understory component of the community, 

creating an intricate habitat structure (Schiel 1990, Shears & Babcock 2007, Nelson 2013) 

(Fig. 1.2b and c). Below this exists a combination of encrusting and erect coralline species 

as well as turf forming filamentous and finely branched species (Figure 1.2d) (Nelson 

2013). 
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Figure 1.2. Canopy forming Macrocystis pyrifera (a), M. pyrifera with an understory of 

Carpophyllum flexuosum and Marginariella urvilliana (b), Canopy, sub-canopy and 

understory configuration (c) and articulate and encrusting coralline algae (d). 

1.2.3 Ecosystem services provided by kelp-forest communities 

Kelp-forest communities contribute provisional and regulatory ecosystem services 

within the coastal environment (Mann 1973, Dayton 1985, Steneck et al. 2002, Graham 

2004). The two most important services are the provision of food and habitat (Dayton 

1985, Steneck et al. 2002). As photoautotrophs, macroalgae are estimated to contribute 1 

Pg C per year to global primary productivity (Field et al. 1998, Raven and Hurd 2012) 

which is only approximately one fiftieth of total marine primary production (Field et al. 

1998), but in some coastal seas they can contribute up to 90% of total carbon (Duggins et 

al. 1989, Borum and Sand-Jensen 1996, Gattuso et al. 2006). The carbon fixed by 

macroalgae enters the coastal food-web via direct grazing by fish and invertebrate species 

(Taylor 1998a), bacterial breakdown and the exudation of dissolved organic matter 

(Abdullah and Fredriksen 2004). After macroalgae die or are torn from the reef by storm 

events they may be consumed by drift feeding organisms (Kirkman & Kendrick 1997, Day 

& Branch 2002, Suárez Jiménez et al. 2015), or subsequently end up in pelagic, deep-

ocean, estuarine or sandy beach environments where they provide food for marine, aquatic 

and terrestrial species (Inglis 1989, Marsden 1991, Kingsford 1995, Suárez Jiménez et al. 

2015). Macroalgae are considered foundation species or ecosystem engineers as they form 

complex three dimensional habitats (Steneck et al. 2002, Miller et al. 2011, Wernberg et al. 
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2011). These habitats support an array of organisms through a range of life history stages 

(Dayton 1985, Madsen et al. 2001, Wernberg et al. 2011) and hold particular importance 

as nursery and settlement grounds for numerous fish and invertebrate species (Duggins et 

al. 1989, Rowley 1989, DeMartini and Roberts 1990, Levin and Hay 1996, Graham 2004, 

Gaylord et al. 2009, Win 2010, Geange 2014). Habitat quality is, in many cases, equally as 

important as the quantity of habitat provided (Bruno et al. 2005, Pérez-matus and Shima 

2010, Zamzow et al. 2010). These two attributes, food and habitat provision, mean kelp-

forest communities form the backbone of many coastal fisheries (Bunt 1973, Dayton et al. 

1998, Tegner and Dayton 2000, Vásquez et al. 2013).  

Macroalgal communities also provide a variety of regulatory services. Firstly, they 

have the ability to uptake excess land-derived nutrients, that may otherwise be detrimental 

to organisms through the initiation of harmful algal blooms (Vitousek et al. 1997, Hepburn 

et al. 2006, Gordillo et al. 2006). They are able to trap and retain sediment which has the 

effect of forming new habitat, reducing sediment erosion and limiting the resuspension of 

sediments that would otherwise increase turbidity (Airoldi and Cinelli 1997, Madsen et al. 

2001, Airoldi 2003). Another regulatory effect is the buffering of pH, which ameliorates 

the effects of ocean acidification (Frieder et al. 2012, Cornwall et al. 2015). Finally, kelp-

forest communities regulate and dampen wave action along exposed coastlines, 

minimising the effects of coastal erosion (Stevens et al. 2001, Steneck et al. 2002, Gaylord 

et al. 2009). 

Macroalgal communities hold commercial, recreational and cultural value for 

humans (Hurd et al. 2004, Miller and Ormond 2007, Vásquez et al. 2013, Geange 2014). 

Commercially, the most lucrative aspect of these communities is the harvest of associated 

fish and invertebrate species that depend directly upon macroalgae for food and habitat 

(Tegner and Dayton 2000, Jackson et al. 2001). Direct harvest of a wide variety of algal 

species for pharmaceuticals, human and animal consumption, fertilisers and biofuel is a 

significant source of revenue for many countries (Vásquez et al. 2013, Rebours et al. 

2014). Ecotourism and recreational activities associated with macroalgal communities, e.g. 

SCUBA diving, snorkelling and fishing, provide an income and/or hobby for many people 

(Vásquez et al. 2013). Culturally, an assortment of algal species are recognised as being 

valuable both as a food source, e.g. Wakame (Undaria pinnatifida) and Karengo/ Nori 

(Porphyra spp. / Pyropia spp.) (O’Connell-Milne and Hepburn 2014), and as a material or 

tool e.g. Pōhā (Durvillaea spp.) (Anderson 1997). However, from a cultural perspective, 
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the most important feature of macroalgal communities are the associated species that 

inhabit them. Many of these species hold value for artisanal or subsistence communities, 

and being able to gather and provide for themselves and others is a source of pride among 

many cultures (Miller and Ormond 2007, McCarthy et al. 2013). 

1.2.4 The link between kelp-forest communities and upper trophic levels 

Although the services provided by kelp-forest communities are fairly well 

understood, there is a lack of information regarding the connectivity between primary 

producers and higher trophic level organisms. An understanding of food web-structure, 

and the flow of energy within and between ecosystems is essential for successfully 

managing key habitat and associated fisheries (Gerard 1976, Pauly and Christensen 1995). 

Specifically, there is a lack of information regarding the link between macroalgae and 

secondary consumers which are estimated to account for 80% of the flow of energy 

through rocky reef communities (Taylor 1998a, Schwarz et al. 2006, Cowles et al. 2009). 

In order to accurately predict ecosystem productivity and manage associated resources 

sustainably these links must be established at ecologically relevant scales (Pauly and 

Christensen 1995, Botsford et al. 1997, Berkes 2006). 

1.2.5 The current state of kelp-forest communities 

Complete loss or significant decline of kelp-forest communities, and macroalgae in 

general, has been documented in many of the world’s coastal seas (Dayton et al. 1998, 

Benedetti-Cecchi et al. 2001, Steneck et al. 2002, Connell et al. 2008, Gorman and Connell 

2009, Gorman et al. 2009, Perkol-Finkel and Airoldi 2010, Wernberg et al. 2011, 

Campbell et al. 2014, Strain et al. 2014, Filbee-Dexter et al. 2016). An example of such 

loss has been demonstrated by Coleman et al. (2008) in south-eastern Australia where the 

once prevalent canopy forming species Phyllospora comosa has now become locally 

extinct. This particular species was noted for its exceptional habitat and food provision, 

often reaching heights of 3 m and contributing 20 kg m
-2

 of biomass. The process and 

pattern of decline appears similar in every documented case, showing a shift from a 

community dominated by large, canopy forming kelps to one of small, turf forming, and 

often ephemeral species (Connell et al. 2008, Perkol-Finkel and Airoldi 2010). The 

consistency of this pattern suggests that the causal mechanisms are likely to be similar in 

most situations. 
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Although observations of kelp-forest decline have only come to light in recent 

decades (Benedetti-Cecchi et al. 2001, Steneck et al. 2002, Airoldi and Beck 2007, 

Connell et al. 2008, Perkol-Finkel and Airoldi 2010, Strain et al. 2014), it is possible that 

modification to these systems has occurred since the evolution of modern humans who 

exert both direct and indirect pressures on kelp-forest ecosystems (Dayton et al. 1998, 

Steneck et al. 2002, Airoldi and Beck 2007, Perkol-Finkel and Airoldi 2010). It is also 

possible that complete kelp-forest ecosystems have disappeared with no record of ever 

being present. This gradual and continual modification means understanding and 

quantifying the true loss of kelp-forest communities is extremely difficult as no baseline 

exists against which to make comparisons (Dayton et al. 1998). As a result, we probably 

underestimate the influence of anthropogenic activity on kelp-forest communities, and our 

expectation of ecosystem productivity and function is biased low (Dayton et al. 1998). 

With evidence suggesting that >70% of all natural habitats have been exploited or 

completely lost, and that further loss is expected to occur at a rate of 0.5 -1.5% per year 

(Hannah et al. 1994, Balmford et al. 2003, Perkol-Finkel and Airoldi 2010), establishing a 

better understanding of kelp-forest decline is the first step towards minimising and 

potentially rectifying the problem. 

1.3 The drivers of kelp-forest loss 

The drivers of kelp-forest loss are diverse and their effects have an influence from 

the physiological to the ecosystem level (Gorman et al. 2009, Irving et al. 2009).  

Disentangling the role of specific drivers can be difficult as effects are often synergistic 

(Strain et al. 2014). Regardless of the causal mechanism, the process of kelp forest loss 

tends to follow a predictable pattern, and that is, a shift in community structure from a 

canopy to turf dominated system (Steneck et al. 2002, Strain et al. 2014). This shift results 

from lowered ecosystem resistance (ability to maintain structure and function during a 

perturbation) and resilience (ability to regain structure and function following a 

perturbation) which is caused by a stressor that impacts a species ability to grow and 

reproduce (Peterson and Steveson 1992, Halpern et al. 2007, Strain et al. 2014, Reed et al. 

2016).  

Light is the primary factor that controls the distribution and productivity of 

macroalgae in the world’s oceans (Gerard 1984, Markager and Sand-Jensen 1992, Gattuso 

et al. 2006). Anthropogenic activities have been shown to significantly limit light 
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availability in the subtidal environment by increasing coastal turbidity and therefore light 

attenuation (Ruffin 1998, Airoldi 2003, Aumack et al. 2007, Pritchard et al. 2013). Due to 

the high metabolic requirements of large canopy forming kelps, light limitation can have 

the effect of reducing growth and, in some cases, may result in a complete loss of these 

species (Gerard 1984, Gattuso et al. 2006, Irving et al. 2009). The main driver of light 

modification in coastal seas is elevated suspended sediment loads (Van Duin et al. 2001, 

Aumack et al. 2007, Zhou 2012, Pritchard et al. 2013). Once settled, sediment can also 

create a plethora of subsequent detrimental effects including smothering (Airoldi 2003, 

Geange et al. 2014), scouring (Airoldi et al. 1996, Pirker 2002, Airoldi 2003), loss of hard 

substrate (Airoldi 2003), and the introduction of pollutants (Airoldi 2003, Walling 2006). 

The multiple impacts of increased sediment have been shown to have additive effects 

resulting in decreased growth of canopy forming kelps (Strain et al. 2014). Turf forming 

species on the other hand are shown to have superior photosynthetic efficiency (Duarte 

1995, Johansson and Snoeijs 2002) and are the most resilient of all macroalgae to the 

negative effects of settled sediment (Airoldi et al. 1996, Airoldi 2003, Gorgula and 

Connell 2004). This explains why turf dominated systems persist following canopy loss 

(Duarte 1995). 

Increased nutrient discharge to coastal seas in the form of agricultural runoff and 

sewage effluent is a factor that has also been linked to the loss of kelp-forest communities 

(Gorgula and Connell 2004, Gorman et al. 2009, Foster and Schiel 2010). Nutrient 

availability can be a limiting factor in coastal seas but perennial canopy forming species 

employ mechanisms to store nutrients, enabling their persistence during periods of 

limitation (Gordillo et al. 2006, Stephens and Hepburn 2016). When nutrients are in 

abundance, ephemeral annual turf forming species thrive, creating dense mats that limit the 

recruitment of canopy forming species (Duarte 1995, Airoldi 2003, Gorman et al. 2009). 

Highly competitive invasive macroalgae may also contribute to the decline of kelp-

forest communities (Casas et al. 2004, Thomsen et al. 2009, Strain et al. 2014). By out-

competing native canopy forming species for space and light a change in habitat structure 

occurs, and in severe cases they may create a monospecific habitat (Stuart 2004, Russell et 

al. 2008, Jiménez et al. 2015a).  

Finally, overfishing of upper trophic level predators can result in the rapid 

population growth of prey species such as urchins and grazing molluscs (Dayton et al. 
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1998, Tegner and Dayton 2000, Levin et al. 2002, Foster and Schiel 2010). Increased 

grazer populations have the potential to significantly reduce kelp-forest biomass, in some 

cases creating barren habitats (Tegner and Dayton 2000, Levin et al. 2002, Graham 2004).   

Light availability plays a fundamental role in controlling the presence, productivity 

and structure of kelp-forest communities, given this, it is surprising so little attention has 

been paid to such a pertinent issue. In contrast  the effects of the other stressors detailed 

above are well documented (Strain et al. 2014). Light availability and its influence on 

kelp-forest community structure is therefore the main focus of this thesis. 

1.4 Light in temperate coastal seas 

1.4.1 The path of light 

Light is electromagnetic radiation which is emitted and absorbed as tiny “packets” of 

energy called photons. Photons exhibit properties of both waves and particles (Kirk 1994). 

Visible light and photosynthetically active radiation (PAR; that is utilised by 

photoautotrophs), spans the wavelengths of 400 to 700 nm, with shorter wavelengths 

carrying more energy (Kirk 1994). The path of visible light through any water body is 

rather complex, with numerous barriers disrupting its progress into and through the water 

column (Ryther 1952, Kirk 1994, Dickey et al. 2011). Initially, the angle of incidence with 

the water’s surface affects reflection, whereby light energy is mirrored back into the 

atmosphere, and refraction, where any light not reflected passes through the water’s 

surface and is bent due to the density difference between air and water (Kirk 1994, Dickey 

et al. 2011). Light reflection is greater, and refraction more variable, when sea surface 

conditions are rough (Dickey et al. 2011), which is typical along exposed coastlines within 

temperate latitudes. Once within the water column, light is rapidly attenuated through the 

processes of absorption and scattering, which occurs when light interacts with particles in 

the water column (Ryther 1952, Yentsch 1962, Lorenzen 1972). The effect of attenuation 

is the reduction of light intensity with depth, and also a change in the light spectrum as 

different wavelengths are attenuated at different rates (Austin & Petzold 1986, Kirk 1994, 

Dickey et al. 2011). Light of long wavelength, e.g. red, orange and yellow, is attenuated 

most rapidly, often within the top tens of metres, while shorter wavelength light, e.g. 

violet, blue and green, is able to penetrate deeper (Jerlov 1957, Kirk 1994, Dickey et al. 

2011).  
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1.4.2 The effect of light limitation 

The physiological processes occurring within macroalgae subjected to light 

limitation can be complex and diverse, but the result is the same across all species 

(Falkowski and LaRoche 1991, Kirk 1994). Light limitation creates an “energy crisis” 

within cells when photosynthesis cannot supply sufficient energy to maintain growth rates 

(Falkowski and LaRoche 1991). Each species has a unique metabolic rate and energy 

requirement in order to survive,  allowing for niche partitioning and the utilisation of a 

wide range of light environments (Ramus et al. 1977, Talarico and Maranzana 2000, 

Johansson and Snoeijs 2002). 

Globally, macroalgal distribution is estimated to be limited by light in 34-58% of the 

non-polar coastal regions (Gattuso et al. 2006). The effects of such limitation include 

compression of species depth limits (Markager and Sand-Jensen 1992, Konar et al. 2009), 

alteration of community composition, sometimes resulting in a phase shift (Connell 2005), 

and an overall decrease in growth rates and productivity of macroalgae (Aumack et al. 

2007). All of these outcomes are driven by underlying physiological processes and have a 

significant influence on ecosystem function, stability and the services outlined above.  The 

limit of the photic zone is defined as the maximum depth at which photosynthesis can be 

undertaken by photoautotrophs. Attenuation controls the depth of the photic zone, which 

may range from > 250 m to < 1 mm, depending on local conditions (Saffo 1987, Kirk 

1994, Krause-Jensen & Sand-Jensen 1998, Raven et al. 2000). Macroalgal communities 

are influenced significantly by the variable depth of the photic zone (Saffo 1987, Hader 

and Figueroa 1997, Ruffin 1998, Anthony et al. 2004, Bruno et al. 2005). Typically large 

brown macroalgae require 0.7 – 1.4% of the surface irradiance to photosynthesise, while 

crustose coralline red algae have been found to persist with as little as 0.01 – 0.1% 

(Markager & Sand-Jensen 1992, Kirk 1994). 

Macroalgae employ a variety of mechanisms to deal with variability in the quality 

and quantity of light reaching the benthos (Anthony et al. 2004, Fairhead and Cheshire 

2004, Aumack et al. 2007, Pritchard et al. 2013). Responses to such variability can occur 

as regulation, e.g. dynamic photoinhibition in periods of high light stress (Hanelt et al. 

1993, Hader and Figueroa 1997), acclimation, e.g. varying concentrations of 

photosynthetic pigments (Ramus et al. 1976, 1977, Colombo-Pallotta et al. 2006), and/or 

adaptation e.g. changes to thallus morphology which alter the efficiency of light absorption 
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per unit of photosynthetic tissue (Hader and Figueroa 1997, Johansson and Snoeijs 2002). 

Changes in turbidity however, especially those caused by anthropogenic disturbance, can 

occur over relatively short time scales and in some instances species may not have the 

capacity to respond (Gerard 1988). 

Although a solid foundation exists regarding the process of photosynthesis and the 

means by which macroalgae respond to light availability, there is a lack of in situ and site 

specific application of this knowledge. By quantifying physiological processes such as 

acclimation and photosynthetic productivity at ecologically relevant scales a better 

understanding of how local light environments control primary productivity and 

macroalgal community structure can be established. This information is key for predicting 

how light limitation currently, and will in the future, impact kelp-forest communities and 

other associated services. 

1.4.3 The changing subtidal light environment 

The delivery of light within coastal seas is naturally variable, both spatially and 

temporally (Gattuso et al. 2006). The factors that contribute to this variability include 

latitude, season, day length, cloud cover, tides, wave action and turbidity (Van Duin et al. 

2001, Anthony et al. 2004, Gattuso et al. 2006), which often makes a photosynthetic 

existence unpredictable and difficult. Adding to naturally high levels of variability is ever 

increasing anthropogenically influenced variability, primarily through increased sediment 

input (Ruffin 1998, Van Duin et al. 2001, Thrush et al. 2004). The coastal light 

environment has experienced significant anthropogenic modification ever since the advent 

of largescale land modification (Syvitski et al. 2005). The extensive clearance of forest 

cover has the effect of destabilising land and liberating sediment that can then be carried 

via river systems to coastal seas (Hewawasam et al. 2003, Walling and Fang 2003, Walling 

2006, 2008, García-ruiz et al. 2013). The most dramatic changes have likely occurred 

following the industrial revolution due to 1) increased land use intensification, 2) new 

technologies that allow for the physical modification of marine habitats e.g. dredging, and 

3) the growth and concentration of populations which has increased wastewater discharge. 

All of these processes increase sediment loading in coastal seas (Howarth et al. 1991, 

Airoldi 2003, Walling 2006, Hunter and Walton 2008, Pritchard et al. 2013) and due to 

strong wave action and tidal currents, typical at temperate latitudes, sediment may persist 

in suspension for long periods of time (Ruffin 1998, Aumack et al. 2007, Pritchard et al. 
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2013). It is assumed that under future environmental conditions turbidity levels will 

continue to increase (Aumack et al. 2007, Fabricius et al. 2013). This is due to an 

assortment of factors such as sea level rise, increased land use intensification and the 

demands of a growing population.  

1.5 Study environment 

1.5.1 Study sites 

The work undertaken in this thesis was conducted within two regions of southern 

New Zealand; East Otago, on the east coast of the South Island, and Stewart Island/ 

Rakiura (Figure 1.3). Two sites were chosen along the East Otago coast (Karitāne and 

Aramoana), and three on Stewart Island (Cooper Bay, Horseshoe Bay and West Head; 

Figure 1.3). The two regions were selected due to one having modified and the other 

unmodified catchment systems which was hypothesized to directly influence the subtidal 

light environment (Figure 1.4). The catchment surrounding Karitāne, (45° 38’ S, 170° 40’ 

E) was predominantly agricultural farmland and small patches of exotic forest, while 

Aramoana (45° 46’ S, 170° 43’ E) was predominantly urban and small scale agriculture. 

The three sites on Stewart Island, West Head (46° 50’ S, 168° 05’ E), Horseshoe Bay (46° 

52’ S, 168° 08’ E) and Cooper Bay (46° 55’ S, 168° 10’ E) were surrounded by native, 

mixed podocarp forest. Mixed podocarp forests on Stewart Island are similar to those that 

once covered many coastal areas within New Zealand, in particular the southeast of the 

South Island, which includes the East Otago region (McGlone et al. 1995, Mcglone and 

Wilson 1996, Chadderton and Allibone 2000).  Each site had a similar north to northeast 

aspect, was subject to similar levels of wave exposure and had a substrate of boulders, 

bedrock or a combination of both. The reef at each site had a similar moderate gradient 

sloping down to an approximate depth of 10-12 metres before reaching sand. Each reef 

system was inhabited by a variety of sub-canopy macroalgal species with Macrocystis 

pyrifera forming the canopy. Sites were sheltered from the prevailing southwest swell, and 

the presence of Durvillaea spp. and Macrocystis pyrifera indicated a moderate level of 

wave exposure (Hepburn et al. 2007, Stephens and Hepburn 2014). 

1.5.2 Physical attributes of southern New Zealand coastal waters 

The coastal waters of southern New Zealand are extremely dynamic in terms of 

currents, wave action and tidal flux. The Southland Current is the driving water mass 

which flows northward around the southern end of Stewart Island and continues up the 
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east coast of the South Island (Heath 1981, 1985, Chiswell 1996). The prevailing swell 

direction is from the south and south-west (Pickrill and Mitchell 1979) but swell from the 

north-east, east and south-east directions is not uncommon along these coastlines (Pickrill 

and Mitchell 1979). The tidal range at East Otago is 1.74 m and at Stewart Island 2 m 

(Heath 1985). 

Sea temperature on the East Otago coast and Stewart Island is relatively similar with 

mean annual values over the duration of this study of 12.64 and 12.69 °C respectively. 

Maximum and minimum temperatures were slightly more extreme along the East Otago 

coast compared to Stewart Island (Table A1.1). Freshwater input proximal to the study 

sites along the East Otago coastline comes predominantly from The Water of Leith, which 

flows into Otago Harbour, and the Waikouaiti River. On Stewart Island the largest input is 

Freshwater River which enters Paterson Inlet, while a number of small streams also 

outflow along the northern coast. Otago Harbour and the Waikouaiti River have the 

potential to deliver 38 and 41 kg N ha
-1

 annually to coastal waters, while Freshwater River 

only delivers 5 kg N ha
-1

 (Heggie and Savage 2009).  
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Figure 1.3. Map of study regions and sites. Geographical position of the modified (East 

Otago) and unmodified (Stewart Island) regions (a). Geographical position of the two 

modified sites of Karitāne and Aramoana (b). Geographical position of the three 

unmodified sites West Head, Horseshoe Bay and Cooper Bay (c). 
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Figure 1.4. Satellite image of New Zealand (a) with magnified view of the two study 

regions (b) (eMODIS aqua, April 2011; NASA 2011). The modified region of East Otago 

(b) shows greater particulate matter within coastal waters compared to the unmodified 

region of Stewart Island (d). 

1.6 Thesis Outline 

1.6.1 Overarching aims 

The research presented in this thesis contributes to an understanding of how light 

availability influences kelp-forest communities at the physiological, ecological and 

secondary consumer levels. The study is focussed on the rocky reef communities of the 

southern South Island of New Zealand but has implications for all temperate marine 

ecosystems. The overarching aim of this thesis was to describe and quantify how light 

availability controls the structure and function of kelp-forest communities, and what 

implications light induced change have on secondary productivity. The findings of each 

chapter are framed in an ecologically relevant context with a focus on explaining why 

specific trends were observed, and how this knowledge can help predict the persistence of 

kelp-forest communities under future light regimes. It is intended that each data chapter 

forms the basis of one or more manuscripts that will be published in the primary literature. 

The content of these chapters and the status of completed and planned manuscripts is 

provided below. 
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1.6.2 Chapter 2: Light limitation and kelp-forest structure 

Light is the primary factor that controls growth and distribution of macroalgae within 

temperate rocky reef systems (Markager and Sand-Jensen 1992, Koch 2001, Gattuso et al. 

2006). Significant geographical and temporal differences in light availability occur 

naturally, and as a result of anthropogenic pressure (Anthony et al. 2004, Gattuso et al. 

2006). The effect of such variability on kelp-forest structure is poorly understood, 

particularly at local scales. Subtidal irradiance, macroalgal standing biomass, zonation and 

species structure was measured in one modified and one unmodified region over a full 

seasonal cycle to determine the role light availability plays in structuring kelp-forest 

communities. 

Publication status: A section of this chapter is published as: Desmond MJ, Pritchard DW 

and Hepburn CD (2015) Light limitation within southern New Zealand kelp-forest 

communities. PLoS ONE 10: 1 – 18. doi: 10.1371/journal.pone.0123676. MJD designed 

the study with input from CDH. Data collection and the majority of analysis was 

undertaken by MJD. CDH and DWP contributed to sections of data analysis.  MJD led the 

write up of the manuscript and CDH and DWP provided editorial support. 

A subsequent publication that comprises the rest of the chapter is currently in review as: 

Desmond MJ, Pritchard DW, Nelson WA and Hepburn CD (2016) Biomass contribution 

by leathery macroalgal species drives functional differences in kelp forest structure 

between a high- and low-light site in southern New Zealand. MJD designed the study with 

input from CDH. Data collection and the majority of analysis was undertaken by MJD. 

CDH, DWP and WAN contributed to sections of data analysis.  MJD led the write up of 

the manuscript and CDH, DWP and WAN provided editorial support. 

1.6.3 Chapter 3: Photoacclimation within kelp-forest communities 

Macroalgae are able to control the synthesis of light harvesting pigments within their 

chloroplasts, allowing for acclimation to varying light environments (Falkowski and 

LaRoche 1991, Raven and Geider 2003). Pigment concentrations can therefore be 

indicative of the relative metabolic cost associated with a particular light regime (Raven 

2011, Raven and Hurd 2012). This knowledge enables an understanding of why kelp-

forest communities are structured the way they are, given the localised availability of light. 

The concentration of dominant light harvesting pigments was quantified for the first time 

at a species and community level within one low- and high-light site. This was done with 
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the aim of assessing the degree of photoacclimation occurring at an individual and 

ecosystem level, and enables an understanding of how individuals and the community as a 

whole respond to differing light availability. 

1.6.4 Chapter 4: Light dose versus rate of delivery: implications for productivity 

Light delivery in temperate kelp-forest communities is highly variable (Luning and 

Dring 1979, Hepburn et al. 2011), as is the ability of macroalgal species to harvest that 

energy (Luning and Dring 1985, Gómez et al. 2004). The way that macroalgae utilise light 

and their plasticity to cope with such variability has serious implications for making 

accurate estimates of productivity (Raven 1992, Gomez et al. 1997, Miller et al. 2006). 

The photosynthetic performance of dominant macroalgae from a light limited site was 

determined at two light delivery rates, while maintaining the same total dose of light. The 

purpose of this was to quantify the relative importance of light delivery rate in comparison 

to the total dose of light received. This information will help improve the accuracy of 

productivity estimates, all of which currently make the assumption that total light dose is 

the primary factor that controls macroalgal productivity.  

1.6.5 Chapter 5: Kelp-forest epifaunal communities 

Kelp-forest communities form the base of complex coastal food-webs (Mann 1973, 

Dayton 1985). Organic carbon, supplied by macroalgae, enters the food-web 

predominantly via secondary consumption by epifaunal species (Taylor and Cole 1994, 

Taylor 1998a). In order to understand trophic connection and flow of carbon at an 

ecosystem scale, an understanding of the link between primary and secondary production 

is necessary. Epifaunal communities upon dominant macroalgal species within a low- and 

high-light site were quantified, and biomass of secondary consumers at a reef scale 

estimated. The aim of this was to assess how light induced changes in primary producer 

presence and size influenced the presence of secondary consumers, and what implication 

such changes may have for higher trophic species. 

1.6.6 Chapter 6: General discussion 

The results of each chapter are synthesised in a way that addresses the overarching 

aims of this thesis and highlights new findings which contribute to a greater understanding 

of light limitation within kelp-forest communities. The implications of light limitation are 

discussed at an ecological level and an emphasis is placed on how community change is 
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likely to influence ecosystem function, and what flow on effects may occur for coastal 

food-webs. Limitations of the study are acknowledged and recommended direction for 

future research is discussed. Finally, in-light of the current findings, the management of 

kelp-forest communities within New Zealand is reviewed. 
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Chapter 2  
Light and kelp-forest community structure 
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2.1 Introduction 

Assuming the presence of suitable substrate and lack of significant grazing pressure, 

light penetration into the water column ultimately controls macroalgal depth distribution, 

and as a result primary productivity and community structure in kelp-forest ecosystems 

(Luning and Dring 1979, Markager and Sand-Jensen 1992, Krause-Jensen and Sand-

Jensen 1998, Raven et al. 2000, Van Duin et al. 2001, Koch 2001, Gattuso et al. 2006, 

Middelboe et al. 2006, Aumack et al. 2007, Pritchard et al. 2013). The structure of kelp-

forest communities varies significantly, both spatially and temporally (Littler and Arnold 

1982, Dayton et al. 1984, Steneck and Dethier 1994, Schiel et al. 1995, Phillips et al. 1997, 

Irving and Connell 2006). Such differences mean that productivity, species diversity, 

habitat quality, and ecosystem resilience and resistance to perturbation (which collectively 

will hereafter be referred to as ecosystem function) are highly variable over relatively 

small scales of time and space (Peterson and Steveson 1992, Bruno et al. 2005, Halpern et 

al. 2007).  By understanding how light controls community structure it is possible to 

comprehend how and why communities differ, and then make predictions about the 

changes in productivity and ecosystem function that we may expect with future changes in 

the subtidal light environment. 

Light availability directly influences ecosystem function in kelp-forest communities 

by controlling community structure (Markager and Sand-Jensen 1992, Middelboe et al. 

2006, Konar et al. 2009). As mentioned in Chapter 1, light limitation compresses species 

depth limits and decreases growth (Markager and Sand-Jensen 1992, Konar et al. 2009). 

Both of these outcomes result in the modification of community structure (Konar et al. 

2009, Bennett et al. 2015). It is common to observe thinning of large canopy forming 

species at deeper depths (Bennett et al. 2015) and domination by typical understory/ low-

light adapted species, often rhodophytes (Connell 2005, Pritchard et al. 2015). The specific 

changes in species structure that occur within a community due to light limitation are 

highly complex and site specific due to localised light adaptation and acclimation (Ramus 

et al. 1976, 1977, Hader and Figueroa 1997, Johansson and Snoeijs 2002, Colombo-

Pallotta et al. 2006), competition (Schiel 1990, Bennett et al. 2015) and biotic and abiotic 

factors (outlined in Chapter 1). Thinning, or complete loss of canopy forming species, can 

significantly modify ecosystem function (Benedetti-Cecchi et al. 2001, Connell et al. 2008, 

Ling 2008). Canopy forming species generally provide the majority of carbon within kelp-

forest communities and any decrease in abundance or biomass results in a smaller 
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contribution to the coastal food-web (Graham 2004). A significant loss of habitat also 

occurs, as well as a reduction or loss of ecosystem services provided by those specific 

canopy species (Dayton 1985, Steneck and Dethier 1994, Steneck et al. 2002). For 

example, a decline in larval settlement may occur due to an increase in water velocity 

following macroalgal loss (Duggins et al. 1990, Steneck et al. 2002). In some cases the 

loss of canopy species may result in increased growth and diversity of understory species 

due to an increase in light and available space (Pedersen and Snoeijis 2001, Wernberg et 

al. 2003). 

The concepts of ecosystem resistance (persistence following perturbation) and 

resilience (succession to original state following perturbation) are key to understanding 

changes in kelp-forest structure (Dayton 1985, Halpern et al. 2007). As light limitation has 

the effect of perturbing a community by stressing individuals, the species specific response 

of individuals is important for their persistence. Light limitation can occur over short 

temporal periods or may be a permanent condition depending on location. In some 

instances, communities may have the physiological plasticity (acclimation) to cope with 

brief periods of light limitation (Falkowski and LaRoche 1991, Talarico and Maranzana 

2000, Brey 2009). If, however, the perturbation is beyond the natural range of variability 

or continues for an elongated period, a change in community structure may result. It is 

generally accepted that more diverse communities have greater resistance and resilience 

(Steneck et al. 2002, Hughes et al. 2003, 2005). This is because if one species is lost there 

is an increased probability that another species performs the same ecological function 

(functional redundancy) and community stability is maintained (Micheli and Halpern 

2005).  

Standing biomass estimates have proven valuable in assessing the general effects of 

light-limitation on kelp-forest communities (Reed et al. 2008). There is, however, a lack of 

specific information that quantifies the magnitude of difference in standing biomass due to 

light variability, and therefore higher resolution data are needed to understand how light 

may alter the presence of species within a community at a level that could affect ecosystem 

function. Ecosystem function is dictated by species structure (Wernberg et al. 2011). The 

diversity and abundance of species in any given community can be highly variable and 

each combination creates a unique community that functions slightly differently (Irving 

and Connell 2006). There is no consensus on the best way to quantify changes in 

community structure. Approaches range from abundance estimates, to indices, to 
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taxonomic classification (Wilhm 1968, Littler and Littler 1980, Steneck and Dethier 1994, 

Phillips et al. 1997, Roberts and Connell 2008, Balata et al. 2011). However, there is 

agreement that the applicability and effectiveness of any approach relies solely on the 

question posed (Padilla and Allen 2000, Balata et al. 2011) and must be 1) consistent and 

based on an appropriate study design, and 2) ecologically relevant. 

There are features of community structure that underpin ecosystem function. This 

idea  forms the core of the functional group classification approach (Littler and Littler 

1980, Steneck and Dethier 1994, Padilla and Allen 2000, Balata et al. 2011). The 

functional group approach categorises species based on gross morphology. On the basis 

that morphology is linked to the functional services provided by the species, this provides 

a way to classify species at an ecologically relevant level (Steneck and Dethier 1994). This 

approach has proved successful in detecting the effects of natural changes and human 

influence on macroalgal communities (Roberts and Connell 2008). Although the generality 

of predictions based on functional group models applied to marine macroalgae has been 

questioned, Padilla and Allen (2000) concluded that such an approach is appropriate in 

some settings for example, in studies where algal morphology is used as a predictor of 

primary productivity or the provision of habitat within an assemblage. Padilla and Allen 

(2000) also found that functional group models are of value when examining some 

ecosystem-level questions “where qualitative results are more important than quantitative 

predictions, and when there are too many species in a system to consider them all 

individually”. 

There is consensus that in-depth, long term investigations are critical to better 

understand how the underwater light environment influences the productivity and structure 

of kelp-forest communities (Collings and Cheshire 1998, Dayton et al. 1998, Hurd et al. 

2004, Connell et al. 2008, Hepburn et al. 2011, Pritchard et al. 2013) and there is growing 

concern regarding the loss of such communities worldwide (Steneck et al. 2002, Connell et 

al. 2008). The focus of this study was to assess the effect of differing light regimes on the 

biomass production and community structure of kelp-forest systems. This was achieved by 

comparing subtidal reef environments in the East Otago (low-light) and Stewart Island 

(high-light) regions of southern New Zealand. A more focused look at the drivers of 

potential difference between high- and low-light environments was achieved through a 

multivariate approach that compared the community structure at two representative sites, 

Karitane (low-light) and Horseshoe Bay (high-light). Data gathered were used to address 
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the questions: Does the availability of light explain coastal patterns in benthic macroalgal 

depth distribution, community structure and standing biomass and how do macroalgal 

communities change with varying irradiance?  
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2.2 Methods 

2.2.1 Study site 

 This study employed a nested design by establishing five sites, two located along 

the modified East Otago coast (hereafter referred to as low-light) and three along the 

unmodified northern coast of Stewart Island (hereafter referred to as high-light), see 

Chapter 1 for site characteristics (Figure 1.3). A limitation of such a design is that without 

spatially interspersed low-light and high-light sites, which do not exist along this coastline 

and are extremely rare worldwide, biogeographical factors other than light may influence 

the trends observed in this study. Similar problems have been acknowledged in other 

studies where an impacted/ modified vs. control/ pristine study design have been employed 

(Connell et al. 2008). Typically control/ pristine sites are only present at the extremities of 

human habitation and therefore limit the ability to replicate in an appropriate manner. Such 

a deviation from the strict ecological study design (Hulbert 1984) is necessary when 

environmental limitations exist (Connell et al. 2008). Measures were taken to quantify 

potential confounding factors such as temperature, nutrient availability and grazing 

pressure. Following this, the chosen sites were shown to be highly comparable with the 

exception of their underwater light environment. 

2.2.2 Biotic and abiotic factors  

Total rainfall for the period of the study (295 days) was 707mm within the low-light 

coast and 1347mm within the high-light coast (CliFlo 2014, NIWA). Nutrient availability 

during the period of this study was relatively similar between coasts with the low-light 

coast having 1.15 and 11 µM of nitrogen during summer minima and winter maxima, 

respectively, while the high-light coast had 1.75 and 9 µM for the same periods (Stephens 

2015). These results are similar to those seen in past studies in the same area (Hepburn et 

al. 2006, 2007). Mean water temperature on low-light (295 days, two sites, n = 590) and 

high-light (295 days, three sites, n = 885) coasts was similar, 13.0 and 12.8°C at 2 m depth 

and 12.6 and 12.7°C at 10 m depth, respectively. Preliminary surveys showed grazing 

pressure of the two most dominant grazers, Evechinus chloroticus (sea urchin) and Haliotis 

iris (abalone) were relatively low at both the 2 and 10 m depth strata along each coast (n = 

10 one metre squared quadrats per site). E. chloroticus densities at the 2 m depth stratum 

were 0 and 0.2 ± 0.1 per square metre along the low- and high-light coasts respectively. H. 

iris densities at the same depth were 0.1 ± 0.07 and 0.1 ± 0.05 per square metre along the 

low- and high-light coasts respectively. At the 10 m depth stratum E. chloroticus densities 
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were 0 and 0.7 ± 0.2 per square metre and H. iris densities were 0 and 0.03 ± 0.3 per 

square metre along the low- and high-light coasts respectively (Figure A.2.1). 

2.2.3 In situ irradiance 

Light data were collected from 14 December 2012 to 7 October 2013. Light intensity 

and temperature were recorded at the surface, 2 and 10 m below mean low water at each 

site using a data logging sensor (HOBO Pendant Temperature/Light Data Logger 64k, 

Onset). The subtidal loggers were mounted using SCUBA; a 25cm aluminium stand was 

driven into a rock crevice and fixed with underwater epoxy (Concrete Fix, Sika Ltd. 

Auckland, New Zealand). Each logger was attached using cable ties, with the sensor 

parallel to the water surface. Surface data loggers were installed in an unshaded location 

on the shore with the same aspect as the subtidal loggers. Data loggers were programmed 

to log at 10 minute intervals. Each logger was replaced approximately every three months 

and the data downloaded. This procedure was done to minimise fouling of the logger by 

algae and invertebrates. Sub-canopy and understory macroalgae were cleared in a 2 m 

diameter around the logger stand when loggers were replaced to avoid direct shading of 

the logger, the Macrocystis pyrifera canopy was left intact. A period of 52 days (27 August 

2013 to 18 October 2013) worth of light data from the 2 m depth stratum at Aramoana was 

lost due to logger malfunction. 

Data logging sensors recorded light intensity in Lux and therefore calibration was 

required to convert to relevant PAR values. Calibration was achieved through 

simultaneous recording using HOBO Pendant Temperature/Light Data Loggers and a 

factory calibrated, cosine corrected, LI-COR underwater quantum sensor (LI-192SA 

coupled with a LI-250A light metre, LI-COR). For calibration a HOBO data logger, 

secured parallel to the LI-192SA was programmed to record at one second intervals while 

the LI-192SA took an average recording over a 15 second period. The corresponding 15 

data points from the HOBO logger were averaged for calibration with the LI-192SA. Data 

from four calibration campaigns, over a range of light intensities, water depths and 

locations were pooled (Figure A.2.2). An empirical conversion between Lux and PAR 

(µmol photons m
-2

 s
-1

) was obtained via linear regression of natural log-transformed values 

(Long et al. 2012) using the R statistical software package (v. 3.0.2, R Core Team, 2013). 

The calibration was represented by PAR = EXP((LN(LUX)-3.686)/1.175), which was 

applied to all data.  



 

27 

 

2.2.4 Macroalgal survey and collection 

Macroalgal surveys and collections were conducted in December 2012, April, July 

and October 2013 at each site. Depth distribution analysis was conducted using SCUBA. 

Three transect lines, each separated by five metres, were laid parallel to the slope of the 

reef starting at 2 m depth running down to 10 m depth. The presence of all macroalgal 

species within a one-square metre
 
quadrat

 
were recorded at one metre depth intervals 

between 2 and 10 m. The maximum and minimum depth limit and range for each species 

was calculated from the deepest and shallowest depth recording of that particular species 

from at least one transect line, at one site, along each coast, over all four sampling periods. 

Algal collections were conducted by laying a 10 m transect line perpendicular to the slope 

of the reef at 2 and 10 m depth. Six one-square metre quadrats were randomly placed along 

each transect. Randomisation was achieved by random number generation with no 

replacement. Resampling of the same area was avoided by positioning the transect either 

to the left or right of the light logger at each site and sampling either above or below the 

transect i.e. four positions, one for each season. All fleshy macroalgae, excluding canopy 

forming Macrocystis pyrifera, were manually removed and placed in a fine mesh bag. 

Canopy forming Macrocystis pyrifera were not included in collections due to their large 

size and biomass, making collection by divers difficult. However, sub canopy Macrocystis 

pyrifera was collected. Adult Macrocystis pyrifera density was quantified at 2 m and 10 m 

during December 2012 at Karitāne and Horseshoe Bay using the same method as above. 

Samples were transported directly to the laboratory, classified to the species level (Adams 

1994, Nelson 2013), excess water shaken off and then weighed. 15 individuals of each 

species, over a range of sizes, were weighed wet and then dried in an oven at 60
o
C until a 

constant weight was reached. A conversion factor for each species was calculated from the 

average change in wet to dry weight, this was then applied to all wet biomass data to 

determine total dry biomass as drying all collected algae was impractical.  

2.2.5 Community metrics 

 Seasonal dry biomass was calculated by averaging replicate sites within each coast. 

Seasonal individual dry biomass was calculated by dividing dry biomass per square metre 

by the density of individuals per square metre (both pooled by coast) to give an estimate of 

average individual dry biomass. Seasonal diversity was assessed using the Shannon-

Wiener diversity index (H’). The Shannon-Wiener diversity index combines species 

richness and, in this case, relative biomass to give an estimate of diversity, with a value of 
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0 representing a population of one species. The assumptions of this index are that 

individuals are sampled from an ‘infinitely large’, random population and that all species 

from the community are included in the sample (Neto 2001).When using multivariate 

methods to investigate differences in community structure at the species and functional 

group level one representative site was chosen from each coast, Karitāne on the low-light 

coast and Horseshoe Bay on the high-light coast. All species were grouped into one of the 

following six categories based on their construction and growth form: leathery, branched 

coarse, branched fine, membranous/thin, blade, filamentous. In addition, nine species were 

identified as being canopy-forming species. 

2.2.6 Statistical analysis 

 Light 2.2.6.1

Daily dose of light (mol photons m
-2

 day
-1

), henceforth referred to as daily dose, was 

calculated by integrating the calibrated 10-minute readings across an entire day. Initial 

inspection of the raw data showed that sites along the same coast were similar and so data 

were pooled (hereafter: low-light and high-light). To visualise differences between coasts, 

a weighted least-squares regression smoother (loess) with a span (α) of 0.5 (i.e. 50% of the 

entire data set) and tricubic weighting was applied. Daily integrals of light were used to 

calculate percent surface irradiance at each depth and a down-welling attenuation 

coefficient (Kd m
-1

) was calculated for each day using the following formula (Kirk 2011): 

Kd =
ln(I2/I10)

(10 − 2)
 

where I2 and I10 are the daily doses calculated for 2 and 10 m, respectively. The Lambert–

Beer equation and calculated Kd m
-1

 coefficients were used to provide an estimate of 

percent surface irradiance throughout the water column to a depth of 10. Empirical 90% 

confidence intervals calculated from lower 5% and upper 95% sample quantiles of daily 

Kd m
-1

 values were used to compare mean estimates from modified and forested coasts.   

 Community metrics 2.2.6.2

Seasonal differences in dry biomass, individual weight, density and diversity were tested at 

each depth stratum using a nested analysis of variance (ANOVA), whereby site was nested 

within coastal region (coast). All data were log transformed before analysis to improve 

normality. All factors were treated as fixed. Differences between means were determined 
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using a Tukey honest significant differences (HSD) post-hoc test. In all cases data met the 

assumptions of an ANOVA comparison i.e. normality (Shapiro-Wilk test) and equal 

variance (Levene median test). For all tests significance was set at the 5% level (ɑ = 0.05). 

All statistical analysis was performed using JMP Pro 10 (SAS institute, Cary, N.C.). 

 Multivariate community structure 2.2.6.3

At Karitāne (representative low-light) and Horseshoe Bay (representative high-light) 

seasonal percentage contribution to total dry biomass per square metre was determined for 

each functional group and species, at 2 m and 10 m depth. Bray-Curtis dissimilarities were 

calculated using the untransformed functional group and species data for each season. 

Principal coordinates analysis (PCO) based on Bray-Curtis dissimilarity was conducted for 

each season with both the functional group and species data sets to indicate patterns in 

community structure between sites within depths. Similarity percentages (SIMPER) 

analysis was performed on the raw data to quantify the role of each species and functional 

group in the patterns observed in the PCO ordinations. Permutational multivariate analysis 

of variance (PERMANOVA) and pairwise tests, based on Bray-Curtis dissimilarity, were 

used to test for differences in community structure at the functional group and species 

level between sites within depths using 9999 permutations. Significance was set at the 5% 

level (ɑ = 0.05). All multivariate analyses were performed using PRIMER 

(PERMANOVA + for PRIMER, PRIMER-E Ltd, Plymouth, UK).  
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2.3 Results 

2.3.1 In situ irradiance 

The surface light environment of the low- and high-light coasts were similar for the 

duration of this study, the average daily dose being 14.0 ± 0.42 (n = 590 days over two 

sites) and 13.6 ± 0.33 (n = 886 days over three sites) mol photons m
-2

 day
-1

, respectively 

(Figure 2.1). A clear difference in average daily dose between low- and high-light coasts 

occurred within the 10 m depth stratum, with values of 0.30 ± 0.01(n = 590) and 0.61 ± 

0.02 (n = 885) mol photons m
-2

 day
-1

,
 
respectively (Figure 2.1). This resulted in an average 

quantum dose within the high-light coast that was twice that of the low-light coast, 179 

mol photons m
-2

 and 89 mol photons m
-2

 respectively, for the duration of the study. The 

difference in quantum dose between coasts at 10 m is explained by differing attenuation, 

with more than twice as much of the corresponding surface irradiance reaching the benthos 

within the high- compared to the low-light coast (1.93 ± 0.06% (n = 590), low-light and 

4.65 ± 0.06% (n = 885), high-light) (Figure 2.2 and 2.3). Variability in attenuation 

decreased with depth in both coasts, with a more pronounced difference between coasts at 

greater depths, shown by the narrowing 90% confidence intervals with depth (Figure 2.3). 

The low-light coast had a consistently higher rate of attenuation compared to the high-light 

coast at all depths (Figure 2.3). There was a total of 14 days where light was undetectable 

within the 10 m depth stratum of the low-light coast. The longest period where light was 

undetectable was recorded from the 17 to the 24 June 2013 within the 10 m depth stratum 

at Karitāne. At no point was light undetectable within any of the high-light sites during 

daylight hours. 

Within the 2 m depth stratum there was a less pronounced difference in average daily 

dose between coasts for the duration of the study, with the low- and high-light coasts 

receiving 1.32 ± 0.06 (n = 538) mol photons m
-2

 day
-1 

and 1.56 ± 0.06 (n = 885) mol 

photons m
-2

 day
-1

,
 
respectively (Figure 2.1). This difference resulted in an average 

quantum dose of 336 mol photons m
-2

 for the low-light coast and 396 mol photons m
-2

 for 

the high-light coast over the duration of the study. The percentage of surface irradiance 

reaching 2 m was highly variable between coasts, with the average values being 9.72 ± 

0.24% and 11.7 ± 0.2% for the low- and high-light coasts, respectively (Figure 2.2 and 

2.3). There were four days when light was undetectable within the low-light coast during 

daylight hours. This phenomenon was not seen within the high-light coast 
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2.3.2 Macroalgal standing biomass 

Within the 10 m depth stratum the high-light coast had significantly greater standing 

biomass compared to the low-light coast over all seasons (Figure 2.4, Table 2.1). The same 

trend was seen within the 2 m depth stratum during summer, autumn and winter (Figure 

2.4, Table 2.1). These differences equated to approximately 2-4 times and 3-5 times 

greater standing biomass within the high-light coast at 2 m and 10 m respectively. 

Seasonal standing biomass followed a similar trend to daily dose at both the 2 and 10 m 

depth strata, with peak biomass occurring during summer, declining in autumn and winter 

then increasing again during spring (Figure 2.1 and 2.4). There was no significant 

difference in standing biomass between sites nested within the high-light coast at either 2 

m or 10 m, however within the low-light coast Aramoana had significantly higher standing 

biomass when compared to Karitāne within the 10 m depth stratum (Table 2.1, Tukey 

HSD, P < 0.05). Individual macroalgae were on average 3-4 times and 5-6 times heavier 

within the high-light coast at 2 and 10 m respectively (Figure 2.5, Table 2.1). A significant 

difference between sites nested within the high-light coast was observed with Horseshoe 

Bay having heavier individuals when compared to Cooper Bay and West Head (Table 2.1, 

Tukey HSD, P < 0.05). 

2.3.3 Zonation 

Of the dominant species recorded during depth distribution analysis the two coasts 

shared 18 species, while seven species within the low-light coast and six within the high-

light coast were not shared.The depth range of species shared by both coasts was greater 

within the high-light coast, with the average range of a species spanning 6.9 ± 1.63 metres, 

while within the low-light coast the average range was 4.7 ± 0.65 metres (Figure 2.6). The 

depth limit of the shared species was on average 0.9 ± 1.08 metres deeper within the high-

light coast compared to the low-light coast. In each case the error represents the standard 

error of the mean calculated from the average range of the 18 shared species.  

2.3.4 Density and diversity 

A total of 56 unique macroalgal species were recorded within the 2 m and 10 m 

depth strata from the low-light (38 species) and high-light (45 species) coasts during the 

sampling period. The only significant difference in macroalgal density between coasts was 

observed during winter at the 2 m depth stratum, where the low-light coast had a higher 

density of individuals per square metre compared to the high-light coast (Figure 2.7, Table 

2.1). A significant difference between sites nested within coast was observed, with 
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Aramoana having a greater density of species than Karitāne at the 10 m depth stratum 

(Table 2.1, Tukey HSD, P < 0.05). There was a significant difference in adult M. pyrifera 

density at 10 m (Student’s t = 2.92, P = 0.043) during the sampling period of summer 

2012, with Horseshoe Bay having 0.88 ± 0.21 individuals m
-2

 while Karitāne had 0.52 ± 

0.19 individual m
-2

. No statistical difference in density was observed at 2 m with 

Horseshoe Bay having 3.21 ± 0.45 individuals m
-2

 while Karitāne had 2.3 ± 0.67 

individuals m
-2

.For the majority of the sampling period there was no difference in the 

Shannon-Wiener Diversity index between coasts, the exception being within the 10 m 

depth stratum during spring when the high-light region had a significantly higher H’ value 

compared to the low-light coast (Figure 2.8, Table 2.1). A significant difference between 

sites nested within coast was observed with Karitāne having a higher H’ value than 

Aramoana at both the 2 m and 10 m depth strata (Table 2.1, Tukey HSD, P < 0.05). 

2.3.5 Community structure 

From the multivariate analysis of the two representative sites, low-light (Karitāne) 

and high-light (Horseshoe Bay), a total of 37 species or species groups were identified; 23 

entities were recorded from the low-light site, three of which were unique, and 34 entities 

were recorded from the high-light site, of which 14 were unique (Table A.2.1). Material 

belonging to four genera was unable to be identified to the species level. These entities 

were treated as Gigartina sp., Rhodophyllis spp. (including two species with similar 

morphology and uncertain nomenclatural status), Plocamium spp. (with several species 

sharing very similar morphology and unable to be distinguished in the field), and 

Rhodymenia sp. (sterile specimens unable to be placed to species). In addition two 

categories, ‘bladed red’ and ‘filamentous red’, were used for foliose and finely branched 

taxa respectively that could not be placed even in a genus based solely on external 

morphology. 

 Community structure: Functional group classification 2.3.5.1

Biomass weighted functional group diversity was significantly different between 

sites during summer and autumn at 2 m and during summer, winter and spring at 10 m 

(Table 2.2). Greater variation between replicate quadrats occurred at 10 m than at 2 m 

(Figure 2.9), due to the greater diversity in functional groups at 10 m. PCO ordinations 

generally showed a stronger separation between sites at 10 m compared to 2 m and 

explained a high level of variation across all seasons i.e. >80% (Figure 2.9). SIMPER 
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analysis showed that an increased contribution of certain functional groups to the total 

community biomass was responsible for the dissimilarity between sites and that these 

functional groups were influential over multiple seasons. At both sites and both depths 

leathery functional groups dominated biomass and always, with the exception of summer 

at 10 m, contributed the most to site dissimilarity (Tables 2.3 and 2.4). At 2 m there was a 

greater contribution of branched coarse and branched fine functional groups at the low-

light site, while at the high-light site leathery and membranous/thin functional groups had 

a greater contribution (Table 2.3). At 10 m there was a greater contribution of branched 

fine and filamentous functional groups at the low-light site, while at the high-light site 

leathery and branched coarse functional groups had a greater contribution (Table 2.4). 

 Community structure: Species classification 2.3.5.2

Biomass weighted species diversity differed significantly between sites at both 

depths over all seasons (Table 2.2). PCO ordinations showed obvious separation of sites at 

both the 2 m and 10 m depth strata and explained a high level of the variation across all 

seasons i.e. >50% (Figure 2.10). Generally, differences between sites at both depths were 

correlated more strongly with PCO 2 than PCO 1 (Figure 2.10).  SIMPER analysis showed 

that only a few species were responsible for the majority of dissimilarity between sites and 

that these few species contributed significantly over more than one season. For example, at 

2 m, Macrocystis pyrifera, Carpophyllum flexuosum, Xiphophora gladiata and Sargassum 

sinclairii all made a greater contribution at the low-light site, while Xiphophora gladiata, 

Cystophora platylobium, Macrocystis pyrifera and Cystophora scalaris made a greater 

contribution at the high-light site over various seasons (Table 2.5). At 10 m, Ecklonia 

radiata, Anotrichium crinitum, Halopteris novae-zelandiae, Marginariella boryana and 

Landsburgia quercifolia all had a greater contribution at the low-light site, while 

Carpophyllum flexuosum and Ecklonia radiata had a greater presence at the high-light site 

(Table 2.6). 

 Species influence on functional structure 2.3.5.3

A significant difference in species structure between sites did not always coincide 

with a significant difference in functional structure, namely for winter and spring at 2 m 

and autumn at 10 m (Table 2.2). As outlined above, the major differences in species 

structure between sites at both depths occurred due to differences in the contribution to 

total biomass by species classified as leathery (Tables 2.5 and 2.6). This is most likely due 
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to the disproportionate contribution of this functional group to the total biomass. However, 

a number of other functional groups were shown to be responsible for the overall 

dissimilarity between sites and within these groups often only a few species had 

considerable influence. Species responsible for an increased presence of a certain 

functional group included Carpomitra costata, Euptilota formosissima, H. novae-

zelandiae and Plocamium spp. within the branched fine group, Desmarestia ligulata, 

Dictyota kunthii, Caulerpa brownie and Craspedocarpus erosus within the branched 

coarse group, Spatoglossum chapmanii and Rhodophyllis spp. within the membranous/thin 

group, and A. crinitum within the filamentous group. 
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Figure 2.1. Daily dose mol photons m
-2

 day
-1

 pooled by coast at the surface (top), 2 m 

(middle) and 10 m (bottom) depths from December 2012 to October 2013. Logging 

interval for each logger was 10 minutes, deployment of 295 days.  Lines represent a 

weighted least-squares regression smoother (loess, see text for details). Shaded area 

represents 1.96-times the standard error (approximate 95% C.I.) of the loess smoother. 

Low-light (green, solid line) n = 2, high-light (blue, dashed line) n = 3. 
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Figure 2.2. Percentage of surface irradiance pooled by coast at 2 m (top) and 10 m 

(bottom) depths from December 2012 to October 2013. Lines represent a weighted least-

squares regression smoother (loess, see text for details). Shaded area represents 1.96-

times the standard error (approximate 95% C.I.) of the loess smoother. Low-light (green, 

solid line) n = 2, high-light (blue, dashed line) n = 3. 
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Figure 2.3. Percentage of surface irradiance, predicted from attenuation coefficients 

between 2 and 10 m depths, pooled by coast between December 2012 to October 2013. 

Shaded areas represent empirical 90% confidence intervals for each region. Low-light 

(green, solid line) n = 2, high-light (blue, dashed line) n = 3. 
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Figure 2.4. Seasonal macroalgal dry biomass per square metre at 2 m (a) and 10 m (b) 

within the low-light (white bars) and high-light (grey bars) coasts. Values represent means 

(± SE) for low-light (n = 12) and high-light (n = 18). Significant difference is indicated by 

different letter combinations above bars (Tukey HSD) (ɑ = 0.05).  
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Figure 2.5. Seasonal individual macroalgal dry biomass at 2 m (a) and 10 m (b) within the 

low-light (white bars) and high-light (grey bars) coasts. Values represent means (± SE) for 

low-light (n = 12) and high-light (n = 18). Significant difference is indicated by different 

letter combinations above bars (Tukey HSD) (ɑ = 0.05).  
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Figure 2.6. Maximum and minimum depth distribution of dominant macroalgal species over all four seasons within the low-light 

(white bars) and high-light (grey bars) coasts. Modified (n = 6) and forested (n = 9). 
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Figure 2.7. Seasonal macroalgal density per square metre at 2 m (a) and 10 m (b) within 

the high-light (white bars) and low-light (grey bars) coasts. Values represent means (± SE) 

for low-light (n = 12) and high-light (n = 18). Significant difference is indicated by 

different letter combinations above bars (Tukey HSD) (ɑ = 0.05). 
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Figure 2.8. Seasonal Shannon’s Diversity Index at 2 m (a) and 10 m (b) within the low-

light (white bars) and high-light (grey bars) coasts. Values represent means (± SE) for 

low-light (n = 12) and high-light (n = 18). Significant difference is indicated by different 

letter combinations above bars (Tukey HSD) (ɑ = 0.05).  
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Figure 2.9. Principal coordinates analysis based on the percentage contribution of each functional group to total dry biomass during summer 

(top left), autumn (top right), winter (bottom left) and spring (bottom right). Functional groups responsible for separating sites are shown by 

vectors, with the length of the vector representing the strength of effect. Triangles, low-light; squares, high-light. Open symbols, 2 m depth; 

closed symbols, 10 m depth. 
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Figure 2.10. Principal coordinates analysis based on the percentage contribution of each species to total dry biomass during the 

seasons of summer (top left), autumn (top right), winter (bottom left) and spring (bottom right). Species responsible for separating 

sites are shown by vectors, with the length of the vector representing the strength of effect. Where vectors are clustered together and 

effect is small the species involved are represented by asterisks which correspond to the species list at the right of each figure. 

Triangles, low-light; squares, high-light. Open symbols, 2 m depth; closed symbols, 10 m depth. 
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Table 2.1. Results of ANOVA on macroalgal community parameters within the 2 and 10 m 

depth strata from the low- and high-light coasts. Factors were Coast (df = 1), Site nested 

within Coast (df = 3), Season (df = 3) and Season crossed with Coast (df = 3). Significant 

differences are Bold, significance was set at the 5% level (ɑ = 0.05).  

              

  Community Parameters Depth (m) Factor F p   

              

  Dry Biomass 2 Coast 40.92 <0.0001   

      Site [Coast] 1.46 0.2285   

      Season 17.31 <0.0001   

      Season x Coast 5.38 0.0017   

  Dry Biomass 10 Coast 220.19 <0.0001   

      Site [Coast] 32.55 <0.0001   

      Season 12.79 <0.0001   

      Season x Coast 1.99 0.1196   

  Individual Dry Biomass 2 Coast 33.08 <0.0001   

      Site [Coast] 4.72 0.0039   

      Season 0.87 0.4598   

      Season x Coast 3.36 0.0214   

  Individual Dry Biomass 10 Coast 89.75 <0.0001   

      Site [Coast] 3.07 0.0311   

      Season 0.16 0.9236   

      Season x Coast 3.59 0.0159   

  Density  2 Coast 16.63 <0.0001   

      Site [Coast] 2.82 0.0423   

      Season 8.59 <0.0001   

      Season x Coast 3.82 0.012   

  Density  10 Coast 1.48 0.2269   

      Site [Coast] 9.93 <0.0001   

      Season 7.19 0.0002   

      Season x Coast 1.12 0.3452   

  
Shannon's Diversity 

Index 2 Coast 0.38 0.1684   

      Site [Coast] 4.62 0.0044   

      Season 2.46 0.066   

      Season x Coast 0.67 0.5734   

  
Shannon's Diversity 

Index 10 Coast 0.22 0.6424   

      Site [Coast] 20.12 <0.0001   

      Season 3.03 0.0326   

      Season x Coast 4.02 0.0093   
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Table 2.2. PERMANOVA analysis, pairwise tests for differences in community structure 

between low- and high-light sites at 2 and 10 m based on the percentage contribution to total 

biomass of functional groups and species. Unrestricted permutation (9999 times) was carried 

out on the raw data. Significant interactions are Bold, significance was set at the 5% level (ɑ 

= 0.05). 

                  

      Functional Group   Species   

  Season Depth (m) t P (perm)   t P (perm)   

                  

  Summer  2 1.77 0.008   1.85 0.018   

    10 2.76 0.014   2.31 0.003   

  Autumn 2 1.89 0.002   1.91 0.017   

    10 0.82 0.52   2.41 0.006   

  Winter 2 Sites 100% similar   2.02 0.005   

    10 1.97 0.034   2.78 0.003   

  Spring 2 0.81 0.4   1.85 0.018   

    10 2.44 0.011   2.32 0.002   
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Table 2.3. Similarity percentages (SIMPER) analysis of functional group contribution to 

community biomass, at 2 m depth  for the low- and high-light sites over a seasonal cycle. 

Average dissimilarity is the overall dissimilarity between sites. % of dissimilarity shows the 

contribution of each functional group to the overall dissimilarity between sites. n = 6, 1m
2
 

quadrats per site for each season.  

                

    Average   % of total biomass % of   

  Season dissimilarity Functional group Low-light High-light dissimilarity   

                

  Summer 19.2 Leathery 81.6 93.4 39.2   

      Branched fine 2.4 0 6.4   

      Branched coarse 14.4 0.1 37.3   

      Membranous/thin 1.5 6.5 17.1   

      Filamentous 0 0 0   

      Blade 0 0 0   
                

  Autumn 5.9 Leathery 94 100 50   

      Branched fine 5.6 0 46.6   

      Branched coarse 0 0 0   

      Membranous/thin 0.4 0 3.4   

      Filamentous 0 0 0   

      Blade 0 0 0   
                

  Winter     Sites 100% similar   
                

  Spring 10.2 Leathery 92.9 93.2 44.9   

      Branched fine 0.4 0 2   

      Branched coarse 3.9 0.3 18.7   

      Membranous/thin 2.8 6.5 34.2   

      Filamentous 0.1 0 0.3   

      Blade 0 0 0   
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Table 2.4. Similarity percentages (SIMPER) analysis of functional group contribution to 

community biomass, at 10 m depth for the low- and high-light sites over a seasonal cycle. 

Average dissimilarity is the overall dissimilarity between sites. % of dissimilarity shows the 

contribution of each functional group to the overall dissimilarity between sites. n = 6, 1m
2
 

quadrats per site for each season.  

                

    Average   % of total biomass % of   

  Season dissimilarity Functional group Low-light High-light dissimilarity   

                

  Summer 26.5 Leathery 71.9 88.5 37.9   

      Branched fine 23 2.1 40.7   

      Branched coarse 0 5.7 10.8   

      Membranous/thin 2.9 2.3 6.1   

      Filamentous 2.2 1.3 4.2   

      Blade 0 0.1 0.2   
                

  Autumn 21.6 Leathery 83.8 81.3 40.7   

      Branched fine 13.4 7 30.2   

      Branched coarse 0 6.8 15.8   

      Membranous/thin 0.8 2.1 0.7   

      Filamentous 2 2.6 0.8   

      Blade 0.1 0 0.1   
                

  Winter 28.1 Leathery 74.6 86.9 37.3   

      Branched fine 6.7 2.1 10.4   

      Branched coarse 0.2 10.7 18.9   

      Membranous/thin 1.1 0 2   

      Filamentous 17.4 0 30.9   

      Blade 0 0.3 0.5   
                

  Spring 21.5 Leathery 78.8 86.3 32.6   

      Branched fine 2 3.54 7.2   

      Branched coarse 1.1 9.3 19.6   

      Membranous/thin 3.2 1 7.2   

      Filamentous 14.2 0.7 31.5   

      Blade 0.8 0.1 1.9   
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Table 2.5. Similarity percentages (SIMPER) analysis of species contribution to community 

biomass, at 2 m depth for the low- and high-light sites over a seasonal cycle. Average 

dissimilarity is the overall dissimilarity between sites. % of dissimilarity shows the 

contribution of each functional group to the overall dissimilarity between sites. Only species 

that accounted for more than 10% of overall dissimilarity are shown. n = 6, 1m
2
 quadrats per 

site for each season 

                

    Average   % of total biomass % of   

  Season dissimilarity Species Low-light High-light dissimilarity   

                

  Summer 64.4 Xiphophora gladiata 51.2 22.3 29.3   

      Marginariella boryana 22.9 32.9 19.9   

      Macrocystis pyrifera 0.2 17.1 13.2   
                

  Autumn 75.8 Xiphophora gladiata 29.6 45.5 24.6   

      Macrocystis pyrifera 27.4 0 18   

      
Cystophora 
platylobium 0 20.8 13.7   

      
Carpophyllum 
flexuosum 20.6 0 13.6   

      Marginariella boryana 5.9 14.6 9.2   
                

  Winter 77.2 
Carpophyllum 
flexuosum 44.5 0 28.8   

      
Cystophora 
platylobium 0 31.7 20.5   

      Xiphophora gladiata 24.3 26.7 18.6   

      Macrocystis pyrifera 16 25.8 15.7   
                

  Spring 67.4 Cystophora scalaris 0 36 26.7   

      Sargassum sinclairii 27 0 20   

      Xiphophora gladiata 33.1 44.8 19.6   

      Marginariella boryana 16 0.3 11.7   
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Table 2.6. Similarity percentages (SIMPER) analysis of species contribution to community 

biomass, at 10 m depth for the low- and high-light sites over a seasonal cycle. Average 

dissimilarity is the overall dissimilarity between sites. % of dissimilarity shows the 

contribution of each functional group to the overall dissimilarity between sites. Only species 

that accounted for more than 10% of overall dissimilarity are shown. n = 6, 1m
2
 quadrats per 

site for each season 

                

    Average   % of total biomass % of   

  Season dissimilarity Species Low-light High-light dissimilarity   

                

  Summer 60.8 Carpophyllum flexuosum 1.9 29.4 24.2   

      Ecklonia radiata 52.6 48.8 24.1   

      
Halopteris novae-
zelandiae 22 0.3 18.3   

                

  Autumn 86.3 Ecklonia radiata 11.7 66.0 33.7   

      Marginariella boryana 27.1 0 15.5   

      Carpophyllum flexuosum 11.9 16.8 12.5   
                

  Winter 85.6 Ecklonia radiata 8.9 60.5 32.6   

      Landsburgia quercifolia 29.5 0 17.3   

      Carpophyllum flexuosum 17.5 25.3 17   

      Anotrichium crinitum 17.4 0 10.2   
                

  Spring 71.4 Ecklonia radiata 34.5 31.2 24.2   

      Carpophyllum flexuosum 19.2 38.8 23.8   

      Anotrichium crinitum 21.2 0 13.9   
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2.4 Discussion 

The large difference in light availability observed been coasts was due primarily to 

increased attenuation along the low-light coast, most likely the result of higher suspended 

sediment loads. This effect resulted in approximately 50% more light energy being 

available to benthic macroalgae at 10 m and 20% more at 2 m within the high-light coast. 

It is likely that canopy forming Macrocystis pyrifera play a large role in regulating the 

subtidal light environment (Gerard 1984). Although limited sampling was performed, a 

greater density of adult M. pyrifera was observed on the high-light compared to the low-

light coast, particularly at the deeper extent of the reef. From this data, it is assumed that 

the effect of canopy shading is greater along the high-light coast yet light availability at the 

benthos still remained higher. Future research should endeavour to quantify and 

understand the influence of canopy shading when assessing the light regime within kelp-

forest communities. These data also highlight the significant variability in light delivery on 

a time scale of minutes to seasons and geographically within and between coastlines. 

Significant periods of chronic light limitation were observed within the low-light coast 

after large storm events and high river discharge. These periods were observed to persist 

for multiple days, in effect starving macroalgae of their sole energy source. The specific 

effects of light variability and periods of chronic limitation are difficult to disentangle. 

Few studies have paid due attention to this particular question, yet the nature of light 

delivery may hold important information regarding the mechanisms that drive changes in 

kelp-forest communities. Therefore future work should focus not only on how the quantity 

but also the quality and delivery of light influences the photosynthetic ability and 

persistence of macroalgae.  

Few studies have documented the subtidal light regime within kelp-forest communities 

over any extended period of time, this therefore makes it difficult to place the results of 

this study in a global context. From the little data that does exist, it is typical that light 

availability within kelp-forest ecosystems varies significantly geographically, seasonally 

and with localised weather patterns (Luning and Dring 1979, Gattuso et al. 2006, Aumack 

et al. 2007, Harrer et al. 2013). The most well studied region is the Californian coastline 

where Macrocystis forms the dominant canopy, much like the communities in this study. 

Here, light availability reaching the benthos at ~ 15 m was estimated to range between 1 – 

5% of surface irradiance (Gerard 1984, Reed and Foster 1984).Given the difference in 

depth, this value is likely greater than what was measured in this study, approximately 2 – 
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5 % at 10 m depth. A more recent study by Harrer et al. (2013) measured PAR at four 

Californian reefs at a depth of approximately 6 – 9 m and found that daily dose values 

were approximately 2 mol m
-2

 day
-1

 during winter and 6 mol m
-2

 day
-1

 during summer. 

This far surpasses the daily averages of 0.3 and 0.61 mol m
-2

 day
-1

 seen at 10 m on the 

low-light and high-light coasts respectively. This large difference between New Zealand 

and Californian systems will in part be due to latitudinal differences e.g. day length and 

sun angle, but based on the studies of Gerard (1984) and Reed and Foster (1984) a large 

proportion of the difference is likely attributed to attenuation. This finding means that the 

energy dynamics of southern New Zealand kelp-forest communities are not comparable to 

their Californian counterparts and this should be acknowledged when the expectations of 

New Zealand kelp-forests are considered and management implemented. Finally, Gattuso 

et al. (2006) estimated that the daily compensation irradiance for benthic communities 

ranges between 0.24 and 4.4 mol m
-2

 day
-1

. This means that sites from this study fall on the 

lower end of the global spectrum, particularly during the winter months, and that the 

average daily dose on the low-light coast is only just above the globally recognised 

compensation threshold (Gattuso et al. 2006). Further reductions in light availability will 

likely have serious implications for the productivity and structure of these systems. 

The major difference, and by far the most important in terms of potential 

productivity and habitat provision (Reed et al. 2008, Miller et al. 2011), was the contrast in 

biomass per square metre between the low- and high-light coasts. This difference was 

attributed to an increased presence of large leathery species within the high-light coast, 

namely canopy forming Phaeophyta species. Additionally, dominant species found on both 

coasts were distributed over a greater depth range and grew deeper within the high-light 

coast compared to the low-light coast. It must be noted however that many species true 

depth limits were not determined as the reef extent was to only 10 m and, particularly on 

the high-light coast, species were highly abundant and individuals did not appear stunted at 

this depth (pers. obs.), indicating they could likely grow deeper. Macroalgae on the high-

light coast therefore provide a more extensive three dimensional habitat over a greater 

depth range compared with those on the low-light coast. This difference results in a greater 

contribution of energy to the coastal food web which is indicative of increased productivity 

of higher trophic organisms (Duggins et al. 1989, Pauly and Christensen 1995, Wernberg 

and Goldberg 2008). 
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Macroalgal biomass tracked daily light dose with a peak during summer and a 

minimum during autumn and winter, a trend consistent with other studies (Neto 2001, 

Wernberg and Goldberg 2008, Miller et al. 2011). Despite the proportional difference in 

light dose between low- and high-light coasts being greater at 10 m compared to 2 m the 

absolute differences in the availability of light at these depths were relatively similar (60 

mol photons m
-2

 at 2 m and 90 mol photons m
-2

 at 10 metres). Differences in biomass 

observed at 2 m are therefore consistent with differences in the availability of light 

between the low- and high-light coasts. This result suggests that light availability can be an 

accurate predictor of macroalgal biomass (Jackson 1987) between sites that share similar 

biotic and abiotic characteristics. Such predictions of macroalgal biomass are extremely 

important in estimating kelp-forest primary production (Harrer et al. 2013) and the 

productivity of associated higher trophic level organisms (Pauly and Christensen 1995). 

While Harrer et al. (2013) conclude that biomass rather than irradiance best explains 

differences in net primary production within a kelp-forest setting, light availability cannot 

be ignored as this is shown to directly control biomass.   

Analysis of diversity through the use of the Shannon-Wiener diversity index showed 

that the only difference between coasts occurred during spring within the 10 m depth 

stratum. From a multivariate perspective, however, it was found that the high-light site 

generally exhibited a greater contribution of leathery and branched coarse functional 

groups which comprised large canopy-forming and understory species. The low-light site 

on the other hand had a greater contribution of branched fine and filamentous functional 

groups which comprised small, sometimes ephemeral species. At the species level it was 

found that significant differences in assemblages within functional groups were also 

present. These differences were most evident within the leathery functional group which 

made up the majority of biomass at both sites. These findings support the notion that light 

availability plays a key role in controlling community structure. Leathery and coarsely 

branched individuals, which had a greater contribution at the high-light site, have a higher 

demand for light energy in order to maintain metabolic processes (Johansson and Snoeijs 

2002). On the other hand, small finely branched and filamentous individuals which had a 

greater contribution at the low-light site tend to have a higher photosynthetic capacity due 

to increased concentrations of light harvesting pigments (Johansson and Snoeijs 2002), 

allowing for growth in low-light settings.  
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At 2 m, differences in functional group structure between sites coincided with 

seasons when standing biomass was significantly different i.e. summer and autumn. 

However, significant differences in species structure between sites occurred over all 

seasons. This suggests that during winter and spring functional compensation (McGrady-

Steed and Morin 2000, Rosenfeld 2002) was occurring, meaning different species were 

filling the role within a functional group, increasing resilience and maintaining biomass 

(Walker 1995, Micheli and Halpern 2005, Bustamante et al. 2014). At 10 m, functional 

compensation occurred only during autumn where there was no functional difference 

between sites, in this case however community biomass was not maintained. This is most 

likely due to decreased growth at Karitāne during this period, indicating a potential decline 

in resilience. This suggests a greater influence of factors that control community structure 

with depth (namely light availability), and that a potential tipping point has been reached 

where functionality is modified by the influence of such factors (Micheli and Halpern 

2005, Roberts and Connell 2008). At 2 m light availability is higher and more variable 

when compared to 10 m. Increased light variability may allow for niche partitioning and 

therefore functional compensation to occur, whereas at 10 m attenuation is greater and 

there is less variability, meaning potentially less chance for niche partitioning (Barker et al. 

1997, Johansson and Snoeijs 2002, Bruno et al. 2005). This finding highlights the 

susceptibility of deeper water communities to light limitation. If a resource is restricted 

(decreased light) then only highly adapted species can utilise it, if that resource is further 

reduced a total loss of species may occur (Markager and Sand-Jensen 1992, Bennett et al. 

2015). 

Although similar species were found at both sites their proportional contribution to 

community biomass differed. The high-light site maintained an intact and complex 

community structure with a dominating canopy, this canopy created a low-light 

environment beneath it where adapted understory species thrived (Toohey et al. 2004, 

Middelboe et al. 2006). In contrast to this, the low-light site displayed a less complex 

community structure that had an increased presence of low-light understory species, this is 

consistent with the effect of light limitation which likely decreased the presence of large 

canopy formers (Middelboe et al. 2006, Flukes et al. 2014, Bennett et al. 2015). The loss 

or decline of canopy and sub-canopy forming species is an increasing global phenomenon 

(Benedetti-Cecchi et al. 2001, Steneck et al. 2002, Connell et al. 2008, Coleman et al. 

2008, Strain et al. 2014) and this study is the first to suggest such an occurrence has 
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happened in southern New Zealand. A decline in the presence of large canopy forming 

species not only decreases food and habitat availability, as outlined above, but also 

decreases the services provided by those particular species (Steneck et al. 2002, Vásquez et 

al. 2013, Campbell et al. 2014). Associated with a significant decline in canopy forming 

species is 1) increased water velocity within a kelp forest (Madsen et al. 2001) which has 

the potential to resuspend sediment (Madsen et al. 2001, Airoldi 2003), lower recruitment 

(Rowley 1989, Duggins et al. 1990) and increase coastal erosion (Stevens et al. 2001, 

Steneck et al. 2002, Gaylord et al. 2009), 2) lower nutrient uptake capacity, potentially 

leading to algal blooms (Vitousek et al. 1997, Gordillo et al. 2006) and 3) decrease the pH 

buffering potential which otherwise helps to ameliorate the negative effects of ocean 

acidification (Frieder et al. 2012, Cornwall et al. 2015).   

During the spring sampling period macroalgal biomass at 2 m was not significantly 

different between the low- and high-light coasts. At the Aramoana site, Undaria 

pinnatifida (Harvey) Suringar, an invasive Asian kelp, made up 77% of the total biomass, 

but was not present at any other site. The high variability at a coastline scale is indicative 

of lowered stability and a substantial change in community structure, highlighted by the 

successful invasion of U. pinnatifida (Levin et al. 2002, Casas et al. 2004, Wernberg and 

Goldberg 2008, Wang et al. 2012). It is possible that decreased light availability may have 

aided the successful invasion of U. pinnatifida by excluding native species with less 

efficient light harvesting abilities and lower maximal photosynthetic rates (Dean & Hurd 

2007, Pritchard et al. unpublished data). Although U. pinnatifida is contributing a 

significant amount of carbon to the local ecosystem, the effect resulting from the change in 

community structure is unknown. Invasion has the potential to decrease macroalgal and 

associated diversity, alter ecosystem function and modify trophic connectivity (Casas et al. 

2004, MacDougall and Turkington 2005, Jiménez et al. 2015a). The ephemeral nature of 

U. pinnatifida also means that after the annual has senesced the habitat, food and service it 

provided is lost. Recolonisation by native species is then possible but such a flux in 

resource availability is likely to be highly disruptive to ecosystem processes (Casas et al. 

2004, Dean and Hurd 2007, Torres et al. 2015, Jiménez et al. 2015a).  

A number of other factors that have the potential to alter community structure may 

be acting in concert with light availability, including wave action and water motion 

(Spatharis et al. 2011, Reed et al. 2011), sediment deposition (Airoldi and Cinelli 1997, 

Airoldi 2003, Gorgula and Connell 2004) and algal recruitment (Emmerson and Collings 
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1998). Without creating controlled laboratory experiments, which are unachievable at the 

community scale, it is impossible to fully disentangle to influence of the above factors. In 

the case of this study, sites were chosen with comparable wave action and water motion 

but it is likely that differences in these factors between sites still play a role in controlling 

the distribution of species and the structure of the communities. Sedimentation levels are 

one factor that likely differ between regions. Sediment deposition is difficult to measure 

accurately, particularly in dynamic coastal waters (Dean 1985) and was therefore not 

attempted during this study. Through personal observation, however, it was noted that 

there was greater sediment cover on the low-light coast compared to the high-light coast, 

particularly at deeper depths. A persistent thin layer of fine sediment was observed at both 

the Aramoana and Karitāne sites, while within Stewart Island sites, settled sediment was 

rarely observed (pers.obs.) Increased sedimentation has the potential to decrease habitat 

availability, smother photosynthetic tissue which decreases light harvest, and scour spores 

and juvenile individuals (Airoldi and Cinelli 1997, Airoldi 2003, Gorgula and Connell 

2004, Harrington et al. 2005). These consequences have the potential to decrease 

recruitment and growth of macroalgae as well as create a shift in community structure to 

one dominated by sediment tolerant morphologies such as turf forming species (Airoldi et 

al. 1996, Airoldi and Cinelli 1997, Airoldi 2003, Gorgula and Connell 2004, Connell et al. 

2008). The interactive effect of light and sedimentation was unable to be disentangled in 

this thesis and therefore is an important aspect for future work. There appeared a cyclical 

trend of decreasing light availability along both coasts that coincides with logger 

replacement. This trend is most likely explained by shading from macroalgae that had re-

grown around the loggers after clearing, as no substantial fouling was observed directly on 

any of the loggers. In the future it is suggested loggers are maintained on a bi-monthly 

basis to avoid this confounding influence. 

This study highlights the importance of light availability within near-shore coastal 

ecosystems and puts into perspective how changes in light energy input may significantly 

modify the distribution and habitat structure of kelp-forest communities. It suggests that a 

reduction in canopy forming species within southern New Zealand has occurred since the 

intensification of land use, a finding that echoes similar observations globally (Connell et 

al. 2008). Additional findings suggest that common and relatively easily obtained metrics, 

such as species diversity and density, used to describe kelp-forest communities (Bruno et 

al. 2005, Kerswell 2006, Konar et al. 2009) may not be sufficient when investigating the 
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effects of light limitation on functionality and community structure. Of greater importance 

is high resolution data regarding species specific biomass and depth distribution 

(Wernberg et al. 2003, Reed et al. 2008, Miller et al. 2011), as this provides a more 

accurate estimate that can be used to determine the potential productivity of a particular 

ecosystem (Harrer et al. 2013). Additionally, typical short term or one off measurements of 

light availability are unlikely to be a good representation of the true subtidal light climate 

due to high variability and may therefore lack the ability to detect key differences between 

sites. 

Future weather patterns are predicted to exacerbate light limitation along the East 

Otago coast. Due to climatic change over the next 100 years, rainfall is predicted to 

increase during autumn and winter (Mullan et al. 2008, Pritchard 2011), likely increasing 

sediment runoff and prolonging periods of severe light limitation (Hepburn et al. 2011, 

Pritchard et al. 2013, Chapter 2). Wind flow is predicted to tend more westward (Salinger 

et al. 2005), but during summer and autumn easterly winds will likely strengthen (Mullan 

et al. 2008, Pritchard 2011). Pritchard (2011) demonstrated that strong easterly conditions 

resulted in significant sediment resuspension and the reduction in light availability at the 

site of Karitāne. What remains unknown is how these changes will influence kelp-forest 

structure and the productivity of higher trophic levels which rely so heavily upon these 

important systems.  
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Chapter 3  

Acclimation of photosynthetic pigments in kelp-

forest communities 
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3.1 Introduction 

Light availability controls macroalgal carbon fixation and therefore the potential 

productivity of temperate, near-shore coastal ecosystems where macroalgae dominate 

(Kuppers and Kremer 1978, Dayton 1985, Gomez et al. 1997, Koch 2001). Macroalgae 

grow in a wide range of light environments which vary in the quantity and quality of light 

that they receive (Luning and Dring 1979, Dring 1981, Dayton 1985). Their ability to do 

so is a direct result of the diversity of strategies they employ in order to sustain an 

existence under such variable conditions (Kuppers and Kremer 1978, Markager and Sand-

Jensen 1992, Gattuso et al. 2006). Through evolutionary processes macroalgae have 

developed such strategies that mean niche segregation occurs creating a diverse and 

intricately structured community (Dayton 1985, Raven and Geider 2003). Similar to 

terrestrial plants, some are acclimated to low light environments or “shade adapted” while 

others require higher light availability, or could be considered “sun-adapted” (Markager 

and Sand-Jensen 1992, Gomez et al. 1997). 

3.1.1 Utilisation of light by macroalgae: an overview of photosynthesis 

The photosynthetic reaction utilises photosynthetically active radiation (PAR) which 

spans the wavelengths between 400 and 700 nanometres (nm). The wavelength of light 

that penetrates deepest is 465 nm (blue light) in oceanic waters and 565 nm (green light) in 

coastal waters (Jerlov 1957). The capture and conversion of light energy to chemical 

potential energy can be expressed as, 

          2𝐻2𝑂 + 𝐶𝑂2 + 𝐿𝑖𝑔ℎ𝑡 → (𝐶𝐻2𝑂) + 𝐻2𝑂 + 𝑂2 

where solar radiation supplies the energy to fix and reduce dissolved inorganic carbon 

from carbon dioxide (CO2) or bicarbonate (HCO3) to carbohydrate (CH2O). This process 

occurs via two reactions, the primary or light reaction and the secondary or dark reaction 

(Hurd et al. 2014). The light reaction, which occurs in the thylakoid membranes of the 

chloroplasts, absorbs and traps light energy to create chemical potential energy in the form 

of ATP and NADPH (Kirk 1994). During the dark reaction, which runs in parallel with the 

light reaction, chemical potential energy is used to fix and reduce inorganic carbon (Hurd 

et al. 2014).  
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3.1.2 Mechanisms for survival in a variable light environment 

Macroalgae have the ability to optimise photosynthesis by employing a number of 

techniques which either enhance light capture in low light settings or inhibit light capture 

in times of high light (light stress) (Haxo and Blinks 1950, Hanelt et al. 1993, Aguileral et 

al. 1997, Raven and Geider 2003). These techniques are known as adaptation, acclimation 

and regulation. This chapter focuses specifically on the process of acclimation but a brief 

outline of adaptation and regulation is provided below. 

3.1.2.1 Adaptation 

Photoadaptation describes the complex evolutionary process of physiological and 

thallus modification that results in increased efficiency of light absorption, electron 

transport and photoprotection (Peckol and Ramus 1988, Falkowski and Raven 1997, Hader 

and Figueroa 1997, Johansson and Snoeijs 2002). Examples of adaptation include the 

ability to disassociate light harvesting complexes from reaction centres in order to protect 

against photodamage or the ability to increase light harvest in low light environments. For 

example, Peckol and Ramus (1988) observed that pigment concentration and 

photosynthetic capacity were greater within species that had a thinner thallus morphology 

compared to species that had calcified, coarsely branched or leathery thallus forms.  

3.1.2.2 Acclimation 

Photoacclimation is a response by macroalgae to shifts in photon flux density (PFD, 

the quantity of light) and spectral distribution (the quality of light) (Falkowski and 

LaRoche 1991, Hader and Figueroa 1997). When PFD decreases and light availability is 

no longer at a saturating level for photosynthesis, cells undergo an “energy crisis” 

(Falkowski and LaRoche 1991). This means there is no longer enough energy supplied by 

photosynthesis to maintain high growth rates through inorganic carbon fixation. The 

approach by macroalgae to this problem is to increase the biosynthesis of light harvesting 

chlorophyll protein complexes (LHCP) by diverting investment in lipid and carbohydrate 

production (Falkowski and LaRoche 1991, Falkowski and Raven 1997). When light 

availability shifts from lower to higher levels this process is reversed (Falkowski and 

LaRoche 1991). Depending on the species, this process can either alter the number of 

photosynthetic units (PSU) or the size of the PSUs (Falkowski and LaRoche 1991, 

Fairhead and Cheshire 2004). Changes in LHCPs correspond to changes in the 

concentration of photosynthetic pigments and enzymes associated with carbon fixation and 
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respiration which are contained within these complexes. The relative concentration of each 

pigment type determines the wavelength specific light harvesting efficiency of a species 

(Haxo and Blinks 1950, Dring 1986, Falkowski and LaRoche 1991, Kirk 1994, Falkowski 

and Raven 1997, Hurd et al. 2014). 

3.1.2.3 Regulation 

Regulation has the purpose of protecting the photosynthetic apparatus during periods 

of light stress when photosynthesis is saturated (Hanelt et al. 1993, Hader and Figueroa 

1997). Regulation is an interruption of the electron transport chain which dissipates excess 

energy from PAR as heat energy. It is reversible in a matter of minutes to days depending 

on whether dynamic or chronic inhibition occurs (Franklin and Forster 1997, Hader and 

Figueroa 1997).  

3.1.3 The role of pigments 

Pigments aid in the harvesting of light across the PAR spectrum and enable 

macroalgae to live in variable light environments (Haxo and Blinks 1950). The diversity of 

pigment types among phyla reflect the variability of light regimes that macroalgae inhabit 

(Haxo and Blinks 1950, Henley and Ramus 1989, Enrfquez et al. 1994, Aguileral et al. 

1997, Godínez-Ortega et al. 2007). Photosynthetic pigments are arranged in or on the 

thylakoid membrane and surround the LHCP. This configuration acts as a funnel passing 

energy to the reaction centres when pigments are excited by light energy (Duysens 1951). 

All macroalgae possess Chlorophyll a (Chl a, Figure 3.1) and a suite of accessory 

pigments which are phyla dependent (Bianchi et al. 1997). Chl a has absorption peaks at 

465 and 665 nm and a large range of minimum light absorption from 490 to 620 nm 

known as the “green window” (Kirk 1994, Hurd et al. 2014) (Figure 3.1). The presence of 

accessory pigments act to fill the “green window” by absorbing light at varying 

wavelengths and then funnelling that energy, either homogeneously (between similar 

pigments) or heterogeneously (between different pigments), to the reaction centre. The 

relative ratio of accessory pigments to Chl a, between and/ or within species, can offer 

insight into acclimation to certain light environments (Fairhead and Cheshire 2004). By 

examining the ratio of accessory pigment to Chl a it is possible to discern what pigments 

are prioritised for synthesis under certain conditions (Fairhead and Cheshire 2004). 

Generally at low pigment levels a linear relationship exists between pigment concentration 

and light absorption. At a certain concentration that relationship will cease to be linear and 
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an increase in pigmentation will not result in a proportional increase in light absorption, 

this is due to the “package effect” (Cummings and Zimmerman 2003, Fairhead and 

Cheshire 2004). The “package effect” is simply the shading of chromataphores (pigment 

containing cells) by one another as the synthesis of LHCP increases (Kirk 1994, 

Cummings and Zimmerman 2003, Fairhead and Cheshire 2004).  

3.1.3.1 Chlorophyta 

The major accessory pigment of Chlorophyta species is chlorophyll b (Chl b) 

(Enrfquez et al. 1994). Peak light absorption of Chl b occurs between 450 and 470nm with 

a smaller peak around 647nm (Kirk 1994, Ritchie 2008). Chl b does not compress the 

“green window” significantly. Chlorophyta species may also possess carotenoids. One 

such carotenoid is siphonaxanthin which has been found in deep water species (Kageyama 

et al. 1977). This particular pigment absorbs light at wavelengths between 500 and 550nm 

which, as mentioned above, falls in the range of light which is highly transmitted in the 

ocean (Kirk 1994).  

3.1.3.2 Phaeophyta  

The major accessory pigments of Phaeophyta species are chlorophyll c1 and c2 (Chl 

c, Figure1) and the carotenoid fucoxanthin (Figure 3.1). Chl c1 and c2 share a similar 

absorption spectrum with peak light absorption between 440 and 450nm and a smaller 

peak at 630nm (Kirk 1994, Falkowski and Raven 1997). The effect of chl c narrows the 

“green window” slightly toward the red end of the spectrum. Peak light absorption of 

fucoxanthin occurs between 500 to 560nm (Haxo and Blinks 1950). A wide range of 

additional carotenoids may also be present that predominantly absorb within the blue-

green spectrum, often overlapping with chlorophylls (Falkowski and Raven 1997).  

3.1.3.3 Rhodophyta 

The major accessory pigments of Rhodophyta species are phycoerythrin (Figure 3.1), 

phycocyanin (R-PC) and allophycocyanin (APC) (Kirk 1994). Collectively these accessory 

pigments are known as biliproteins. The presence of biliproteins varies from species to 

species but, in general, phycoerythrin constitutes the majority of biliprotein within red 

algae. Phycoerythrin absorbs light within the green spectrum between 495 and 570nm, 

phycocyanin within the green to yellow spectrum between 530and 630nm, and 

allophycocyanin within the orange to red spectrum between 550 and 630nm (Falkowski 
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and LaRoche 1991, Kirk 1994, Hurd et al. 2014). The occurrence of such pigments allows 

for the utilisation of highly transmitted light within coastal waters. 

 

 

Figure 3.1. Absorption spectrum of the four pigments examined in this study; chl a 

(green), chl c (yellow), fucoxanthin (black) and phycoerythrin (red) as well as the 

wavelength of maximal transmission in the open ocean (dashed black) and the coastal 

ocean (solid black). 

 

3.1.4 Ecological consequences  

Although photoacclimation occurs at an individual level, the flow on effects may 

alter ecological function at the community scale (Falkowski and LaRoche 1991). 

Falkowski and LaRoche (1991) outline two “ecological manifestations” resulting from the 

acclimation to changing light availability. The first is that acclimation ability, in part, 

controls the distribution of species and therefore community structure. The second is that 

acclimation ability affects species productivity and therefore community productivity. For 

example, by altering the concentration of Chl a and accessory pigments, a species may 

inhabit and make use of a wider range of light regimes (Ramus et al. 1976, Pedersen and 

Snoeijis 2001, Miller et al. 2006, Raven and Hurd 2012). The ability to acclimate to a 

specific light regime comes at a physiological cost (Raven and Hurd 2012), meaning if an 

individual invests additional energy in the biosynthesis of LHCPs, that energy is no longer 

available for growth (Falkowski and LaRoche 1991, Falkowski and Raven 1997). Species 

surviving at the lower limits of their light harvesting ability may therefore be significantly 
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stunted. Stunting or complete exclusion of species due to light limitation may substantially 

reduce ecosystem productivity and modify function (Chapter 2).  

Although fundamental concepts regarding how macroalgae respond to changes in light 

availability are well understood e.g. adaptation, acclimation and regulation, this knowledge 

is underutilised when attempting to understand site specific effects of light limitation. By 

assessing the degree of acclimation that occurs at a species level, a better understanding of 

the physiological parameters that govern kelp-forest community structure is gained. This 

concept means that a community as a whole will theoretically exhibit evidence of 

photoacclimation, as a community is simply the sum of its parts. Therefore, the 

concentration of pigment per unit of macroalgal biomass at the community level may hold 

potential as a tool for assessing community response to light availability. The aim of this 

chapter is to quantify potential photosynthetic acclimation at the species level and 

community level within both a low- and high-light kelp-forest setting. The approach of 

assessing acclimation at the community level is novel and has the potential to help 

understand the physiological and ecological costs of light limitation. By understanding the 

mechanisms employed by macroalgae to combat light limitation we can better understand 

the potential impacts light limitation has on community structure and productivity.  
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3.2 Methods 

3.2.1 Study site 

This study utilised samples from one representative low-light (Karitāne) and high-

light site (Horseshoe Bay). A full description of site characteristics can be found in 

Chapter 1 (Figure 1.3).  

3.2.2 In situ irradiance 

In situ irradiance at 10 m depth was measured at 10 min intervals, at each site for 36 

days between 15
th

 December 2013 and 19
th

 January 2014 using light/temperature data 

loggers (HOBO Pendent
®
 64K-UA-002-64). Data were converted to relevant 

photosynthetically active radiation (PAR) values (mol photons m
-2

 s
-1

) following the same 

protocol as explained in Chapter 2. 

3.2.3 Community composition  

Macroalgal community composition was quantified at the high-light site during late 

January 2014 and at the low-light site during early February 2014. Using SCUBA, all 

fleshy macroalgae were collected from six, one-square metre quadrats placed randomly 

along a 20 m transect line at 2 m and 10 m depth at each site. Randomisation was achieved 

by random number generation with no replacement. Macroalgae were transported back to 

the laboratory following collection, taxonomically classified to the species level, counted 

and then weighed to give an estimate of species specific density and biomass per square 

metre. The following day, five replicate individuals of each macroalgal species present at 2 

m and 10 m at each site were collected, transported to the laboratory and frozen at -80
 °
C 

until pigment analysis was conducted. 

3.2.4 Pigment extraction and analysis  

0.5 ± 0.05 g of blade tissue was cut from the five replicate individuals of each 

species. Samples were freeze dried and then stored at -80 
°
C before pigment extraction 

(Hagerthey et al. 2006).  

3.2.4.1 Chlorophyta 

Freeze dried samples were ground in a mortar and pestle and Chl a extracted using 

90% acetone for 3 hr in the dark at 4 
°
C (Ritchie 2008). Samples were then centrifuged 

(Heraeus Christ Labrofuge
TM

) at 3000 g for 10 min, after which the tissue pellet was 
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colourless. The absorbance of the supernatant was measured and pigment concentrations 

determined using the equation of Ritchie (2008). 

Chl a = -0.3319 A630 – 1.7485 A647 + 11.9442 A664 - 1.4306 A691 

3.2.4.2 Phaeophyta 

Freeze dried samples were ground in a mortar and pestle. Chl a, c and fucoxanthin 

were extracted, firstly in dimethyl sulfoxide (DMSO) for 15 min at 4 
°
C in the dark, and 

then using 90% acetone for 3 hr at 4 
°
C in the dark (Seely et al. 1972). While both solvents 

extract all three pigments, their effectiveness differs. Acetone extracts chlorophylls more 

efficiently while DMSO has a greater propensity to extract fucoxanthin. After each 

extraction, samples were centrifuged at 3000 g for 10 min, the supernatant decanted and 

absorbance measured separately for acetone and DMSO extracts. Following the extractions 

the tissue pellet was colourless. Pigment concentrations were determined using the 

equations of Seely et al (1972). 

Chl a = DMSO (A665/72.8) + Acetone (A664/73.4) 

Chl c = DMSO ((A631 + A582 – 0.279A665)/61.8)) + Acetone ((A631 + A581 – 0.3A664)/62.2) 

Fucoxanthin = DMSO ((A480 – 0.722 (A631 + A582 – 0.297A665) – 0.049A665)/130) + 

Acetone ((A470 – 1.239 (A631 + A581 -0.3A664) – 0.0275 A664)/141) 

3.2.4.3 Rhodophyta 

Freeze dried samples were ground in a mortar and pestle with the addition of 0.001 g 

of organic free sand to assist with the grinding process. A 0.01 ± 0.001 g sub-sample was 

taken and phycoerythrin extracted using ice-cold 0.1 M phosphate buffer (pH 6.8) for 24 

hr in the dark at 4 
°
C (Beer and Eshel 1985). Samples were centrifuged at 10000 g for 20 

min, the supernatant decanted and absorbance measured (Beer and Eshel 1985). Chl a was 

then extracted using 90% acetone for 3 hr in the dark at 4 
°
C before re-centrifugation and 

measurement of absorbance of the supernatant (Ritchie 2008). Phycoerythrin and Chl a 

concentrations were determined using the equations of Beer and Eshel (1985) and Ritchie 

(2008) respectively. The complete extraction of phycoerythrin is notoriously hard to 

achieve, therefore peak absorbance values were used to determine relative values (Ramus 

et al. 1976). 

Chl a = Chl a = -0.3319 A630 – 1.7485 A647 + 11.9442 A664 - 1.4306 A691 

Phycoerythrin = (((A564 – A592) – (A455 – A592) 0.2) 0.12) 
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3.2.4.4 Absorbance 

5 ml quartz cuvettes were used (Ritchie 2008) and each sample extract was diluted 

by a factor of four before spectrophotometric analysis. Absorbance of wavelength specific 

light was measured using a Shimadzu UV-1700 UV-Visible spectrophotometer. 

Wavelengths measured for Chlorophyta were 630, 647, 664, 691 nm, Phaeophyta 480, 

581, 582, 631, 664, 665 nm and Rhodophyta 455, 565, 592, 618, 630, 645, 647, 664, 691 

nm (Seely et al. 1972, Beer and Eshel 1985, Ritchie 2008). These values were then used to 

calculate pigment concentration using the equations mentioned above. In the case of 

Phaeophyta species, concentration values from acetone and DMSO extracts were summed 

to give the total pigment concentration as both solvents extracted all three pigments. All 

concentrations were standardised to mg g
-1

 dry weight. 

3.2.5 Statistical analysis  

Community pigment concentrations were based on the average community 

assemblage per square metre of substrate (n = 6). For this calculation the dry weight of 

each species within each replicate quadrat was multiplied by its respective pigment 

concentration (n = 5) to give a total pigment value. Total pigments were then summed for 

the Phaeophyta and Rhodophyta communities within each quadrat and then divided by 

their respective community dry weight to give an average pigment concentration per gram 

of dry weight of tissue per quadrat. Concentrations were then averaged across replicate 

quadrats. Two-way analysis of variance (ANOVA) was used to test for differences in 

community mean pigment concentration and mean Chl a to accessory pigment ratios 

between sites and depths. Differences between means were determined using a Tukey 

honest significant differences (HSD) post-hoc test. In all cases data met the assumptions of 

an ANOVA comparison, i.e. normality (Shapiro-Wilk test) and equal variance (Levene 

median test). Student’s t-tests were used to test for differences in mean pigment 

concentration and mean Chl a to accessory pigment ratios for shared species between sites 

and for species shared between depths within sites. To avoid the inflation of type one error 

rates due to multiple hypotheses being tested, the False Discovery Rate (FDR) correction 

was applied to all p-values (Benjamini and Hochberg 1995). For all tests significance was 

set at the 5% level (ɑ = 0.05). All statistical analysis was performed using the R statistical 

software package (R Development Core Team 2013). 
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3.3 Results 

3.3.1 In situ irradiance 

Light availability during the weeks leading up to sample collection was greater at 2 

m and at 10 m within the high- compared to the low-light site (Figure 3.2). At 2 m the 

high-light site received 1.42 mol m
-2

 day
-1

 more light while at 10 m the difference was 

0.18 mol m
-2

 day
-1

. This equated to a 25% and 16% difference between sites at 2 and 10 m 

respectively. 

3.3.2 Chlorophyta community 

Chlorophyta species were absent from both 2 and 10 m within the low-light site 

(Table A.3.1). In the high-light site Ulva sp. was patchily present at low density at 2 m and 

Caulerpa brownii was evenly distributed at low to moderate density at 10 m (Table A.3.1).  

3.3.3 Phaeophyta community  

Phaeophyta species were the dominant macroalgae in terms of both biomass and 

density at 2 m within both sites, and in terms of biomass at 10 m within both sites (Table 

A.3.1). There was no difference in Chl a, Chl c and fucoxanthin concentration between 

sites at 2 m (Figure 3.3, Table 3.1). No significant difference in Chl a concentration was 

observed at 10 m between sites (Figure 3.3a, Table 3.1). Chl c concentration was 

approximately 1.4 times greater at the high-light site compared to the low-light site at 10 m 

(Figure 3.3b, Table 3.1, Tukey HSD, P < 0.05). Within the high-light site Chl c was 

significantly greater at 10 m compared to 2 m (Figure 3.3b, Table 3.1, Tukey HSD, P < 

0.05). Although not statistically significant, fucoxanthin concentration at the low-light site 

was more than twice that of the high-light site at 10 m (Figure 3.3c).  

No difference in either Chl c : Chl a or fucoxanthin : Chl a ratio occurred between 

sites at 2 m (Figure A.3.1a and b, Table 3.1). The Chl c : Chl a ratio at 10 m was 

significantly greater at the high-light site compared to the low-light site at 10 m (Fig 

A.3.1a, Table 3.1, Tukey HSD, P < 0.05). The opposite trend was evident for the 

fucoxanthin : Chl a ratio with the low-light site exhibiting a two-fold greater ratio than the 

high-light site (Figure A.3.1b, Table 3.1, Tukey HSD, P < 0.05). The ratio of Chl c : Chl a 

within the high-light site was 1.8 times greater at 10 m compared to 2 m  (Figure A.3.1a, 

Table 3.2, Tukey HSD, P < 0.05). Within the high-light site the fucoxanthin: Chl a ratio 

was 2.7 times greater at 2 m compared to 10 m (Figure A.3.1b, Table 3.2, Tukey HSD, P < 
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0.05). Ratios of accessory pigment: Chl a reflected trends observed within average 

pigment concentrations.  

3.3.4 Rhodophyta community  

Rhodophyta species were completely absent from the low-light site at 2 m and only 

one species (Hymenena durvillei) was patchily present at very low densities at 2 m at the 

high-light site (Table A.3.1). At 10 m Rhodophyta were the most abundant species within 

both sites, contributed considerably to total biomass at the low-light site and also made a 

substantial contribution within the high-light site (Table A.3.1). No difference in Chl a 

concentration was evident between sites at either 2 m or 10 m (Figure 3.4a, Table 3.1). 

Phycoerythrin concentration did not vary between sites at 2 m, but at 10 m the low-light 

site exhibited a mean concentration approximately 3.5 times that of the high-light site 

(Figure 3.4b, Table 3.1, Tukey HSD, P < 0.05). 

The phycoerythrin : Chl a ratio showed no difference between sites at 2 m due to the 

lack, or low abundance, of Rhodophyta species as mentioned above. At 10 m however the 

low-light site exhibited a ratio 18 times greater than the high-light site (Figure A.3.1c, 

Table 3.1, Tukey HSD, P < 0.05) 

3.3.5 Phaeophyta species pigment between sites at 2 m  

Chl a, the most dominant pigment, ranged between 0.73 and 4.56 mg g
-1

 DW (Figure 

3.5a). Fucoxanthin was the second most dominant pigment, with the exception of 

Desmarestia ligulata, and ranged between 0.23 and 2.38 mg g
-1

 DW (Figure 3.5c, Table 

A.3.2). Chl c ranged between 0.10 and 0.76 mg g
-1

 DW (Figure 3.5c, Table A.3.2). No 

significant difference in any pigment concentration was observed between sites for the 

seven shared species (Figure 3.5a, b and c, Table A.3.2). Relatively elevated 

concentrations of all pigments were observed among the three species D. ligulata, D. 

kunthii and Spatoglossum chapmanii at both sites (Figure 3.5a, b and c). 

No consistent trend in Chl c : Chl a or fucoxanthin : Chl a was observed between the 

low- and high-light sites (Figure A.3.2 and b). The fucoxanthin : Chl a ratio for M. 

pyrifera  was greater at the low-light compared to the high-light site (Figure A.3.2b, Table 

A.3.2) 
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3.3.6 Phaeophyta species pigment between sites at 10 m  

Chl a, the dominant pigment for all species at both sites, ranged between 0.60 to 3.27 

mg g
-1

 DW (Figure 3.6a). M. urvilliana was the only species that showed a significant 

difference between sites with individuals from the high-light site having a four-fold greater 

concentration compared to those of the low-light site (Figure 3.6a, Table A.3.3). Chl c 

concentrations ranged between 0.16 and 0.71 mg g
-1

 DW (Figure 3.6b). M. urvilliana was 

again the only species to show a significant difference in Chl c concentration between sites 

but there was a trend of increased Chl c at the high light site for all species (Figure 3.6b, 

Table A.3.3). The low-light site exhibited 3 to 80 times greater fucoxanthin concentrations 

across four of the five shared species (Figure 3.6c, Table A.3.3). Fucoxanthin 

concentrations ranged between 0.002 and 1.16 mg g
-1

 DW (Figure 3.6c, Table A.3.3). 

There appeared to be a trend of elevated Chl c : Chl a ratios at the low-light site 

compared to the high-light site. M. urvilliana was the only species for which this 

difference was statistically significant (Figure A.3.3a, Table A.3.3). Fucoxanthin : Chl a 

ratios were 37 to 106 times greater at the low-light site compared to the high-light site and 

were significantly different for all five shared species (Figure A.3.3b, Table A.3.3).  

3.3.7 Rhodophyta species pigment between sites at 10 m 

Of the 13 species present only four were shared by both sites, they were: 

Anotrichium crinitum, Cladhymenia oblongifolia, Euptilota formosissima and 

Rhodophyllis sp.. Phycoerythrin was typically the dominant pigment, however for the 

species E. formosissima and Rhodophyllis sp. at both sites and Asparagopsis armata and 

Delisea plumosa at the high-light site Chl a showed greater concentrations than 

phycoerythrin (Figure 3.7a and b). Chl a concentration was significantly greater in A. 

crinitum and Rhodophyllis sp. at the high-light site compared to the low-light site (Figure 

3.7a, Table A.3.4). The same trend was seen for phycoerythrin in the species E. 

formosissima and Rhodophyllis sp. while phycoerythrin was significantly greater at the 

low-light site compared to the high-light site for C. oblongifolia (Figure 3.7b, Table 

A.3.4).   

No consistent trend existed in the phycoerythrin : Chl a ratios between sites. For A. 

crinitum and C. oblongifolia the phycoerythrin : Chl a ratio was significantly greater at the 

low-light site compared to the high-light site while for E. formosissima the opposite was 

true (Figure A.3.4, Table A.3.4). 
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3.3.8 Low-light species pigment between 2 and 10 m  

Within the low-light site 5 Phaeophyta species were shared between 2 and 10 m: D. 

ligulata, D. kunthii, L. quercifolia, M. pyrifera and M. boryana. A trend of higher Chl a 

and Chl c  concentrations at 2 m was observed for all species with the exception of M. 

pyrifera, which showed significantly greater concentrations of all three pigments at 10 m 

(Figure A.3.5a, b and c, Table A.3.5).  

M. boryana was the only species to exhibit significant differences in accessory 

pigment to Chl a ratios with greater ratios of both Chl c and fucoxanthin at 10 m compared 

to 2 m (Figure A.3.6, Table A.3.5).  

3.3.9 High-light species pigment between 2 and 10 m  

Within the high-light site three Phaeophyta species were shared between 2 m and 10 

m, these were: D. ligulata, M. pyrifera and M. urvilliana. No significant difference in Chl 

a or Chl c concentration was present between depths (Figure A.3.7a, Table A.3.6). 

Fucoxanthin concentrations were 50 to 170 times greater at 2 m compared to 10 m for all 

three species (Figure A.3.7c, Table A.3.6).  

The Chl c : Chl a ratio was 1.4 and 1.6 times greater for the species M. pyrifera and 

M. urvilliana respectively at 10 m compared to 2 m (Figure A.3.8, Table A.3.6). The 

fucoxanthin : Chl a ratio was significantly greater at 2 m compared to 10 m for all three 

species (Figure A.3.8b, Table A.3.8). The differences between depths were substantial, 

ranging between 58 and 143 times greater at 2 m (Figure A.3.8). 
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Figure 3.2. Daily dose of light received at the low-light (green) and high-light (blue) sites 

at 2 m (a) and 10 m (b). Solid lines represent mean daily dose received over the duration of 

logger deployment (36 days). 

 

 

 

 

 

 

 



 

73 

 

 

Figure 3.3. Phaeophyta community pigment concentrations based on the average 

community assemblage per square metre of substrate (n = 6) at the low-light (white 

bars) and high-light (grey bars) sites. Means (± SE) were calculated using biomass 

weighted species means (n = 5 replicate tissue samples per species) for the pigments Chl 

a (a), Chl c (b) and fucoxanthin (c) and were standardised to mg g
-1

 dry weight. 

Significant difference between sites is indicated by * and between depths within a site 

by + (ɑ = 0.05). 
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Figure 3.4. Rhodophyta community pigment concentration based on the average 

community assemblage per square metre of substrate (n = 6) at the low-light (white bars) 

and high-light (grey bars) sites. Means (± SE) were calculated using biomass weighted 

species means (n = 5 replicate tissue samples per species) for the pigments Chl a (a) and 

phycoerythrin (b) and were standardised to mg g
-1

 dry weight. Significant difference 

between sites is indicated by * and between depths within a site by + (ɑ = 0.05). 
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Figure 3.5. Pigment concentration of Phaeophyta species at 2 m at the low-light (white 

bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigments Chl a (a) Chl c (b) and fucoxanthin (c). Missing value means species was absent 

from site. Significant difference is indicated by * (ɑ = 0.05). 
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Figure 3.6. Pigment concentration of Phaeophyta species at 10 m at the low-light (white 

bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigments Chl a (a) Chl c (b) and fucoxanthin (c). Missing value means species was absent 

from site. Significant difference is indicated by * (ɑ = 0.05). 
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Figure 3.7. Pigment concentration of Rhodophyta species at 10 m at the low-light 

(white bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for 

the pigments Chl a (a) and phycoerythrin (b). Missing value means species was 

absent from site. Significant difference is indicated by * (ɑ = 0.05). 
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Table 3.1. Results of two-way ANOVA comparing Phaeophyta and Rhodophyta 

community pigment concentration and ratio between the low-light and high-light site at 2 

m and 10 m depth. Significant differences are Bold, significance was set at the 5% level (ɑ 

= 0.05). 

                

  Class Pigment Depth (m) df F p   

                

  Phaeophyta Chl a Site 1 0.334 0.57   

      Depth 1 0.228 0.638   

      Site x Depth 1 0.016 0.9   

    Chl c Site 1 10.523 0.004   

      Depth 1 28.864 <0.001   

      Site x Depth 1 6.209 0.021   

    Fucoxanthin Site 1 0.949 0.341   

      Depth 1 17.218 <0.001   

      Site x Depth 1 8.005 0.01   

    Chl c : Chl a Site 1 7.608 0.012   

      Depth 1 41.355 <0.001   

      Site x Depth 1 6.871 0.016   

    Fucoxanthin : Chl a Site 1 1.46 0.241   

      Depth 1 12.248 0.002   

      Site x Depth 1 7.859 0.011   
                

  Rhodophyta Chl a Site 1 0.086 0.772   

      Depth 1 10.761 0.004   

      Site x Depth 1 2.351 0.141   

    Phycoerythrin Site 1 11.12 0.003   

      Depth 1 36.23 <0.001   

      Site x Depth 1 12.3 0.002   

    Phycoerythrin : Chl a Site 1 14.68 0.001   

      Depth 1 18.35 <0.001   

      Site x Depth 1 15.09 <0.001   
                

 

 

 

 

 

 



 

79 

 

3.4 Discussion 

Quantification of pigment concentration at a community level revealed interesting trends 

and significant differences both between the low- and high-light sites and also between 

depths within these two sites. Differences in accessory pigments among both Phaeophyta 

and Rhodophyta communities were more evident at 10 m. Trends observed were not 

always consistent with what was expected, based on the general relationship between 

pigment concentration and light availability (Ramus et al. 1976, 1977, Wheeler 1980, 

Lopez-Figueroa 1992). Although the acclimation of pigment concentrations is only one 

aspect of the entire photoacclimation response, it is a response that has the ability to 

provide important information regarding the relative cost species and communities 

experience under varying light climates. 

No difference in the overall community pigment concentration or accessory pigments to 

Chl a ratio was present between sites at 2 m. This observation indicates that light 

availability between sites is not contrasting enough to alter pigment concentration at a 

community level. The same trend in Chl a, Chl c and fucoxanthin concentration was 

observed at the species level. An observation consistent at both sites was greater Chl a 

concentration within species with a thin, flat morphology, e.g. D. ligulata, D. kunthii and 

S. chapmanii. This finding agrees with Peckol and Ramus (1988) who found similar 

species to have greater pigment concentrations which coincided with higher photosynthetic 

capacity. Species with this particular morphology are known to outcompete species with a 

thicker morphology due to greater pigment concentration per unit biomass, resulting in 

greater light harvesting ability, and as a result faster growth (Littler and Littler 1980, 

Johansson and Snoeijs 2002). However, they may not be abundant all year round (Peckol 

and Ramus 1988), this is shown to be the case within these two sites (see Table A.2.1). 

The fact that seven of the total 10 species at 2 m were shared compared to five of the total 

10 at 10 m indicates potentially dissimilar environmental conditions between sites at 10 m 

which may not be as pronounced at 2 m. Availability of light has been shown to alter 

community composition (see Chapter 2), favouring species with greater pigment 

concentration in low-light environments and may be an explanation for this difference 

(Enrfquez et al. 1994, Pritchard et al. 2013). 

This finding of greater Chl c and Chl c : Chl a ratio at the high-light site at 10 m was 

unexpected as one would predict the lower light environment to have a greater 
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concentration and ratio of Chl c to compensate for the difference in light (Ramus et al. 

1977, Burridge et al. 1999). However, a similar finding was reported by Fairhead and 

Cheshire (2004) who observed the lowest Chl c : Chl a ratios in Ecklonia radiata during 

winter (low-light). A potential explanation for this observation, proposed by Burridge et al 

(1999), is that energy is prioritised for the synthesis of Chl a and fucoxanthin in low-light 

environments. It is likely that at the high-light site Chl c production is not compromised, 

while at the low-light site it may be. Furthermore, fucoxanthin concentration and 

fucoxanthin : Chl a ratio at the low-light site were more than two-fold greater than at the 

high-light site. The absorption spectrum of fucoxanthin falls within the range of highest 

transmission in coastal waters (565nm) and is, therefore, extremely important for efficient 

light harvesting and a key priority for energy allocation (Kirk 1994, Hurd et al. 2014). The 

physiological cost of increasing the synthesis of pigments is substantial (Raven 1984, 

Henley and Ramus 1989, Dubinsky and Schofield 2009, Raven and Hurd 2012) and as a 

result those resources are no longer available for growth. This may have the effect of 

decreasing individual size and biomass, which was observed between these sites (see 

Chapter 2). 

Trends observed between sites at 10 m among Phaeophyta species generally reflected 

those at the community level, although the differences were not always statistically 

significant. The most interesting, and by far the most pronounced, difference between sites 

was the significantly elevated concentrations of fucoxanthin and the even more 

exaggerated difference in fucoxanthin : Chl a ratio among species from the low-light site 

compared to those from the high-light site. This finding is evidence of considerable 

photoacclimation i.e. increased synthesis of fucoxanthin pigments in the low-light site 

(Henley and Ramus 1989, Kirk 1994, Falkowki and Raven 1997, Johansson and Snoeijs 

2002, Wing et al. 2007). As mentioned above, the cost of this process is unknown but is 

likely to have a significant effect on growth (Godínez-Ortega et al. 2007, Raven and Hurd 

2012). 

Within the Rhodophyta community, no significant difference in Chl a was detected 

although concentrations were 1.4 times greater at the low-light site compared to the high-

light site. A highly significant difference was observed for both the average phycoerythrin 

concentration and phycoerythrin : Chl a with the low-light site exhibiting a 3 and 18 times 

greater concentration respectively compared to the high-light site. This finding, 

specifically the disparity in phycoerythrin : Chl a ratio between sites is evidence of either 
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photoacclimation at the species level or a change in the community composition whereby 

one or a number of highly pigmented species are more prevalent in the low-light site 

(community compensation). 

Among Rhodophyta species no consistent difference in Chl a concentration between sites 

existed, which was consistent with Chl a concentration at the community level. At the 

species level phycoerythrin concentrations showed no clear trend to account for the 3.5 

times greater community concentration at the low- compared to the high-light site. A 

possible explanation for the observed community difference may be due to the prevalence 

of A. crinitum at the low-light site. A. crinitum exhibited elevated levels of phycoerythrin 

at both sites but was far more abundant at the low-light site, therefore more strongly 

influenced the community average. The prevalence of A. crinitum at the low-light site may 

be testament to its high pigmentation (Pritchard et al. 2013). At the low-light site this 

species may out-compete species with lower pigmentation, while at the high-light site light 

may not be a limiting factor, meaning A. crinitum does not have such a competitive 

advantage (Peckol and Ramus 1988). 

The high-light site was the only site to demonstrate significantly different pigment 

concentrations and ratios with depth. Chl c concentration and Chl c : Chl a ratio were both 

greater at 10 m which was expected from photoacclimation theory (Ramus et al. 1976, 

1977, Wheeler 1980, Henley and Ramus 1989, Falkowski and LaRoche 1991). The finding 

of significantly greater fucoxanthin concentration and fucoxanthin : Chl a ratio at 2 m 

compared to 10 m at the high-light site, and to a lesser degree the same trend at the low-

light site, highlights an observation that has been seen in a small number of studies, where 

fucoxanthin potentially acts in a photoprotective capacity (Ramus et al. 1977, Stengel and 

Dring 1998, Fairhead and Cheshire 2004). The theory that fucoxanthin can perform two 

separate functions was first suggested by Dring (1982) after observing decreasing 

fucoxanthin : Chl a ratios with decreasing irradiance. It was proposed that fucoxanthin 

plays a light harvesting role in low irradiance and a photoprotective role in high irradiance. 

The point at which these roles reverse is unknown and should be a focus for future 

research. What is also unknown is the cost of extra pigment synthesis in such high-light 

situations and what this may mean for an individual’s productivity i.e. what are the energy 

costs associated with photoprotection, and could this process be potentially as taxing on 

growth as light limitation? This is an area of macroalgal physiology which requires further 

investigation.  
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Species shared between depths at the low-light site exhibited few significant 

differences in both total pigment concentration and pigment ratios. There was however a 

tendency for species to have slightly greater concentrations of all three pigments at 2 m 

compared to 10 m. This observation contradicts the well-established relationship of 

increasing pigment concentration with depth (Ramus et al. 1976, 1977, Wheeler 1980, 

Lopez-Figueroa 1992, Talarico and Maranzana 2000). This finding may be evidence that 

light availability at 10 m is low enough to inhibit the synthesis of pigments, indicating that 

these species may be living on the edge of their photosynthetic capabilities (Pritchard et al. 

2013). Within the high-light site no clear statistical trend in total Chl a or Chl c 

concentration was present, but for M. pyrifera and M. urvilliana there was a significant 

increase in the ratio of Chl c : Chl a. This indicates increased prioritisation of the accessory 

pigment Chl c with depth. As with community trends, fucoxanthin concentrations and 

fucoxanthin : Chl a ratios were highly elevated for all three species at 2 m compared to 10 

m, again providing evidence that fucoxanthin is likely to be acting in a photoprotective 

capacity at 2 m (Dring 1982, Stengel and Dring 1998, Fairhead and Cheshire 2004).  

Light availability was measured for a relatively short period of time during this study and 

the difference in mean light dose was, by comparison, lower than what was seen over an 

annual cycle (Chapter 2). This raises the question of how light delivery over time 

influences pigment synthesis and on what time scale macroalgae acclimate to a particular 

light regime. Falkowski and LaRoche (1991) state that the photoacclimation response 

occurs over a period of hours to days, meaning that pigment concentrations reflect the 

short term light environment. However, the fact that species persist over multiple seasons 

and annual cycles means that their photosynthetic apparatuses are able to acclimate to the 

conditions seen over much longer periods of time. Therefore, in order to understand the 

true cost of light limitation and the flexibility of certain species’ photoacclimation 

responses longer term information is required regarding pigment concentration across the 

entire spectrum of light availability that the species is subjected to. Nutrient availability, 

specifically nitrogen, has the potential to alter macroalgal pigment concentration (Shivji 

1985, Mcglathery 1992, Mcglathery and Pedersen 1999, Gordillo et al. 2006) and must 

therefore be considered in the trends seen in this study. Pigments have the potential to act 

as nitrogen storage pools that are able to be metabolised in times of nitrogen limitation 

(Bird et al. 1982). Although seawater nitrogen was not measured in this study, Stephens 

(2015) quantified total seawater nitrogen during summer 2012 within the regions of East 
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Otago (low-light) and Stewart Island (high-light). The proportion of tissue nitrogen within 

M. pyrifera was also quantified, which gives a more time integrated perspective of 

nitrogen availability. In both cases nitrogen concentrations were significantly greater in 

Stewart Island and, in fact, in East Otago tissue nitrogen was slightly below 1% dry weight 

which is considered nitrogen limited (Colombo-Pallotta et al. 2006). This result shows that 

increased pigmentation among species from the low-light site is not the result of greater 

nutrient availability, and even with potential nutrient limitation species still maintain high 

pigment concentrations compared to those of the high-light site. This evidence highlights 

that light availability is likely the driving factor behind site differences in pigment 

concentration. 

This study provides the first evidence of community pigment acclimation to variation in 

light availability. The changes in community pigment concentration were in general 

reflected at the species level, but not always, highlighting there is more than one 

mechanism driving community acclimation. The drivers of acclimation at the community 

level were shown to be 1) pigment acclimation within the same species in a community, 

e.g. greater fucoxanthin within species from the low-light site, 2) the increased presence of 

a particularly well acclimated species, e.g. greater abundance of highly pigmented A. 

crinitum in the low-light site, and 3) the presence or absence of a species. This finding, 

therefore, provides evidence to support this approach as an accurate and novel tool when 

investigating aspects of kelp forest community photoacclimation response to light 

limitation. Caution must, however, be taken when interpreting results as this study 

highlights that community pigment concentrations can be driven by both pigment 

acclimation within the same species, and/or be driven by changes in the community 

composition of species. What remain unknown are the ecological consequences of 

photoacclimation demonstrated in this study, specifically the cost versus benefit of 

pigment synthesis in low-light environments, and the irradiance thresholds which result in 

a change in community structure if surpassed. Further work is also needed to better 

understand additional physiological aspects of the photoacclimation response to light 

limitation, including the acclimation of enzyme production associated with carbon fixation 

and respiration processes. These additional aspects play an equally important role as light 

harvest in maintaining the efficiency of the entire photosynthetic process. This knowledge 

is fundamental for accurately predicting the productivity and future resilience of 

macroalgal communities in a changing subtidal light climate.  
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Chapter 4  
Light dose versus rate of delivery: implications for 

productivity 
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4.1 Introduction 

Coastal seas exhibit highly variable conditions including irradiance, temperature, 

salinity, nutrient availability and water motion (Dayton 1985). Any physiological process 

performed in such an ecosystem must demonstrate a certain level of plasticity in order to 

cope with this variability (Talarico and Maranzana 2000, Monro and Poore 2005, Wing et 

al. 2007, Dean and Hurd 2007, Fredersdorf et al. 2009, Pritchard et al. 2015). The process 

of photosynthesis is no exception and many techniques are employed by macroalgae to 

cope with variable irradiance (Talarico and Maranzana 2000, Raven and Geider 2003), 

some of which are discussed in Chapter 3. These approaches range from the cellular 

(Falkowski and LaRoche 1991, Hanelt et al. 1993, Hader and Figueroa 1997) to the 

morphological level (Peckol and Ramus 1988, Johansson and Snoeijs 2002) and their 

success is reflected in the vast diversity of macroalgal species. Although we have a general 

understanding of the photosynthetic process (Kirk 1994, Falkowski and Raven 1997), the 

approaches macroalgae employ to enhance and regulate this process (Henley and Ramus 

1989, Raven and Geider 2003, Raven 2011), and the influence of variable abiotic factors 

(Hader and Figueroa 1997, Miller et al. 2006, Raven and Hurd 2012), this information is 

underutilised when addressing concerns at an ecological level. By understanding how the 

process of macroalgal photosynthesis responds to site specific heterogeneity a broader 

understanding of the plasticity of this process can be gained. This knowledge can be used 

to predict the productivity and persistence of macroalgae within similar habitats or under 

future conditions (Miller et al. 2011, Harrer et al. 2013). 

The high natural variation in irradiance in coastal seas is attributable to day length, 

wave action, cloud cover, light flecking and tidal fluctuation (Wing et al. 1993, Kubler and 

Raven 1996a, Franklin and Forster 1997, Anthony et al. 2004, Fairhead and Cheshire 

2004). Turbidity in coastal seas has been shown to be increasing in many areas as a direct 

result of anthropogenic disturbances such as land use modification, dredge spoil dumping, 

and wastewater discharge (Cooper and Brush 1993, Ruffin 1998, Airoldi 2003, 

Hewawasam et al. 2003, Thrush et al. 2004, Aumack et al. 2007, Geange et al. 2014). This 

increase places further strain on macroalgal photosynthesis by creating prolonged periods 

of light limitation and extremely variable irradiance levels beyond the range of natural 

variability (Thrush et al. 2004, Hepburn et al. 2011, Pritchard et al. 2013, Desmond et al. 

2015). Such light limitation occurs particularly after heavy rain events when high river 

flow increases rates of sediment input (Hepburn et al. 2011, Pritchard et al. 2013, Chapter 
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2). We know that certain species, through physiological and morphological differences, are 

better adapted to low-light environments (Ramus et al. 1976, 1977, Markager and Sand-

Jensen 1992, Miller et al. 2006, Pritchard et al. 2013), what remains unknown is how 

species make use of such variable light environments.  

The way in which light is delivered over long periods of time (days to weeks) is an 

area that is grossly understudied but is important for accurately estimating primary 

production and how macroalgae function under variable light delivery (Kubler and Raven 

1996a).One aspect of variability that has however been well examined, and may help to 

inform the effect of longer period variability, is light flecking (Wing and Patterson 1993, 

Wing et al. 1993, Kubler and Raven 1996a, 1996b, Schubert et al. 2014). Light flecking 

occurs as a result of magnification of light by wave action or as a result of a parting in the 

canopy, typically increasing light delivery for a period of milliseconds to tens of seconds 

(Wing and Patterson 1993, Wing et al. 1993, Kubler and Raven 1996a, 1996b). In some 

settings flecking has been shown to provide a significant proportion of the total light 

reaching the benthos (Wing and Patterson 1993, Wing et al. 1993) and results in increased 

rates of primary productivity among macroalgae (Greene and Gerard 1990, Wing and 

Patterson 1993, Wing et al. 1993, Kubler and Raven 1996a, 1996b). There are also 

multiple studies that have examined the effect of light intensity in regards to species 

specific primary productivity (Littler and Littler 1980, Littler and Arnold 1982, Macintyre 

et al. 2002, Gómez et al. 2004, Middelboe et al. 2006). These relationships are based 

predominantly on laboratory experiments where light intensity is controlled and they form 

the foundation for making predictions of ecosystem primary production (Miller et al. 2012, 

Harrer et al. 2013). There is evidence of macroalgae sustaining an existence through 

significant periods of variable, low and even zero light (Chapter 2, Luning & Dring 1979, 

Hepburn et al. 2011, Pritchard et al. 2013). The magnitude and duration of light variability 

likely plays a significant role in controlling macroalgal productivity and community 

composition. The response of macroalgae to such variation relies on the photosynthetic 

ability of each species and therefore a community will be structured accordingly. With 

increasing light variability in coastal waters one would expect to see a shift in community 

structure to an ecosystem dominated by low-light adapted species and species that are 

“opportunistic” in their light capture i.e. efficient photosynthesisers with a high alpha (α; 

the efficiency of photosynthesis at sub-saturating irradiances) (Mann 1973, Luning and 

Dring 1979, Frost-Christensen and Sand-Jensen 1992, Gomez et al. 1997, Gómez et al. 
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2004, Miller et al. 2006, Pritchard et al. 2013)(Mann 1973, Luning and Dring 1979, Frost-

Christensen and Sand-Jensen 1992, Gomez et al. 1997, Gómez et al. 2004, Miller et al. 

2006, Pritchard et al. 2013)(Mann 1973, Luning and Dring 1979, Frost-Christensen and 

Sand-Jensen 1992, Gomez et al. 1997, Gómez et al. 2004, Miller et al. 2006, Pritchard et 

al. 2013). Typically, this would mean a transition from a community dominated by large 

canopy forming species, that require high light availability (Hader and Figueroa 1997, 

Clark et al. 2004)(Johansson and Snoeijs 2002), to one dominated by understory species. 

As a result of morphological and physiological mechanisms, understory species are 

generally better adapted to lower light environments, yet maintain the ability to utilise 

brief periods of high light (Hader and Figueroa 1997, Clark et al. 2004). Such conditions 

are commonly observed beneath macroalgal canopies (Gerard 1984, Wing et al. 1993). 

The effect of variable light delivery and the relationship between delivery rate and 

the total quantum dose (the quantity of light) is a significant knowledge gap. This 

information is important for understanding why kelp-forest communities demonstrate 

particular structural characteristics and for accurately predicting the productivity and 

persistence of kelp-forest communities. Therefore, the aim of this study was to tease apart 

the relative effect of light delivery rate and total quantum dose on dominant macroalgae 

from a site that has been shown to be light limited and to have highly variable light 

delivery (see Chapter 2, Hepburn et al. 2011, Pritchard et al. 2013). This was achieved by 

manipulating the photon flux density (PFD) of light while delivering the same total dose. 

A study by Kubler and Raven (1996a) examined the growth, photosynthetic rate and 

carbon acquisition of two Rhodophyta species grown under conditions that mimicked the 

effect of kelp canopy sunflecks and under constant light conditions. By maintaining the 

same total quantum dose for both growth treatments they were able to determine the effect 

of canopy sunflecks. It was found that for one species growth was greater under constant 

rather than fluctuating light, while for the other species no effect was present. For the 

species that did exhibit an effect there was also evidence indicative of light limitation 

under the fluctuating conditions even though the same total dose was delivered as that of 

the constant light delivery. Although there was no significant difference in photosynthetic 

production between the two light deliveries there was an indication of higher 

photosynthetic production under constant light delivery. From this study it appears the 

relative effects of light delivery rate and total quantum dose are likely to be species 

dependent but could have serious implications to macroalgal growth. This is of particular 
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importance as it provides an indication of how macroalgae may respond to longer term 

variability in light delivery e.g. days to weeks. 

By examining the well-established relationship between photosynthesis and 

irradiance (P vs E) (Macintyre et al. 2002), as well as the results of Kubler and Raven 

(1996a) it was predicted that light delivery would influence overall productivity given the 

same total dose. From this information, it was assumed that species would demonstrate 

higher gross photosynthesis when light was delivered at a lower PFD (see Figure 4.1 for a 

visual explanation). It was also predicted that individuals inhabiting shallow water habitats 

would be less flexible in their light utilisation, meaning the disparity in photosynthetic rate 

between a high and low PFD would be greater in shallow water compared to deep water. 

The reason for this is that individuals found at shallower depths are typically better 

adapted to higher-light and vice versa (Johansson and Snoeijs 2002, Fairhead and Cheshire 

2004). If this theory is supported there is potential for a compensation effect to occur, 

meaning that a lower total quantum dose delivered at a lower PFD could still generate the 

same, or more, productivity as a higher PFD with a greater total dose. This could have 

considerable implications to how productivity models are constructed and the importance 

placed on light quantity compared to the rate of light delivery. 
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Figure 4.1. Schematic detailing why gross photosynthetic oxygen production is predicted 

to be greater when delivered at a lower PFD compared to a higher PFD while maintaining 

the same total quantum dose. Due to the non-linear relationship between photosynthesis 

and irradiance a doubling of PFD will not result in a doubling of photosynthesis. 
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4.2 Methods 

4.2.1 Study site  

Macroalgal individuals used in this study were collected from Karitāne (Figure 1.3). 

The five most biomass dominant species that were present across the entire reef depth 

range from 2 m to 10 m were used in this experiment. All were Phaeophyta species within 

the orders Fucales (F) or Laminariales (L), they included Carpophyllum flexuosum (F), 

Landsburgia quercifolia (F), Marginariella boryana (F), M. pyrifera (L) and Xiphophora 

gladiata (F). These large, predominantly canopy forming perennial species play an 

extremely important ecological role within this site (Hepburn et al. 2011, Richards et al. 

2011, Chapter 2) and are ubiquitous along the south and east coast of New Zealand’s south 

Island and are present in other areas of both the North and South Island (Schiel 1990, 

Shears and Babcock 2007).   

4.2.2 Irradiance and treatment levels 

In situ irradiance was measured at 10 min intervals using a light/temperature data 

logger (HOBO Pendent
®

 64K-UA-002-64) at 10 m depth for a duration of 316 days 

between 4
th

 December 2012 and 16
th

 October 2013, and for an additional 414 days 

between 13
th

 February 2014 and 3
rd

 April 2015. Data were converted to relevant 

photosynthetically active radiation (PAR) values (µmol photons m
-2

 s
-1

) following the 

same protocol as explained in Chapter 2. After reviewing the in situ irradiance data, a high 

PFD treatment of 20 µmol photons m
-2

 s
-1

 and low PFD treatment of 5 µmol photons m
-2

 s
-

1
 were chosen. The process of selecting the two treatment levels involved balancing PFD 

with delivery time and cross checking with in situ data from 10 m to ensure that both were 

ecologically relevant. The reason for choosing to set the treatment levels relative to PFDs 

observed in situ at 10 m was to ensure that photoinhibition would not occur (sub-saturating 

irradiance) during incubations and that any response by macroalgae would be within the 

range of naturally occurring events (Figure 4.2). The delivery times were set at 1 hr for the 

20 µmol photons m
-2

 s
-1

 treatment and 4 hr for the 5 µmol photons m
-2

 s
-1

 treatment which 

resulted in a total dose of 72000 µmol photons for both treatments. From in situ data it was 

found that when a PFD of 20 µmol photons m
-2

 s
-1

 or more occurred this irradiance level 

was sustained for 1 hr or more, 25% of the time, while when the low PFD of 5 µmol 

photons m
-2

 s
-1

 or less occurred this irradiance level was sustained for 4 hr or more 5% of 
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the time, meaning that delivery times were also within ecologically relevant limits (Figure 

4.3a and b). 
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Figure 4.2. Frequency of PFDs recorded at 10 min intervals over 730 days at 10 m. Dashed 

lines represent the two treatment PFD vales of 5 µmol photons m
-2

 s
-1

 and 20 µmol 

photons m
-2

 s
-1

. 
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Figure 4.3. Cumulative frequency of the time a PFD of 5 µmol photons m
-2

 s
-1

 or less (a) 

and 20 µmol photons m
-2

 s
-1

 or more (b) persisted for. Vertical dashed lines represent the 

respective treatment delivery times of 240 min (4 hr) for 5 µmol photons m
-2

 s
-1

 (a) and 60 

min (1 hr) for 20 µmol photons m
-2

 s
-1

 (b). Horizontal dashed lines represent the 

percentage of occurrences where the respective PFD treatment persisted for the respective 

treatment delivery time. 
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4.2.3 Sample collection and preparation 

Over the entirety of the experiment, 10 individuals of each species from both depths 

were required (n = 5 for each PFD treatment, 2 treatment levels).The order that incubations 

were run was randomised and individuals were collected from the field accordingly. When 

collecting macroalgae, entire individuals from 2 m and 10 m depth were removed from the 

reef using SCUBA. Similar sized individuals were collected for each species and only 

juvenile Macrocystis pyrifera were collected. They were then stored in a cooler box and 

transported to Portobello Marine Laboratory immediately after collection. Two, 200 L 

fibreglass tanks with flow through seawater were set up to mimic the approximate light 

environment at 2 m and 10 m (see Chapter 2 for values) using shade cloth. Sample 

specimens were kept in their respective tanks until tissue samples were taken for 

photosynthetic analysis. Individuals were not kept for any longer than 48 hr after 

collection to avoid a decline in photosynthetic health (Buchel and Wilhelm 1993). Prior to 

commencing this experiment the efficiency of photosystem II was assessed in order to 

determine if sample species were functioning normally while held under laboratory 

conditions (Buchel and Wilhelm 1993). This was achieved by quantifying the Fv/Fm 

(variable to maximal fluorescence, Krause & Weis 1991) value for each species 24 and 48 

hrs following collection. Three replicate individuals of each species from 2 and 10 m were 

dark acclimated for 30 mins (Krause and Weis 1991, Schofield et al. 1998, Edwards and 

Kim 2010). Fv/Fm was measured using a Diving-PAM (pulse amplitude modulated) 

flourometer (Waltz GmbH, Effletrich, Germany) at the central axis of  5 blades on each 

individual to give a mean value, the mean of the three replicate individuals ± their 

respective standard error are presented in Table 4.1. In preparation for photosynthetic 

incubations macroalgae were removed from their light controlled holding tanks and 0.75 ± 

0.05 g wet-weight of blade tissue was cut from a central blade region of each individual. 

The tissue was gently wiped to remove any epifauna or epiphytes and then tissue samples 

placed in 12 °C seawater that was filtered through a 0.35 micron filter and sterilised using 

a Greenway® GAUV-5s/2a lamp (hereafter referred to as filtered seawater). Samples were 

then left in the dark in a controlled temperature room at 12 °C for a minimum of 15 hr to 

facilitate wound recovery and acclimate to incubation temperatures (Hepburn et al. 2006). 

4.2.4 Incubation 

Incubations were carried out between 0800 hr and 1800 hr in a controlled 

temperature room set at 12 °C. Custom made 245 mL chambers with a body of clear 
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acrylic and lid of poly-carbonate were used for incubations (Figure 4.4). Algal tissue was 

placed flat on a mesh platform suspended in the middle of the chamber. A magnetic stirrer 

bar was place underneath the mesh to avoid the formation of a boundary layer around the 

algal tissue. The chamber was then filled with 12 °C O2 deplete (≈ 50% air-equilibrated, 

Pritchard et al. 2013) filtered seawater and sealed. Light was delivered to each chamber 

using an individual Viribright LED PAR 38 4000K bulb fixed directly above the chamber. 

The spectral output of these bulbs is shown in Figure A.4.1. The two PFD treatment levels 

were achieved using neutral density filters fitted to the top of plywood light boxes that 

were placed over the chambers to only allow light to penetrate directly from above 

(Pritchard et al. 2013). PFD was measured within each chamber prior to incubations to 

ensure the correct treatment using a factory calibrated, cosine corrected PAR sensor (LI-

190 coupled with a LI-250A light meter, Li-COR Inc, Lincoln, Nebraska, USA). The 

respiration rate of each species from 2 m and 10 m was determined from a 4 hour 

incubation period in complete darkness (n = 3). Respiration incubations were performed 

on fresh algal tissue, not tissue from photosynthetic incubations. Following each 

incubation, the algal tissue sample was dried in an oven at 60 °C until a constant weight 

was reached in order to determine dry weight. Oxygen concentrations were measured in 

the dark before, and again following, the irradiance treatment using a fibre-optic oxygen 

optode (Foxy OR-125) attached to an Ocean Optics® USB 2000 spectrophotometer with 

USB-LS-450 light source and the manufacturer’s software (OOI Sensors). The oxygen 

optode was calibrated prior to each incubation using N2 sparged (zero oxygen) and air-

equilibrated 12 °C filtered seawater. In all cases, net oxygen production was measured 

which was the difference in dissolved oxygen concentration before and after the incubation 

period and included the effect of photorespiration. 

4.2.5 Statistical analysis 

Oxygen concentrations were converted from a percent value to µmol O2 following 

the methods of Millero and Poisson (1981) and then standardised to gram dry weight of 

tissue. All data presented are mean values of 5 replicate tissue samples for photosynthetic 

incubations and 3 replicate tissue samples for respiration incubations. Differences in mean 

net oxygen production and net photosynthetic rate between depths and PFD treatments 

were analysed using two-way analysis of variance (ANOVA). Differences between means 

were determined using a Tukey honest significant differences (HSD) post-hoc test. Data 

were square-root transformed before statistical analysis was undertaken to improve 
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normality. In all cases data met the assumptions of an ANOVA comparison i.e. normality 

(tested using Shapiro-Wilk test) and equal variance (tested using the Levene median test). 

Differences in mean dark respiration rate between depths were analysed using Student’s t-

test. For all tests significance was set at the 5% level (ɑ = 0.05). All statistical analysis was 

performed using the R statistical software package (v. 3.0.1, R Core Team, 2013). The 

degree to which the total quantum dose delivered at 5 µmol photons m
-2

 s
-1

 could be 

reduced while still maintaining the equivalent gross oxygen production as the original total 

quantum dose delivered at 20 µmol photons m
-2

 s
-1

 was termed the compensation potential. 

This was calculated from the proportional difference in mean net oxygen production 

between the two treatment PFDs and presented as a percentage for each species at 2 m and 

10 m 

 

 

Figure 4.4. Acrylic photosynthetic chamber containing algal tissue and showing oxygen 

optode (a), and light delivery set up showing the light source and light boxes with neutral 

density filters on top (b). 
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4.3 Results 

4.3.1 Fv/Fm 

The Fv/Fm ratios for all species, from both depths, were within the expected range 

for Phaeophyta macroalgae (Table 4.1), indicating normal efficiency of PS II (Buchel and 

Wilhelm 1993). For the majority of species only a relatively small decrease in the Fv/Fm 

ratio occurred between 24 and 48 hr after collection and efficiency of PS II remained high. 

For M. pyrifera a decrease of 0.118 occurred between 24 and 48 hr after collection, and 

although the efficiency of PS II was still within a normal range, any further decrease 

would likely influence photosynthetic performance. A small increase in the Fv/Fm ratio 

was seen for C. flexuosum at 10 m and M. boryana at 2 m (Table 4.1).  

4.3.2 Differences in PFD rate  

The only species to demonstrate a significant difference in oxygen production 

between the two PFD treatments was X. gladiata at 10 m (Figure 4.5a and b, Table 4.2, 

Tukey HSD, P < 0.05). There was however a non-significant tendency of greater oxygen 

production at a PFD of 5 µmol m
-2

 s
-1

 compared to 20 µmol m
-2

 s
-1 

at both 2 and 10 m for 

all species, with the exception of M. boryana at 2 m. Under a PFD of 5 µmol m
-2

 s
-1 

M. 

boryana from 2 m did not have a positive oxygen production (Figure 4.5a). The difference 

in oxygen production between the two PFD treatments was, for every species, greater at 10 

m (Figure 4.6). A greater difference between treatments indicates greater photosynthetic 

efficiency (α). It is assumed that both treatments fall on the sub-saturated portion of the P 

vs. E curve, therefore the difference in oxygen production is a proxy of efficiency. Any 

reference to efficiency is therefore based on this assumption and is a relative comparison 

between species. M. pyrifera showed the highest oxygen production under both PFD 

treatments and at both depths, while the other 4 species exhibited relatively similar oxygen 

production values (Figure 4.5a and b). For a number of species PFD had a significant 

effect on photosynthetic rate (Figure 4.7a and b, Table 4.3, Tukey HSD, P < 0.05). The 

photosynthetic rate of L. quercifolia and M. pyrifera at both depths, M. boryana at 2 m and 

X. gladiata at 10 m was significantly greater under the PFD treatment of 20 µmol m
-2

 s
-1

 

(Table 4.3, Tukey HSD, P < 0.05). Although this trend was not statistically significant for 

all species there was a tendency for photosynthetic rate to be greater under a higher PFD in 

all cases. (Figure 4.7a and b).  
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4.3.3 Differences between depths 

Under the 5 µmol m
-2

 s
-1

 PFD treatment M. boryana was the only species to exhibit 

significantly different oxygen production between depths, with greater production 

occurring at 10 m, this was due to non-positive net oxygen production at 2 m (Figure 4.8a, 

Table 4.2, Tukey HSD, P < 0.05). There was however a non-significant tendency for 

oxygen production to be greater at 10 m under the 5 µmol m
-2

 s
-1

 PFD treatment for all 

species (Figure 4.8a). Under the 20 µmol m
-2

 s
-1

 PFD treatment L. quercifolia was the only 

species to exhibit significantly greater gross oxygen production between depths, with 

greater production occurring at 10 m (Figure 4.8b, Table 4.2, Tukey HSD, P < 0.05). C. 

flexuosum and M. boryana exhibited a non-significant tendency for greater gross oxygen 

production at 10 m (Figure 4.8b). M. pyrifera displayed the opposite trend with slightly 

higher oxygen production at 2 m (Figure 4.8b). The difference in oxygen production 

between depths for the majority of species was greater under the 5 µmol m
-2

 s
-1

 PFD 

treatment. The exception to this was M. pyrifera where the difference was slightly greater 

under the 20 µmol m
-2

 s
-1

 PFD treatment and the higher production occurred at 2 m rather 

than 10 m (Figure 4.9). Photosynthetic rates reflected trends seen in oxygen production 

under both PFD treatments (Figure 4.10a and b). Significant differences were recognised 

for the same species, M. boryana under the 5 µmol m
-2

 s
-1

 PFD treatment and L. 

quercifolia under the 20 µmol m
-2

 s
-1

 PFD treatment (Table 4.3, Tukey HSD, P < 0.05). 

Relatively similar photosynthetic rates were observed at 2 and 10 m for the species M. 

pyrifera and X. gladiata under both PFD treatments.  

4.3.4 Compensation of productivity 

The compensation potential of species was always greater under the 5 µmol m
-2

 s
-1

 

PFD treatment due to increased oxygen production, the exception was M. boryana at 2 m 

(Figure 4.11). Compensation potentials ranged between 0 and 50 % (Figure 4.9), in the 

latter case this meant that even with a 50 % reduction in total dose a PFD of 5 µmol m
-2

 s
-1

 

would generate the same productivity as a PFD of 20 µmol m
-2

 s
-1

. This relationship was 

shown to be species dependent but, with the exception of L. quercifolia, compensation 

potentials were greater among individuals from 10 m compared to those from 2 m. X. 

gladiata exhibited the largest compensation potential at both depths, 33 and 50 % at 2 m 

and 10 m respectively (Figure 4.11).  
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4.3.5 Respiration rate 

X. gladiata was the only species to exhibit a significantly different respiration rate 

between depths, with greater respiration occurring at 2 m (Figure 4.12, Table 4.4). There 

was however a non-significant tendency of greater respiration for all species at 2 m 

compared to 10 m (Figure 4.12, Table 4.4).  
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Figure 4.5. Figure 1. Mean (± SE, n = 5) net oxygen production at 2m (a) and 10 m (b) 

under the PFD treatments of 5 µmol m
-2

 s
-1

 (white bars) and 20 µmol m
-2

 s
-1

 (grey bars). 

Significant difference between treatments within the same depth is indicated by * and 

between depth within the same treatment by +. Significance was set at the 5% level (ɑ = 

0.05). 
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Figure 4.6. Difference in net oxygen production between PFD treatments at 2 m (white 

bars) and 10 m (grey bars). Orientation of bars indicate the PFD treatment of higher 

oxygen production. A greater difference in oxygen production indicates a greater 

photosynthetic efficiency. Values represent difference in means (n = 5). 
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Figure 4.7. Net photosynthetic oxygen production rate at 2m (a) and 10 m (b) under 

the PFD treatments of 5 µmol m
-2

 s
-1

 (white bars) and 20 µmol m
-2

 s
-1

 (grey bars). 

Rates are based on a delivery time of 1 and 4 hr for the 5 µmol m
-2

 s
-1

 and 20 µmol m
-

2
 s

-1
 PFD treatments respectively. Values represent means (± SE, n = 5) and 

significant difference is indicated by * (ɑ = 0.05). 
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Figure 4.8. Net oxygen production at 2m (white bars) and 10 m (grey bars) under 

the PFD treatments of 5 µmol m
-2

 s
-1

 (a) and 20 µmol m
-2

 s
-1

 (b). Delivery times for 

the 5 µmol m
-2

 s
-1

 and 20 µmol m
-2

 s
-1

 PFD treatments were 4 and 1 hr respectively, 

resulting in the same total quantum dose of 720000 µmol. Values represent means 

(± SE, n = 5) and significant difference is indicated by * (ɑ = 0.05). 
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Figure 4.9. Difference in net oxygen production between depths under the 5 µmol m
-2

 

s
-1

 (white bars) and 20 µmol m
-2

 s
-1

 (grey bars) PFD treatments. Orientation of bars 

indicate the depth of higher oxygen production. A greater difference in oxygen 

production indicates a greater photosynthetic efficiency. Values represent difference 

in means (n = 5). 
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Figure 4.10. Net photosynthetic oxygen production rate at 2m (white bars) and 10 

m (grey bars) under the PFD treatments of 5 µmol m
-2

 s
-1

 (a) and 20 µmol m
-2

 s
-1

 

(b). Rates are based on a delivery time of 1 and 4 hr for the 5 µmol m
-2

 s
-1

 and 20 

µmol m
-2

 s
-1

 PFD treatments respectively. Values represent means (± SE, n = 5) and 

significant difference is indicated by * (ɑ = 0.05). 
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Figure 4.11. Compensation potential of light delivered at 5 µmol m
-2

 s
-1

 at 2 m 

(white bars) and 10 m (grey bars). Percent values represent the amount that total 

quantum dose could be reduced under a 5 µmol m
-2

 s
-1

 PFD delivery rate while 

still maintaining equivalent oxygen production as a 20 µmol m
-2

 s
-1

 PFD delivery 

rate with higher total quantum dose (n = 5). 

 

 

 

Figure 4.12. Respiration rate at 2 m (white bars) and 10 m (grey bars). Rates 

based on dark incubation of 4 hr. Values represent means (± SE, n = 5) and 

significant difference is indicated by * (ɑ = 0.05). 
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Table 4.1. Fv/Fm measured 24 and 48 hr following collection. Individual macroalgae were 

dark acclimated for 30 min prior to measurement. Values represent means (± SE, n = 3). 

              

      Fv/Fm hours after collection     

  Species Depth 24 48 Change in Fv/Fm   

              

  C. flexuosum  2 0.760 ± 0.025 0.748 ± 0.012 -0.011   

    10 0.803 ± 0.008 0.819 ± 0.002 0.016   

  M. pyrifera 2 0.818 ± 0.012 0.700 ± 0.041 -0.118   

    10 0.807 ± 0.013 0.802 ± 0.003 -0.005   

  M. boryana 2 0.664 ± 0.055 0.709 ± 0.033 0.045   

    10 0.817 ± 0.006 0.811 ± 0.013 -0.006   

  L. quercifolia 2 0.777 ± 0.035 0.749 ± 0.011 -0.028   

    10 0.834 ± 0.005 0.812 ± 0.017 -0.022   

  X. gladiata 2 0.772 ± 0.002 0.754 ± 0.023 -0.018   

    10 0.770 ± 0.024 0.766 ± 0.008 -0.004   
              

 

 

Table 4.2. Results of two-way ANOVA comparing net oxygen production between PFD 

treatments, within treatments between depths and the interaction effect. Significant 

differences are Bold, significance was set at the 5% level (ɑ = 0.05). 

              

  Species Factor df F p   

              

  C. flexuosum PFD 1 0.514 0.484   

    Depth 1 2.946 0.105   

    PFD x Depth 1 0.863 0.367   

  L. quercifolia PFD 1 3.604 0.076   

    Depth 1 9.487 0.007   

    PFD x Depth 1 0.015 0.903   

  M. pyrifera PFD 1 0.381 0.546   

    Depth 1 0.002 0.965   

    PFD x Depth 1 0.159 0.696   

  M. boryana PFD 1 0.572 0.461   

    Depth 1 22.32 <0.001   

    PFD x Depth 1 7.17 0.017   

  X. gladiata PFD 1 6.337 0.022   

    Depth 1 0.406 0.533   

    PFD x Depth 1 0.615 0.444   
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Table 4.3. Results of two-way ANOVA comparing net photosynthetic oxygen production 

rate between PFD treatments, within treatments between depths and the interaction effect. 

Significant differences are Bold, significance was set at the 5% level (ɑ = 0.05). 

              

  Species Factor df F p   

              

  C. flexuosum PFD 1 12.669 0.003   

    Depth 1 1.912 0.186   

    PFD x Depth 1 0.123 0.73   

  L. quercifolia PFD 1 34.85 <0.001   

    Depth 1 10.32 0.005   

    PFD x Depth 1 1.04 0.323   

  M. pyrifera PFD 1 52.879 <0.001   

    Depth 1 0.032 0.86   

    PFD x Depth 1 0.169 0.687   

  M. boryana PFD 1 23.036 <0.001   

    Depth 1 16.745 <0.001   

    PFD x Depth 1 1.605 0.224   

  X. gladiata PFD 1 15.479 0.001   

    Depth 1 7.9 0.013   

    PFD x Depth 1 0.096 0.761   
              

 

 

Table 4.4. Results of Student’s t-test comparing respiration rate between depths. 

Significant differences are Bold, significance was set at the 5% level (ɑ = 0.05). 

            

  Species df t p   

            

  C. flexuosum 4 2.436 0.072   

  L. quercifolia 4 1.295 0.265   

  M. pyrifera 4 1.911 0.117   

  M. boryana 4 1.462 0.218   

  X. gladiata 4 2.916 0.043   
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4.4 Discussion  

Even though all macroalgal species exhibited a greater photosynthetic rate under a 

higher PFD the increase in production rate did not compensate for the greater efficiency of 

light utilisation at the lower PFD. Due to the hyperbolic relationship between 

photosynthesis and irradiance (Macintyre et al. 2002, Gómez et al. 2004, Fairhead and 

Cheshire 2004, Middelboe et al. 2006). It follows that light delivered at a low PFD over a 

longer period of time (slow steady state light) is more beneficial for productivity  than a 

high PFD over a shorter period of time (intense intermittent light). It was also shown that 

substantial reductions in the total quantum dose could be compensated for by delivering 

light at a lower PFD. An example is X. gladiata, this species demonstrated the ability to 

maintain the same productivity under a PFD of  5 µmol m
-2

 s
-1

 compared to a PFD of 20 

µmol m
-2

 s
-1

, even when the total dose delivered at 5 µmol m
-2

 s
-1

 was half of that 

delivered at 20 µmol m
-2

 s
-1

. This finding, which is in agreement with Kubler and Raven 

(1996a), demonstrates that light delivery i.e. PFD over time, plays an extremely important 

role in macroalgal productivity and, in some cases, may be more influential than the total 

quantum dose of light received. Future work regarding light limitation needs to not only 

focus on the reduction in light availability but also investigate variation in light delivery, as 

this arguably plays a larger role in controlling productivity and potentially macroalgal 

persistence. This information is also important as greater attention is paid to in situ 

productivity estimates (Tait and Schiel 2010, Miller et al. 2012, Harrer et al. 2013, 

Rodgers and Shears 2016). When estimates of productivity are based on average light 

availability (Miller et al. 2012, Harrer et al. 2013) rather than continuous measurements, 

there is a risk of under- or overestimation of productivity as variability due to fluctuation 

in delivery rate are not accounted for (Kubler and Raven 1996a).  

Although there were few statistically significant differences observed regarding the 

effect of PFD on oxygen production, there were consistent trends across species and depth 

of greater production under a lower PFD, this is in agreement with findings from Kubler 

and Raven (Kubler and Raven 1996a). Individuals collected from 10 m indicated, although 

not statistically, greater oxygen production than those collected from 2 m, with the 

exception of M. pyrifera under the 20 µmol m
-2

 s
-1

 PFD. Numerous studies have 

investigated the effect of depth on photosynthetic productivity and it appears that this 

relationship is highly species, and in some cases seasonally, dependent (Wheeler 1980, 

Gomez et al. 1997, Krause-Jensen and Sand-Jensen 1998, Fairhead and Cheshire 2004, 
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Rodgers et al. 2015). For some species the maximal rate of photosynthesis (Pmax) is greater 

at depth (Gomez et al. 1997, Rodgers and Shears 2016) while for others no consistent trend 

exists (Gomez et al. 1997, Fairhead and Cheshire 2004). Photoacclimation is the most 

likely explanation of increased productivity with depth (Ramus et al. 1976, 1977, 

Falkowski and LaRoche 1991, Rodgers et al. 2015). Data from Chapter 3 detailing 

pigment concentrations for two of the species from this study shows M. boryana and L. 

quercifolia to have higher pigmentation at 2 m compared to 10 m, opposite to what is 

predicted by photoacclimation theory (Falkowski and LaRoche 1991, Raven and Geider 

2003). Pigment analysis however was performed during the summer months, when light 

availability was high, while photosynthesis incubations were performed during the lower 

light winter months. This difference in light availability likely means that pigment 

concentrations observed during summer are not representative of winter conditions 

(Stengel and Dring 1998, Burridge et al. 1999, Godínez-Ortega et al. 2007). Fairhead and 

Cheshire (2004) report that during low-light winter months Pmax gross and Ek both increased 

with depth while during high-light summer months the opposite was true. More work is 

therefore needed to establish seasonal acclimation characteristics of these species in order 

to understand depth-dependant variation in photosynthetic parameters.  

For all five species a greater difference in oxygen production between the two 

treatment PFDs was observed among the individuals collected from 10 m compared to 

those from 2 m, indicating greater efficiency at deeper depths. It is likely that at 2 m 

macroalgae are acclimated to higher PFDs and are therefore more efficient at utilising light 

of higher intensity (Fairhead and Cheshire 2004). This has the relative effect of decreasing 

the difference in oxygen production between the two PFD treatments. On the other hand, 

macroalgae from 10 m are acclimated to lower PFDs and can therefore more effectively 

utilise light of lower intensity. This has the effect of exacerbating the already present 

discrepancy between the two PFD treatments due to greater efficiency at lower-light. As 

above, this finding is likely related to photosynthetic acclimation with depth (Ramus et al. 

1977, Falkowski and LaRoche 1991, Gomez et al. 1997, Rodgers et al. 2015). The 

difference in photosynthetic rate between the two treatment PFDs has the potential to 

inform the relative photosynthetic efficiency of species between depths. Because both PFD 

treatments fall on the sub-saturated portion of the P vs E curve a larger difference in 

photosynthetic rate between treatments indicates a more efficient photosynthesiser, greater 

alpha (α) (Macintyre et al. 2002). In this instance no consistent depth-dependent trends 
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were observed. For the species M. pyrifera and X. gladiata a greater difference was 

observed for individuals from 10 m, meaning their photosynthetic efficiency was greater 

than for individuals from 2 m. The opposite was true for C. flexuosum, L. quercifolia and 

M. boryana. 

A number of interesting observations were made within species, either under 

different treatments or between depths. M. boryana from 2 m did not have positive oxygen 

production under the 5 µmol m
-2

 s
-1

 PFD treatment. M. boryana also exhibited the highest 

respiration rate of all species at 2 and 10 m. This is evidence that the compensation 

irradiance (Ec) for this species at 2 m is above 5 µmol m
-2

 s
-1

. This was not the case at 10 

m where, albeit low, positive oxygen production was observed under the 5 µmol m
-2

 s
-1

 

PFD treatment. This finding demonstrates depth-dependent photoacclimation which allows 

for an existence in an environment of relatively low-light availability (Ramus et al. 1976, 

Johansson and Snoeijs 2002, Raven and Geider 2003). It also means that at 2 m this 

species may experience periods of light limitation. In situ irradiance data showed that 

PFDs below 5 µmol m
-2

 s
-1

 occurred frequently, and although these data represent the light 

environment at 10 m, it is likely that this PFD is also experienced at 2 m. The ecological 

relevance of this is that while M. boryana at 2 m obviously receives sufficient light energy 

to maintain its existence, a decrease in light availability may have serious consequences 

for growth and productivity of this particular species. Currently M. boryana dominates in 

the shallow subtidal environment at Karitāne (Richards et al. 2011) and a reduction in its 

presence would likely mean a significant loss of habitat and food for higher trophic level 

organisms (Duggins et al. 1989, Taylor 1998a). M. pyrifera also exhibited a response that 

was, although not statistically significant, not typical among other species. M. pyrifera 

demonstrated a slightly increased oxygen production and photosynthetic rate at 2 m 

compared to 10 m under the 20 µmol m
-2

 s
-1

 PFD treatment. The fact that even with likely 

photoacclimation occurring at 10 m (shown among other species and M. pyrifera under the 

5 µmol m
-2

 s
-1

 PFD) the photosynthetic capacity and efficiency of individuals at 2 m is so 

great it surpassed that of its 10 m counterpart. This finding demonstrates M. pyrifera’s 

need for high light which is also evident from its unique growth strategy (Wheeler 1980, 

Fork et al. 1991, Graham et al. 2007).  

Between species, differences in oxygen production and photosynthetic rate were 

evident. Under both PFD treatments and at both depths M. pyrifera exhibited superior 

photosynthetic ability compared to the other four species. It exhibited greater oxygen 
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production, a higher photosynthetic rate and, from the greater difference in photosynthetic 

rate between PFD treatments, a greater efficiency (α) could be assumed. Among the other 

four species, C. flexuosum, L. quercifolia, M. boryana and X. gladiata, little variation was 

observed apart from a slightly lower photosynthetic ability of M. boryana. This finding 

concurs with a number of other studies (e.g. Gómez et al. 2004, Richards et al. 2011, 

Pritchard et al. unpublished data) where species from the order Laminariales (M. pyrifiera) 

are shown to possess superior photosynthetic abilities compared to those from the order 

Fucales. Laminarian kelps typically exhibit high growth rates and biomass turn over 

(Mann 1973, Brown et al. 1997, Dean and Hurd 2007, Wernberg and Goldberg 2008), this 

results in the need for increased light harvest to supply the required energy (Mann 1973, 

Raven and Hurd 2012). Increased photosynthetic ability of Laminarian kelps is primarily 

driven by significant investment in photosynthetic tissue and pigmentation (Wheeler 1980, 

Colombo-Pallotta et al. 2006). From the difference in photosynthetic rate between PFD 

treatments, variation in photosynthetic efficiency (α) between Fucalean species was 

observed at 2 m, while at 10 m efficiency remained constant across species. Variation in 

photosynthetic efficiency at 2 m highlights species specific acclimation in order to satisfy 

their metabolic requirements. At 10 m however, where there was no variation in 

efficiency, acclimation may be limited or constrained by certain environmental conditions. 

The most likely factor controlling resource allocation for acclimation is light (Frost-

Christensen and Sand-Jensen 1992). Without sufficient light energy, further investment in 

the synthesis of photosynthetic pigments is not possible, in effect, capping the acclimation 

potential of all four species.  

In an ideal setting, consistent high-light is shown to create the most productive 

environment for macroalgal photosynthesis and growth. In reality this situation is seldom 

experienced (Luning & Dring 1979, Gattuso et al. 2006, Hepburn et al. 2011, Pritchard et 

al. 2013, Chapter 2) due to natural variation caused by cloud cover, wave action, canopy 

sunflecks and suspended particulate matter (Kubler and Raven 1996a, Anthony et al. 

2004). Adding to this is, ever increasing, anthropogenically driven variability due to storm 

water run-off, dredge spoil dumping and increased sedimentation form land use change 

(Cooper and Brush 1993, Ruffin 1998, Airoldi 2003, Hewawasam et al. 2003, Thrush et al. 

2004, Aumack et al. 2007, Geange et al. 2014). Macroalgae exhibit significant plasticity 

within, and adaptation between, species when it comes to photosynthesis (Falkowski and 

LaRoche 1991, Raven and Geider 2003, Monro and Poore 2005, Miller et al. 2006), 
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allowing for a productive existence in a highly variable environment. It is the added stress 

of increased limitation and variability resulting from anthropogenic effects that threatens 

macroalgal communities. In situ irradiance data recorded at Karitāne in Chapter 2 and in 

additional studies (Hepburn et al. 2011, Pritchard et al. 2013) show this site to be 

significantly light limited. In fact, on multiple occasions light availability, even at shallow 

depths (2 m), has been undetectable. Such periods of zero light can persist for more than 

two weeks at a time (Hepburn et al. 2011, Pritchard et al. 2013)  and are directly linked to 

increased rainfall periods and high river discharge (Hepburn et al. 2011, Pritchard et al. 

2013). Large variability in daily light dose, particularly at shallower depths has also been 

observed (Hepburn et al. 2011, Pritchard et al. 2013, Chapter 2). In a system that is often 

light-limited and is predicted to become even more so (Chapter 2), a reliance on high-light 

availability is not sustainable. As a result, macroalgae will likely need to increase their 

investment in light harvest, diverting energy otherwise used for growth and reproduction, 

in-turn decreasing community productivity and potentially modifying structure (Kubler 

and Raven 1996a, Bennett et al. 2015). 

This chapter defines how variation in PFD, while maintaining the same total 

quantum dose, influences the photosynthetic performance of five productive and important 

species within what is known to be a light limited site. Evidence suggests the way in which 

light is delivered to photosynthesisers is extremely important and in some cases may be 

more influential than the total quantum dose of light received. This means that if light 

limitation and variability in light delivery increase, significant alteration of macroalgal 

productivity will occur. One assumption of this study was that photosynthetic production 

rate remained constant during the duration of each incubation. Future work should aim to 

address if regulation of photosynthesis occurs during periods of constant light delivery, in 

effect determining the “photosynthetic stamina” of a species. In general more detailed data 

are required regarding species specific photosynthetic characteristics such as; their 

compensation irradiance (Ec), light saturation point (Ek), efficiency (α) and maximal rate 

(Pmax). This information is essential if we are to comprehensively understand and 

accurately predict the cost of anthropogenically influenced light limitation and variation in 

coastal seas.  
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Chapter 5  
Kelp-forest epifaunal communities 
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5.1 Introduction 

Macroalgae contribute significantly to the base of coastal temperate food-webs and 

provide habitat for higher trophic level species (Duggins et al. 1989, Borum and Sand-

Jensen 1996, Gattuso et al. 2006, Miller et al. 2011, Raven and Hurd 2012). Mobile 

epifaunal communities (MEC) that rely directly on macroalgae for these services 

contribute significantly to secondary productivity and play an extremely important role in 

the structure of temperate coastal food-webs (Taylor 1998a, Newcombe and Taylor 2010). 

MECs provide numerous ecosystem services and are a fundamental link in the trophic 

chain as they facilitate the flow of carbon from lower trophic organisms to upper level 

consumers (Taylor 1998a, Cowles et al. 2009). These communities are estimated to 

account for ~80% of the flow of energy and materials through rocky reef ecosystems 

(Taylor 1998a, Schwarz et al. 2006, Morrison et al. 2009). 

The diversity of MECs is indicative of the number of services they provide (Taylor 

1998a, Cowles et al. 2009). Communities usually comprise many species from the phyla 

Annelida, Arthropoda and Mollusca (Taylor and Cole 1994, Taylor 1998a, Schwarz et al. 

2006, Morrison et al. 2009, Cowles et al. 2009). Across this taxonomically diverse range, 

multiple trophic levels are represented (Taylor and Cole 1994). Filter feeders (Caine 1978, 

Taylor and Cole 1994), detrital consumers (Zimmerman et al. 1979, Taylor and Cole 

1994), direct and indirect grazers (Duffy 1990, Taylor and Cole 1994) and predators 

(Roland 1978, Taylor and Cole 1994) all fill separate niches in the ecosystem provided by 

macroalgae. It is direct grazers, however, that provide the important link through supplying 

macroalgal derived carbon to higher trophic level consumers (Taylor and Cole 1994, 

Taylor 1998a). Other services provided by the MEC include the regulation of fouling 

epiphytes that may otherwise overgrow and outcompete the host (Duffy 1990, Dudley 

1992, Stachowicz and Whitlatch 2005), and the provision of nitrogen by both sessile 

(Hepburn and Hurd 2005) and mobile (Taylor and Rees 1998) epifaunal species. The latter 

service allows for increased macroalgal growth during periods of low seawater nitrogen 

(Hepburn and Hurd 2005). 

The composition of MECs varies considerably depending on the host species (Taylor 

and Cole 1994, Cowles et al. 2009, Torres et al. 2015). Each species provides differing 

values in terms of nutrition (Hooper and Davenport 2006) and refuge (Bolam and 

Fernandes 2002, Christie et al. 2007, Zamzow et al. 2010). There is consensus that 
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macroalgal species with greater morphological complexity offer greater refuge and host a 

more abundant and diverse MEC (Taylor and Cole 1994, Hooper and Davenport 2006, 

Veiga et al. 2014, Torres et al. 2015). Taylor and Cole (1994) reported up to 2000 

individual epifaunal organisms per 100 g of algal wet weight on morphologically complex 

species such as Carpophyllum plumosum and Cystophora retroflexa in northern New 

Zealand. Some studies suggest that while morphological complexity is important, the 

quantity and persistence of habitat available is also a good predictor of MEC structure 

(Torres et al. 2015). Torres et al. (2015) note that perennial species such as kelps and 

fucoids harbour more stable assemblages compared to ephemeral annual species because 

their longevity allows multiple generations of epifauna to flourish on one host. 

Furthermore, over long periods factors such as competition and predation shape the MEC 

allowing for niche segregation (Torres et al. 2015, Jiménez et al. 2015a). Predatory fish 

species also play a role in controlling MEC communities through prey selection (Russell 

1983, Newcombe and Taylor 2010). In some instances this has been shown to initiate a 

trophic cascade that also influences the macroalgal host. For example, Newcombe and 

Taylor (2010) demonstrated that the effect of fish predation caused increased growth of 

epiphytic algae. This likely reduces the productivity of the macroalgal host through 

shading (Dudley 1992)  

The major threat to epifaunal communities comes in the form of habitat loss. Many 

macroalgal communities worldwide are either in decline or have undergone a dramatic 

phase shift, altering species composition (Steneck et al. 2002, Airoldi 2003, Edyvane 2003, 

Edgar et al. 2005, Connell et al. 2008). The driving factors behind such changes are 

numerous and variable in their intensity and effect. Light is the most limiting factor within 

temperate coastal waters and has been shown to significantly alter macroalgal depth 

distribution and community structure (Markager and Sand-Jensen 1992, Pedersen and 

Snoeijis 2001, Koch 2001, Gattuso et al. 2006, Middelboe et al. 2006, Aumack et al. 

2007).  Elevated sedimentation in coastal waters due to land modification, dredge spoil 

dumping, and erosion is also an increasing  phenomenon worldwide (Ruffin 1998, 

Oigman-pszczol et al. 2004, Walling 2006, 2008, Pritchard et al. 2013). Multiple studies 

have documented loss or alteration of macroalgal communities (Airoldi and Cinelli 1997, 

Airoldi 2003, Gorgula and Connell 2004, Connell et al. 2008, Geange et al. 2014) due to 

the compounding negative effects of increased sediment input. These effects include 

increased light attenuation (Ruffin 1998, Airoldi 2003, Connell 2005), smothering (Airoldi 
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et al. 1996, Airoldi 2003, Geange et al. 2014) and scouring (Airoldi et al. 1996, Airoldi 

2003). Direct wild harvest is an obvious cause of loss of macroalgal habitat. Harvesting 

often results in the loss of substantial amounts of biomass and habitat from the ecosystem. 

This disrupts the already established MEC and limits habitat for future colonisation. 

Overgrazing, predominantly by urchin species, has the ability to substantially reduce 

macroalgal biomass and plunge once productive systems into “urchin barren” habitat 

(Tegner and Dayton 2000, Graham 2004). This process typically occurs due to overfishing 

of predatory species which would normally regulate urchin densities (Babcock et al. 1999, 

Steneck et al. 2002, Shears and Babcock 2003). Finally, invasive macroalgae have the 

ability to alter species assemblages (Casas et al. 2004). In severe cases, invasion may 

create a monospecific benthic cover which significantly reduces habitat choice for 

epifauna, and may completely exclude some host-specific epifaunal species (Casas et al. 

2004, Veiga et al. 2014, Jiménez et al. 2015a).   

Only a few studies from New Zealand  have documented epifaunal assemblages 

associated with macroalgal species or communities (Taylor and Cole 1994, Taylor 1998a, 

1998b, 1998c, Hepburn and Hurd 2005, Schwarz et al. 2006, Cowles et al. 2009, 

Newcombe and Taylor 2010, Jiménez et al. 2015a). To my knowledge no information 

exists comparing epifaunal assemblages between regions within New Zealand, nor 

regarding quantitative metrics describing epifauna at a scale larger than on individual 

macroalgae. This information is important in order to understand variability in MECs 

across New Zealand and to gain site specific estimates of secondary productivity in reef 

systems. In southern New Zealand, significant differences in macroalgal biomass and 

community structure have been documented between two regions that differ significantly 

in subtidal light availability (see Chapter 2). It is hypothesised that before human 

modification of coastal light regimes macroalgal biomass between these two regions would 

have been similar. It is therefore important that we endeavour to understand how 

differences in macroalgal community structure influence associated MECs and secondary 

productivity of the ecosystem. Data gathered were used to address the question: Does the 

MEC differ between macroalgal species within, and between, the regions of East Otago 

and Stewart Island, and what do potential differences mean for secondary productivity at a 

local reef scale? This information will allow insights into the flow on effects of macroalgal 

community change to higher trophic organisms and fisheries.  
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5.2 Methods 

5.2.1 Study site  

This study utilised samples from two sites in the low-light region of East Otago 

(Aramoana and Karitāne) and three sites in the high-light region of Stewart Island (Cooper 

Bay, Horseshoe Bay and West Head). A full description of site characteristics can be 

found in Chapter 1 (Figure 1.3). 

5.2.2 Macroalgal species collection 

The seven most biomass dominant macroalgal species were selected in each region 

based on data gathered at each site during summer 2012 (Chapter 2) (Table A.5.4). These 

species were; Carpophyllum flexuosum, Ecklonia radiata, Landsburgia quercifolia and 

Xiphophora gladiata in both regions, Marginariella boryana, Undaria pinnatifida and 

Rhodomenia wilsonis at East Otago, and Marginariella urvilliana, Cystophora platylobium 

and Spatoglossum chapmanii at Stewart Island. Five replicate individuals of each species, 

over a range of sizes were collected from a combination of the five study sites between the 

depths of 2 and 10 metres by divers using SCUBA. The method of collection involved 

enclosing each macroalgal individual inside a large plastic bag (120 x 65 cm; 100 micron 

thick) down to the holdfast. The bag was then sealed around the holdfast using a 

drawstring cord and the individual removed from the reef (Taylor and Cole 1994) (Figure 

5.1). Each bag had a 100µm mesh opening at the top which allowed water to exit the bag 

but retained all epifauna greater than the mesh size (Figure 5.1). All samples were 

transported in a cooler bin to the laboratory. 

5.2.3 Epifaunal collection and preservation 

In order to detach epifaunal species, each macroalgal individual was submerged and 

vigorously washed in a plastic bucket containing 5 L of fresh water. This process was 

performed twice to achieve maximum removal (Taylor and Cole 1994). After the second 

wash macroalgae were blotted dry and weighed to determine the wet weight of each 

individual. The 10 L of fresh water containing epifaunal species from each macroalgal 

individual was passed through a stacked sieve setup with two mesh sizes; 1mm and 

100µm. Both buckets and the collection bag were then rinsed twice through the same 

sieves to remove any remaining epifauna (Taylor and Cole 1994). Epifauna contained in 

the sieves were transferred to 70 ml plastic specimen jars, weighed to determine total 



 

119 

 

biomass, and then ~ 50 ml of Shandon Glyo-Fixx preservative was added to preserve each 

sample. Partitioning into the size classes of > 1mm and > 100µm was performed to make 

the taxonomic classification process easier.  

 

 



 

120 

 

 

Figure 5.1. Diver encloses a Marginariella boryana individual within a plastic bag in East 

Otago. Picture shows the 100 µm mesh opening at the top of the bag and drawstring cord 

at the bottom of the bag. 
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5.2.4 Taxonomic classification 

Epifaunal classification was conducted on three randomly selected samples from the five 

replicates for each macroalgal species using a compound microscope. Classification was 

performed to the lowest possible taxonomic level. A total of 119 different taxa were 

identified from the 42 macroalgal samples. To maintain true taxonomic diversity for later 

analysis each unidentifiable taxon were given a number when they could not be identified 

to species level, but were clearly unique. For multivariate analysis a more functional 

approach was taken whereby each taxa were grouped by family, or the next lowest 

achievable taxonomic level. In some cases this was the phylum level. This information was 

used for analysis of community structure where it was important to know the major 

organism groups and their trophic position. A total of 54 groups were assigned which 

encompassed the 119 unique taxa.  

5.2.5 Fish surveys  

Finfish abundance was quantified at 2 m and 10 m at each site by divers using 

SCUBA. On three consecutive days the same horizontal 30 m transect of reef was swum at 

each depth by the same diver following the methods of Samoilys & Carlos (2000). Finfish 

species abundance was recorded 2 m either side of the transect line, creating a swath of 4 

m. The abundance of each species was pooled by region (East Otago and Stewart Island) 

to give an average abundance estimate per 30 m of reef. Visibility was estimated at each 

site each day using a Secchi disk. East Otago had an average visibility over the three days 

of 7.6 ± 1.8 m (n = 6) and Stewart Island 9.2 ± 0.7 m (n = 9).  

5.2.6 Statistical analysis  

5.2.6.1 MEC metrics 

Epifaunal biomass and density data were all standardised to 100 g wet weight (W.W) 

macroalgal tissue based on Taylor and Cole (1994). One-way analysis of variance 

(ANOVA) was used to test for differences in mean epifaunal biomass, density and 

diversity between species within regions. Differences between means were determined 

using a Tukey honest significant differences (HSD) post-hoc test. In all cases data met the 

assumptions of an ANOVA comparison, i.e. normality (Shapiro-Wilk test) and equal 

variance (Levene median test). Student’s t-tests were used to test for differences in mean 

epifaunal biomass, density and diversity on macroalgal species shared between regions. 

Student’s t-tests were also used to test for differences in mean finfish abundance between 
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regions. To avoid the inflation of type one error rates due to multiple hypotheses being 

tested, the False Discovery Rate (FDR) correction was applied to all p-values (Benjamini 

and Hochberg 1995) for finfish comparisons. For all tests significance was set at the 5% 

level (ɑ = 0.05). All statistical analysis was performed using the R statistical software 

package (R Development Core Team 2013). 

5.2.6.2 Multivariate MEC structure 

A Bray-Curtis dissimilarity matrix was created based on standardised epifaunal 

density data for each macroalgal species (n = 3). Principal coordinates analysis (PCO) 

based on Bray-Curtis dissimilarity was conducted to visualise relationships in epifaunal 

community structure between macroalgal species and regions. Similarity percentages 

(SIMPER) analysis was performed on the standardised data to quantify the role of each 

group in the patterns observed in the PCO ordinations. Permutational multivariate analysis 

of variance (PERMANOVA) and pairwise tests, based on Bray-Curtis dissimilarity were 

used to test for differences in epifaunal community structure between macroalgal species 

and regions using 9999 permutations. Monte Carlo (MC) P values were used due to the 

low number of unique permutations and the small sample size. Significance was set at the 

5% level (ɑ = 0.05). All multivariate analyses were performed using PRIMER 

(PERMANOVA + for PRIMER, PRIMER-E Ltd, Plymouth, UK).  

5.2.6.3 Reef scale MEC biomass model 

To estimate total epifaunal biomass across each reef’s depth range, macroalgal 

biomass between 2 and 10 m first had to be estimated. Estimates were based on an 

assumed linear relationship between two known species biomass values which were 

quantified in Chapter 2. Presence/absence zonation data collected during summer 2012 

were used to estimate a species depth range. For species that were not present across the 

entire depth range i.e. 2 – 5 m, a biomass value of 0 g m
-2 

was applied to the depth stratum 

where that species became absent, in this example 6 m. The modelled macroalgal biomass 

values were then multiplied by the species specific epifaunal biomass values to give an 

estimate of total epifaunal biomass for each macroalgal species at each one-metre depth 

interval. These values were then summed for each macroalgal species across each depth 

stratum to give a total epifaunal biomass per m
2
. The standard deviation (σ) about the 

mean (µ) was calculated by adding the co-efficient of variation (Equation 1) values from 

the macroalgal and epifaunal  biomass data (Equation 2),converting these values to σ  
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(Equation 3) and then summing the respective σ across each depth strata (Equation 4) 

(Brown 1998). The assumptions of this model were that macroalgal biomass exhibited a 

linear relationship between a species minimum and maximum depth distribution, and that 

variation in epifaunal biomass with depth was represented in the mean values, as replicates 

were taken from across the species depth range. 

Equation 1:    CV = σ / µ Equation 3:    σ = CV x (mean macroalgal 

biomass + mean epifauna biomass) 

Equation 2:   𝜎 = √𝐶𝑉1
2 + 𝐶𝑉2

2 
Equation 4:   𝜎 = √𝜎1

2 + 𝜎2
2 +𝜎𝑖

2    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

124 

 

5.3 Results 

A total of 119 individual epifaunal taxa were identified from the 42 macroalgal 

samples (see examples Figure 5.2). When reduced to the family, or lowest taxonomic 

level, a total of 54 groups were represented, 50 of which were found in East Otago and 39 

in Stewart Island. East Otago hosted 15 unique groups while Stewart Island hosted only 

four. The three most prevalent groups in both East Otago and Stewart Island were 

Harpacticoida, Gastropoda and Amphipoda respectively. Eatonielliadae, Ischyroceridae 

and Stegocephalidae groups were also highly prevalent in East Otago while Ostracoda, 

Gammaridae and Serpulidae groups featured in Stewart Island. In East Otago, 12 groups 

were unique to a particular macroalgal species, these included; E. radiata (5), M. boryana 

(4), U. pinnatifida (2) and X. gladiata (1). At Stewart Island 8 groups were unique to a 

particular macroalgal species, these included; E. radiata (3), X. gladiata (3), C. flexuosum 

(1) and L. quercifolia (1). Actiniaria were only found on E. radiata in both regions, while 

Tanaidacea were only found on U. pinnatifida in East Otago and on X. gladiata in Stewart 

Island (Tables A.5.1 and A.5.2).  

5.3.1 MEC metrics in East Otago 

Average epifaunal biomass differed significantly among macroalgal species in the 

East Otago region (Table 5.1, Tukey HSD, P < 0.05) ranging between 9.33 g (X. gladiata) 

and 2.04 g (U. pinnatifida) per 100 g of W.W tissue (Figure 5.3a). U. pinnatifida hosted 

significantly less epifaunal biomass than the species L. quercifolia, X. gladiata and R. 

wilsonis (Figure 5.3a, Table 5.1, Tukey HSD, P < 0.05). It must be noted that U. 

pinnatifida was the only non-native species sampled. Epifaunal density did not directly 

reflect the trends seen in terms of epifaunal biomass with C. flexuosum hosting relatively 

low biomass but the highest density of organisms, 519 individuals per 100 g of W.W tissue 

(Figure 5.3a and 5.4a). The opposite was true for L. quercifolia, which hosted relatively 

high biomass but supported only 68 individuals per 100 g of W.W tissue (Figure 5.4a). C. 

flexuosum hosted significantly greater density than E. radiata, L. quercifolia, M. boryana 

and U. pinnatifida (Figure 5.4a, Table 5.1, Tukey HSD, P < 0.05). The diversity of 

epifaunal organisms ranged between 14 (L. quercifolia) and 36 (E. radiata) entities per 

individual. L. quercifolia supported significantly less diversity than E. radiata, M, boryana 

and R. wilsonis (Figure 5.5a, Table 5.1, Tukey HSD, P < 0.05). Diversity showed no 

obvious relationship with either epifaunal biomass or density. 
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5.3.2 MEC metrics in Stewart Island 

Average epifaunal biomass differed significantly among macroalgal species in the 

Stewart Island region (Table 5.3b, Table 5.1, Tukey HSD, P < 0.05), ranging between 0.43 

g (M. urvilliana) and 7.72 g (S. chapmanii) per 100 g W.W tissue (Figure 5.3b). C. 

flexuosum, E. radiata and S. chapmanii supported significantly greater biomass than M. 

urvilliana and C. platylobium (Figure 5.3b, Table 5.1, Tukey HSD, P < 0.05).  L. 

quercifolia also showed greater biomass than M. urvilliana (Figure 5.3b, Table 5.1, Tukey 

HSD, P < 0.05). Epifaunal density generally followed the same trend as biomass and 

showed a range of 76 (C. platylobium) to 452 (C. flexuosum) individuals per 100 g of W.W 

tissue (Figure 5.4b). Due to low precision of the mean estimates, only C. flexuosum and C. 

platylobium showed a significant difference from one another (Figure 5.4b, Table 5.1, 

Tukey HSD, P < 0.05). The diversity of epifaunal organisms ranged between 12 (S. 

chapmanii) and 36 (C. flexuosum) entities per individual (Figure 5.5b). C. flexuosum 

individuals supported significantly greater diversity than L. quercifolia, X. gladiata, C. 

platylobium and S. chapmanii, while E. radiata supported greater diversity than C. 

platylobium and S. chapmanii (Figure 5.5b, Table 5.1, Tukey HSD, P < 0.05). Diversity 

showed no obvious relationship with either epifaunal biomass or density. 

5.3.3 Regional differences in MEC metrics 

No consistent trend in epifaunal biomass existed between regions (Figure 5.3). X. 

gladiata supported four times more biomass in East Otago compared to Stewart Island and 

L. quercifolia twice as much, although the latter difference was not statistically significant 

(Figure 5.3, Table 5.2). Although not statistically significant C. flexuosum in Stewart 

Island supported more than twice the biomass of its East Otago equivalent (Figure 5.3, 

Table 5.2). No significant difference in epifaunal density occurred between any of the four 

shared species. L. quercifolia supported four times as many individuals in Stewart Island 

compared to East Otago (Figure 5.4, Table 5.2). Epifaunal diversity associated with the 

four shared species also did not exhibit any significant difference between regions (Figure 

5.5, Table 5.2). 

5.3.4 MEC structure between regions 

Regional differences in MEC were shown by separation in multivariate space 

(Figure 5.6). Numerous groups were responsible for this separation but some played a 

more influential role at the regional scale than others (Table 5.3). Gammaridae, 



 

126 

 

Amphipoda and Harpacticoida were generally more abundant on Stewart Island 

macroalgae (Table A.5.2), while macroalgae from East Otago hosted a greater density of 

Gastropoda, Limnoriidae, Ischyroceridae, Jaeropsidae, Eatoniellidae and Spirillinida 

(Table A.5.1). C. flexuosum and X. gladiata hosted a significantly different epifaunal 

community based on group density, while E. radiata and L. quercifolia did not (Figure 5.6, 

Table 5.4). Differences in the epifaunal community on C. flexuosum were driven primarily 

by a 3.6 times greater density of Gastropoda in East Otago which contributed to 46.8% of 

the total dissimilarity between regions. Also of notable importance was a greater density of 

Harpacticoida in Stewart Island (13.9% of the dissimilarity) (Table 5.3). On X. gladiata the 

difference between regions was driven by twice as many Harpacticoida in East Otago 

(29.8%) and an extremely low density (< 1 per 100 g W.W tissue) of Sphaeromatidae in 

Stewart Island (13.8%) (Table 5.3). Although not statistically significant for all species, 

there was a common trend of greater Gastropoda density in East Otago compared to 

Stewart Island (Table 5.3) 

5.3.5 Estimated reef scale MEC biomass 

Estimated macroalgal biomass varied greatly between sites and with depth (Figure 

5.7a, Table A.5.3). Typically, sites displayed decreasing biomass with depth. However, at 

Karitāne, Horseshoe Bay and, to a lesser extent West Head, biomass was lowest between 5 

- 7 m (Figure 5.7a). When averaged across the entire depth range Horseshoe Bay 

supported the highest macroalgal biomass, while Karitāne supported the least, with a 

difference of 1.5 kg m
-2 

(Figure 5.8a). Aramoana, Cooper Bay and West Head supported 

comparatively similar macroalgal biomass (Figure 5.8a). Estimated epifaunal biomass 

varied both between sites and with depth (Figure 5.7b). The trends seen between sites were 

not consistent over the entire extent of the depth range sampled. Within the upper 2 – 4 m, 

the estimated biomass remained relatively stable across sites, ranging between 35 

(Horseshoe Bay at 3 m depth) and 67 g m
-2 

(Cooper Bay at 2 m depth). Below this depth, 

differences between sites became more apparent. From 4 – 7 m the East Otago sites of 

Aramoana and Karitāne showed a decline in epifaunal biomass while the Stewart Island 

sites of Cooper Bay, Horseshoe Bay and West Head either increased or remained relatively 

constant (Figure 5.7b). This increasing trend continued at Horseshoe Bay and West Head, 

reaching maximum epifaunal biomass at 10m of 186 and 91 g m
-2

 respectively (Figure 

5.7b). Greater epifaunal biomass at depth for the sites of Horseshoe Bay and West Head 

was attributed to increased biomass of C. flexuosum and E. radiata (Figure 5.7b). At 
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Aramoana, epifaunal biomass gradually increased with depth from 7 m, while Karitāne 

showed an increase before a subsequent decline at 10 m. When epifaunal biomass was 

averaged across all depths, the East Otago sites were shown to support less epifaunal 

biomass than Stewart Island sites, with Karitāne supporting the least (34 g m
-2

) and 

Horseshoe Bay supporting the most (97 g m
-2

) (Figure 5.8b). Generally the proportion of 

epifaunal biomass to macroalgal biomass increased with depth with the exception of 

Karitāne (Figure 5.7c). Between 2 – 4 m the proportion of epifaunal biomass to macroalgal 

biomass was far greater than any other site. From 5 – 7 m this proportion reduced to values 

similar to those of Stewart Island sites before increasing again (Figure 5.7c). When 

observed over the entire depth range, Karitāne had the greatest epifaunal to macroalgal 

biomass, followed by the three Stewart Island sites, and then Aramoana with the least 

(Figure 5.8c).   

5.3.6 Fish densities 

The density of finfish species differed significantly between East Otago and Stewart 

Island at both 2 and 10 m (Figure 5.9, Table 5.5). For the majority of species greater 

densities were observed in Stewart Island compared to East Otago at both depths. At 2m, 

greenbone (Odax pullus) densities were approximately four times greater and banded 

wrasse (Notolabrus fucicola) and spotty (Notolabrus celidotus) densities were 

approximately twice as great in Stewart Island (Figure 5.9a, Table 5.5). At 10 m, blue cod 

(Parapercis colias) and trumpeter (Latris lineata) densities were approximately four times 

greater, and blue moki (Latridopsis ciliaris) and spotty densities twice as great in Stewart 

Island (Figure 5.9b, Table 5.5). Red cod (Pseudophycis bachus) was the only species to be 

found at greater densities in East Otago (Figure 5.9b, Table 5.5).  
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Figure 5.2. Example of epifaunal organisms found on macroalgae in East Otago and 

Stewart Island regions. Eatoniella sp. (a), Haliotis sp. (b), Maeridae sp. (c), Paradexamine 

sp. (d), Nereididae sp. (e), Nereididae sp. (f), Plakarthruim typicum (g), Tanaidacea sp. 

(h), Ostracoda sp. (i), Harpacticoida sp. (j), Foraminifera sp. (k) and unidentified sp. (l). 
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Figure 5.3. Epifaunal biomass on macroalgal species from the East Otago (a) and Stewart 

Island (b) regions. Values represent means (± SE, n = 5). Significant difference between 

species within a region is indicated by different letter combinations above bars (Tukey 

HSD) and significant difference between regions is indicated by * (ɑ = 0.05). 
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Figure 5.4. Epifaunal density on macroalgal species from the East Otago (a) and Stewart 

Island (b) regions. Values represent means (± SE, n = 3). Significant difference between 

species within a region is indicated by different letter combinations above bars (Tukey 

HSD) and significant difference between regions is indicated by * (ɑ = 0.05). 
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Figure 5.5. Epifaunal diversity on macroalgal species from the East Otago (a) and Stewart 

Island (b) regions. Values represent means (± SE, n = 3). Significant difference between 

species within a region is indicated by different letter combinations above bars (Tukey 

HSD) and significant difference between regions is indicated by * (ɑ = 0.05). 
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Figure 5.6. Principal coordinates analysis based on MECs on macroalgal species from East 

Otago (black shapes) and Stewart Island (grey shapes). Values represent groups, where the 

family level is the lowest taxonomic classification.  
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Figure 5.7. Modelled macroalgal biomass (a), epifaunal biomass (b) and ratio of epifaunal 

to macroalgal biomass (c), between 2 m and 10 m at each site. Values modelled from mean 

macroalgal biomass (n = 6) and mean epifaunal biomass (n = 5). Error bars represent one 

standard deviation (σ). 
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Figure 5.8. Modelled macroalgal biomass (a), epifaunal biomass (b) and ratio of 

epifaunal to macroalgal biomass (c) across depth at each site. Values modelled from 

mean macroalgal biomass (n = 6) and mean epifaunal biomass (n = 5). Error bars 

represent one standard deviation (σ). 
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Figure 5.9. Finfish density per 4 x 30 m transect swath, at 2 m (a) and 10 m (b) in East 

Otago (white bars) and Stewart Island (grey bars). Values represent means (± SE, n = 3). 

Significant difference between regions is indicated by * (ɑ = 0.05). 
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Table 5.1. Results of one-way ANOVA comparing MEC biomass, density and diversity on 

macroalgal species within East Otago and Stewart Island. Significant differences are Bold, 

significance was set at the 5% level (ɑ = 0.05). 

              

    Region df F p   

              

  Biomass East Otago 6 4.1 0.004   

    Stewart Island 6 9.6 <0.001   

  Density East Otago 6 5.8 0.003   

    Stewart Island 6 3.3 0.029   

  Diversity East Otago 6 6.6 0.001   

    Stewart Island 6 8.7 <0.001   
              

 

 

Table 5.2. Results of Student’s t-test comparing MEC biomass, density and diversity on 

macroalgal species shared between regions. Significant differences are Bold, significance 

was set at the 5% level (ɑ = 0.05). 

              

    Species df t p   

              

  Biomass C. flexuosum 7 -3.793 0.00674   

    E. radiata 8 -0.915 0.3872   

    L. quercifolia 8 1.674 0.1326   

    X. gladiata 8 3.511 0.007949   

  Density C. flexuosum 4 0.585 0.5896   

    E. radiata 4 -1.026 0.3626   

    L. quercifolia 4 -1.751 0.1549   

    X. gladiata 4 1.362 0.2448   

  Diversity C. flexuosum 4 -2.049 0.109   

    E. radiata 4 0.965 0.389   

    L. quercifolia 4 0.667 0.541   

    X. gladiata 4 0.585 0.589   
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Table 5.3. Similarity percentages (SIMPER) analysis of groups and their contribution to the MEC of shared macroalgal species between East 

Otago and Stewart Island. Average dissimilarity is the overall dissimilarity in MEC between regions. % of dissimilarity shows the contribution 

of each group to the overall dissimilarity between macroalgae from each region. Only groups that accounted for more than 10% of overall 

dissimilarity are shown.  

                

    Average   Average abundance per 100g W.W tissue % of   

  Species dissimilarity Epifaunal group East Otago Stewart Island dissimilarity   

  C. flexuosum 50.3 Gastropoda 272 75.5 46.8   

      Harpacticoida 93.1 109 13.9   
                

  E. radiata 55.2 Otracoda 4.8 59.7 19.1   

      Harpacticoida 105.7 75.6 18.7   

      Amphipoda 24.4 52.8 12.6   

      Gastropoda 42.6 9.7 10.7   
                

  L. quercifolia 79.4 Harpacticoida 28.1 106.1 32.9   

      Gastropoda 95.6 8.6 18.7   

      Amphipoda 10.7 50.4 13.3   
                

  X. gladiata 60.9 Harpacticoida 125.6 63.4 29.8   

      Sphaeromatidae 26.7 0.2 43.6   
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Table 5.4. PERMANOVA analysis, main and pairwise tests for differences in MEC 

structure for shared macroalgal species between regions. Unrestricted permutation (9999 

times) was carried out on the raw data. Significant interactions are Bold, significance was 

set at the 5% level (ɑ = 0.05). 

              

    Main test   

  Factor df MS Pseudo-F P(MC)   

  Species by region 13 2998.8 4.22 < 0.001   
              

    Pairwise tests   

  Shared Species   t P(MC)     

  C. flexuosum   2.7 0.013     

  E.Radiata   1.75 0.059     

  L. quercifolia   1.37 0.186     

  X. gladiata   2.24 0.019     
              

 

 

Table 5.5. Results Student’s t-test comparing finfish density between regions. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ = 

0.05). 

              

  Species Depth (m) df t p   

              

  Blue moki 2 13 3.233 0.058   

  Greenbone 2 13 -3.537 0.003   

  Banded wrasse 2 13 -3.233 0.006   

  Leather jacket 2 13 -0.845 0.413   

  Spotty 2 13 -2.316 0.037   

  Marble fish 2 13 0.869 0.4   

  Tripple fin 2 13 -0.389 0.703   
              

  Blue moki 10 13 -2.596 0.022   

  Blue cod 10 13 -5.143 <0.001   

  Greenbone 10 13 -1.14 0.274   

  Banded wrasse 10 13 -0.361 0.724   

  Leather jacket 10 13 -0.677 0.51   

  Trumpeter 10 13 -2.468 0.028   

  Scarlet wrasse 10 13 -1.219 0.244   

  Spotty 10 13 -4.593 <0.001   

  Tripple fin 10 13 -0.4 0.696   

  Red cod 10 13 2.419 0.031   
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5.4 Discussion 

This study is the first to estimate MEC biomass in southern New Zealand at the scale 

of a subtidal reef. It also provides the first quantification of MECs on dominant macroalgal 

species at Stewart Island. Although differences in MECs occurred at the macroalgal 

species level, the disparity in epifaunal biomass between East Otago and Stewart Island 

reef systems was driven primarily by greater habitat provision by macroalgae in Stewart 

Island. This resulted in site differences that ranged between 70% and 280%  more 

epifaunal biomass among Stewart Island reefs compared to East Otago reefs. This finding 

is in agreement with Torres et al. (2015) who conclude that while macroalgal complexity 

plays an important role in structuring MECs the role of habitat quantity (biomass) is more 

important.  

This study also provides evidence that macroalgal species diversity and composition 

play a strong role in controlling overall MEC biomass, agreeing with numerous other 

studies (Cowen and Sponaugle 2009). At the reef scale, Aramoana supported comparable 

macroalgal biomass to the three Stewart Island sites yet hosted relatively less epifaunal 

biomass. At the time of this study macroalgal biomass at Aramoana was dominated by the 

invasive annual kelp U. pinnatifida. As a host species, U. pinnatifida was shown to support 

the lowest epifaunal biomass among East Otago sites. This explains why at the reef scale 

epifaunal biomass was disproportionately low even though macroalgal biomass remained 

high. Additionally, the presence of particular macroalgal species in a community was 

shown to play an influential role in controlling MEC biomass. For example, the presence 

of X. gladiata at Karitāne resulted in MEC biomass that was similar to other sites, despite 

low community macroalgal biomass. From this it is evident that X. gladiata is a key 

species that provides a disproportionate contribution to MEC biomass. Such findings stress 

the importance of macroalgal community structure in controlling MECs and that 

modification of community structure has the potential to significantly decrease secondary 

productivity within these systems. 

Although Stewart Island sites supported greater MEC biomass, the East Otago 

region supported greater epifaunal diversity as well as regional and macroalgal specific 

epifaunal endemism. Among the 15 groups that were only found in East Otago, no clear 

common characteristic was present that would suggest adaptation to particular 

environmental conditions in the East Otago region. All of the 15 groups were relatively 
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rare both in density, typically fewer than one individual per 100 g W.W tissue, and in 

distribution; 10 were found on only one or two macroalgal species. The same was true of 

the four unique groups found in Stewart Island. This suggests that rather than being a 

specific adaptation which enables their existence in each region, connectivity may be the 

factor controlling their dispersal (Cowen and Sponaugle 2009). Nikula et al. (2012) 

demonstrated that long distance dispersal of species via passive kelp-rafting results in 

significant connectivity between island populations in New Zealand’s southern waters. 

However the Southland Current, which flows northward from the bottom of Stewart Island 

up the east coast of the South Island (Heath 1981, 1985, Chiswell 1996), may play a role in 

limiting southward dispersal and could account for higher regional endemism in East 

Otago. An additional explanation may be that due to the rarity of these species they were 

simply not detected in the relatively small area sampled at each region.   

Highly abundant epifaunal groups tended to be the main drivers of difference in 

MEC structure at the regional scale. Although the dominant groups were generally similar 

between regions their relative density differed. In Stewart Island, Harpacticoida were more 

abundant and evenly distributed across macroalgal species, as were Gammaridae and 

Amphipoda. In East Otago particularly high densities of Gastropoda, Limnoriidae and 

Ischyroceridae were observed. The reasons for differences in group density are difficult to 

disentangle but are most likely the result of a combination of factors such as competitive 

interactions (Taylor 1998b, Cacabelos et al. 2010), habitat type (Taylor and Cole 1994, 

Taylor 1998a, Parker et al. 2001) and pressure from predatory reef fishes (Russell 1983, 

Taylor 1998a) that differ between regions. Schwarz et al. (2006) proposed sedimentation 

as a key factor that may also play a role in altering MEC structure. Their findings showed 

a 50% decrease in epifaunal abundance, biomass and productivity on E. radiata in areas 

with high sedimentation. They suggest that this result may be due to sediment clogging the 

feeding apparatus of suspension feeding epifauna as well as decreasing the productivity of 

epiphytic algal food sources by shading and smothering them. Although sedimentation was 

not quantified in this study it is likely to be greater in East Otago sites (see Chapter 2). In 

this study there was no evidence of lower density of suspension feeding species in East 

Otago. However, it is possible that the productivity of epiphytic algae and diatom food 

sources may differ between regions as a result of sedimentation, in turn altering MEC 

structure. 
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When MEC metrics from this study were compared to those of the same macroalgal 

species elsewhere in New Zealand (Taylor 1994, 1998c, Taylor and Cole 1994, Schwarz et 

al. 2006), southern macroalgal individuals were shown to support relatively high epifaunal 

densities and similar diversity. Suárez Jiménez (2014), the only other study to quantify 

MEC metrics for southern New Zealand macroalgal species, reported similar MEC density 

values to those of this study. Suárez Jiménez (2014) also showed that while epifaunal 

density and diversity remained relatively stable across sites and season in East Otago, the 

epifaunal community assemblage differed. These findings suggest that MEC assemblage 

structure is predominantly controlled by fine scale mechanisms within a region e.g. 

competition, predation and exposure, while metrics such as biomass, density and diversity 

are more dependent on broad scale mechanisms that differ significantly between regions 

such as larval conectivity and environmental conditions. Therefore, estimates of secondary 

productivity should not be generalised across regions, even if the same or similar 

macroalgal species are present. 

Significant differences were observed for all MEC metrics between species in both 

East Otago and Stewart Island. Similar to numerous other studies (Taylor and Cole 1994, 

Viejo 1999, Parker et al. 2001, Buschbaum et al. 2006, Hooper and Davenport 2006, 

Gestoso et al. 2010, Suárez Jiménez 2014), species with more complex morphologies 

tended to host a greater density of epifauna. Morphologically complex species such as C. 

flexuosum, R. wilsonis, S. chapmanii all hosted high epifaunal density, while 

morphologically simple species such as Marginariella spp., U. pinnatifida, and C. 

platylobium all hosted low epifaunal density. There were exceptions however. For 

example, X. gladiata is considered morphologically simple (Taylor and Cole 1994, Suárez 

Jiménez 2014), yet in East Otago this species hosted relatively high epifaunal density. The 

same was true for E. radiata which again is morphologically simple (Taylor and Cole 

1994, Taylor 1998a), but in both regions supported relatively high densities. The reason 

for these exceptions is unknown and further work is required to understand what factors 

may be driving these high densities.  

Epifaunal biomass on macroalgae at Stewart Island reflected epifaunal density, with 

more morphologically complex species hosting greater biomass. The same pattern was not 

seen in East Otago, highlighting that MEC structure is likely playing a stronger role in 

controlling biomass rather than density alone. Extremely low epifaunal biomass was 

supported by M. urvilliana and C. platylobium in Stewart Island and relatively low 
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biomass by U. pinnatifida in East Otago. Although no study has quantified the 

morphological complexity of C. platylobium, the flattened and smooth form of the thallus 

likely provides little refuge from predators and could explain low biomass values. The 

same is true for M. urvilliana and U. pinnatifida where complexity has been quantified 

(Suárez Jiménez 2014). Low epifaunal density and biomass on U. pinnatifida may also be 

attributed to the stability of this species as a host, where, due to its annual lifecycle, MECs 

must be re-established each year (Wernberg et al. 2004, Gestoso et al. 2010, Suárez 

Jiménez 2014). Although a number of studies have linked high epifaunal diversity with 

morphological complexity (Gee and Warwick 1990, Parker et al. 2001, Hooper and 

Davenport 2006, Cacabelos et al. 2010), only a weak association was found in Stewart 

Island and none at all in East Otago. In order to understand what is driving diversity 

differences among macroalgae, future work should focus on additional characteristics 

other than morphological complexity such as nutritional value, palatability and epiphytic 

productivity (Pollard and Kogure 1993, Levin et al. 2002, Suárez Jiménez 2014). 

The predation effect on MECs can be assumed to be higher in Stewart Island than in 

East Otago due to significantly greater abundance of a number of finfish species (Russell 

1983), specifically blue moki, blue cod, banded wrasse, trumpeter and spotty. Although 

greater abundances of greenbone were also found in Stewart Island this species likely has a 

negligible effect on epifaunal consumption as it is predominantly a herbivorous species 

(Russell 1983). There was no obvious impact of predation pressure that showed 

macroalgae from Stewart Island to support lower MEC density or biomass compared to 

East Otago. It is possible, however, that predation effects control the relative structure of 

MECs through dietary preference of fish species (Russell 1983, Taylor and Cole 1994). In 

contrast, the greater biomass of epifauna in Stewart Island reef systems may in part explain 

the greater abundance of certain finfish species compared to East Otago reef systems. 

Without information regarding fish recruitment and fishing pressure the true effect of 

increased epifaunal biomass on reef fish communities remains unknown.  

This study makes a number of assumptions that should be acknowledged. The first is 

that all estimates of MEC biomass are not productivity estimates, but rather a snapshot in 

time. Suarez Jimenez et al. (2014) have shown that epifaunal density and diversity in 

southern New Zealand remain relatively stable over seasonal cycles and therefore 

estimates from this study are likely to be representative of biomass throughout the year. To 

confirm this, future work  should focus on quantifiying carbon production over time at 
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each site (Edgar 1990, Cowles et al. 2009). The second and third assumptions concern the 

reef scale estimates of epifaunal biomass. Macroalgal biomass at each depth stratum was 

estimated using a linear relationship constructed from presence/absence zonation data. For 

more accurate estimates it is recommended that biomass is quantified at each depth 

stratum. Finally, variation in epifaunal biomass with depth was assumed to be represented 

in the data as replicate individual macroalgae were collected from across their respective 

depth distribution. Taylor and Cole (1994) showed that densitiy and structure of MECs on 

E. radiata vary with depth. Therefore, understanding the relationship of MEC biomass 

with depth for species used in this study would help improve the accuracy of reef scale 

epifaunal biomass estimates. It must be noted that these estimates are only representative 

for each depth stratum and that in order to estimate epifaunal biomass across the entire 

reef, detailed information regarding the gradient and extent would be necessary. 

It is evident from these data that overall macroalgal biomass as well as macroalgal 

community structure play important roles in regulating MECs, and that not all species are 

equal in their contribution. Therefore, changing macroalgal community structure will have 

varied effects on MECs. The lower biomass of large canopy forming species in East Otago 

compared to Stewart Island as a result of light limitation (see Chapter 2) is typical of a 

trend observed globally that shows the decline of kelp-forest habitat near metropolitan 

coasts (Steneck et al. 2002, Connell et al. 2008). This reduction in macroalgae and the 

resulting reduction in associated MEC poses serious negative consequences to ecosystem 

productivity and the persistence of higher trophic level organisms (Taylor 1998a, Cowles 

et al. 2009, Newcombe and Taylor 2010). A shift to a less diverse macroalgal community 

structure, often as a result of invasion, also poses a risk, as this may result in decreased 

carbon availability to upper level consumers (Casas et al. 2004, Gestoso et al. 2010, 

Jiménez et al. 2015a, 2015b). In a number of cases, invasion has been shown to increase 

the complexity of habitat and therefore has a positive effect on MEC productivity (Viejo 

1999, Wernberg et al. 2004, Buschbaum et al. 2006). In the case of U. pinnatifida, which is 

typically less complex than other natives (Suárez Jiménez 2014), may be highly 

competitive (Dean and Hurd 2007), and supplies unstable habitat (Gestoso et al. 2010), the 

overall effect to MEC productivity is most likely negative within a New Zealand setting. 

Given the important role MECs play in facilitating energy movement through coastal food 

webs there is a distinct lack of site specific information regarding their productivity, 

structure and relationship to their macroalgal hosts. This information is essential in order 
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to comprehend how future changes to kelp-forest communities will affect the productivity 

and function of higher trophic level organisms and associated fisheries. 
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Chapter 6  
General discussion 
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6.1 Study rationale 

Light availability drives marine productivity and sculpts the structure of subtidal 

communities (Dayton 1985, Markager and Sand-Jensen 1992, Koch 2001, Johansson and 

Snoeijs 2002, Gattuso et al. 2006). As a result of anthropogenic pressures, significant 

modification to the coastal subtidal light environment has occurred throughout the world 

(Ruffin 1998, Van Duin et al. 2001, Steneck et al. 2002, Hewawasam et al. 2003, Oigman-

pszczol et al. 2004, Thrush et al. 2004, Gattuso et al. 2006, García-ruiz et al. 2013, 

Pritchard et al. 2013). With our reliance on coastal resources increasing (Merino et al. 

2012), comprehension of how such changes in light availability affect the structure, 

functioning, productivity and persistence of valuable coastal primary producers such as 

macroalgae is critical. The aim of this body of work was to provide a better understanding 

of how light availability influences macroalgae at both the physiological and community 

level. By employing a holistic approach, the drivers of change and adaptations for survival 

could be identified, allowing for an insight into why kelp-forest communities exhibit 

certain characteristics today, and how they may persist under future light conditions. 

Although this study was confined to the region of southern New Zealand, many of the 

findings are relevant at a global scale and help to advance the general understanding of 

how light availability influences temperate reef ecosystems.   

6.2 Summary of findings 

This study details the likey response of kelp-forest communities to variation and 

limitation of light that has principally occurred as a result of modification of land use. 

What has been made evident is that light availability plays a significant role in shaping 

macroalgal community structure which in turn directly controls the quantity and quality of 

habitat within a kelp-forest setting. This study suggests that light limitation on the low-

light coast (East Otago) has likely reduced macroalgal biomass and habitat complexity by 

inhibiting photosynthesis. The lower presence of large canopy and habitat forming 

Phaeophyta species under low-light conditions significantly reduced the space and food 

available for secondary epifaunal consumers. Such a reduction resulted in a substantial 

difference in epifaunal biomass, in turn potentially limiting energy transferred to higher 

trophic level organisms. Macroalgae in low-light settings were shown to invest 

considerably in pigment acclimation strategies which likely came at a large physiological 

cost and, along with reduced energy availability, helps to explain the disparity in standing 
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biomass and difference in community structure. A number of species within the low-light 

region showed evidence that they may be living at the extreme end of their photosynthetic 

capability and that acclimation to an even lower light environment may not be possible. A 

further reduction in light availability will likely result in the compression of macroalgal 

depth limits, complete loss of certain species and an overall decline in ecosystem 

productivity (Figure 6.1). 

As outlined in Chapter 1, a multitude of provisional and regulatory ecosystem 

services are facilitated by kelp-forest communities. A decline in macroalgal presence, or a 

change in community structure, not only reduces productivity but also significantly affects 

these services (Dayton 1985, Steneck et al. 2002, Worm et al. 2006, Graham et al. 2007). 

Kelp-forest communities regulate their physical environment by reducing water velocity 

(Hurd 2000, Madsen et al. 2001, Stevens et al. 2001, Gaylord et al. 2009), taking up 

nutrients (Vitousek et al. 1997, Hepburn et al. 2006, Gordillo et al. 2006) and buffering pH 

(Cornwall 2012, Frieder et al. 2012). When community structure is modified, so too is the 

physical environment. This effect has the potential to be compounded via a feedback loop 

(Scheffer and van Nes 2004), resulting in decreased resistance and resilience of macroalgal 

communities (Dayton 1985, Steneck et al. 2002). For example, if large canopy forming 

species are lost due to light limitation, water velocity will increase. As a result of increased 

water velocity, sediment will be more easily re-suspended and remain in suspension for 

longer (Madsen et al. 2001, Lawson et al. 2007), further increasing light limitation. The 

same general trend is true for nutrient uptake, and pH buffering. Provisional services are 

also reduced, such as the presence of suitable settlement and recruitment habitat (Dayton 

1985, Rowley 1989, Shanks et al. 2003, Schiel and Foster 2006), and the refuge quality 

offered to fish and invertebrate species (Dayton 1985, Pérez-matus and Shima 2010, Miller 

et al. 2011). Although quantifying the change in all ecosystem services as a result of light 

limitation was beyond the scope of this study, there is evidence to show that a number of 

services have declined, e.g. habitat and food provision. It can therefore be inferred that a 

similar decline has potentially occurred for many other unquantified services. 
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Figure 6.1. Schematic representation of the effects of light limitation on a kelp-forest 

community based on findings from this study. High-light environment (a) and low-light 

environment (b). 
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6.3 Experimental design 

The challenges  of quantifying the physiological and ecological response of kelp-

forest communities to light limitation were evident in this study, particularly the 

application of an ecologically robust study design (Hulbert 1984). Due to the lack of 

historic data that quantifies relevant response variables over time, the comparison between 

a modified low-light and unmodified high-light region was made (impacted versus non-

impacted). This approach is widely accepted as an appropriate method when assessing a 

particular disturbance or effect (Clarke and Green 1988), in this case light limitation. The 

robustness of such a design may be questioned, however, as interspersed low- and high-

light replicate sites were not used, potentially introducing other confounding factors that 

vary geographically (Hulbert 1984). The unfortunate nature of unmodified systems is that 

1) they are becoming increasingly rare, and 2) they typically occur at the extremities of 

human habitation. These two features limit the potential for replication at the region scale 

and the interspersion of modified and unmodified sites (Connell et al. 2008). A deviation 

from the strict ecological sampling design (Hulbert 1984) is therefore necessary in some 

cases in order to answer questions that require direct in situ observation. As long as 

appropriate measures are taken to quantify confounding variables between sites, and 

replication is undertaken at a relevant level, such as in this study, then the value of data 

remains extremely high. 

It is most likely that trends seen in this study, specifically those associated with algal 

community structure and standing biomass, are influenced by factors other than light 

availability. These factors include wave action, water motion, nutrient availability, algal 

recruitment and sedimentation. Although this study attempts to control for such 

confounding factors by selecting highly comparable sites, it is difficult to disentangle the 

influence of these other factors. Without controlled laboratory experiments, which are 

impossible at the community scale, the influence of such variables is inevitable and must 

be considered when interpreting results in any study that is based on in situ observation.  

6.4 Implications for current research 

6.4.1 Quantifying and detecting light variability and limitation 

The importance of light availability within the world’s oceans is widely 

acknowledged (Dayton 1985, Markager and Sand-Jensen 1992, Koch 2001, Johansson and 

Snoeijs 2002, Gattuso et al. 2006) and the need to understand and quantify both 
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geographical and temporal variation is becoming more evident (Gattuso et al. 2006). The 

processes and patterns observed at the ecosystem level are seldom the result of the 

immediate or short-term light environment, but are rather the product of daily, seasonal 

and often annual fluctuation in light availability. It follows therefore that in order to 

understand such trends, light availability must be examined accordingly. Large 

geographical, seasonal and weather dependent variation in light availability is observed in 

this study, allowing for an understanding of the energetic parameters controlling 

macroalgal growth, adaptation and persistence in the study area. Due to high variability in 

light delivery, short term quantification of light availability will result in either under- or, 

more likely, overestimation of energetic parameters. Doing so could significantly influence 

the outcome of a study, be it the prediction of habitat suitability, the estimation of 

productivity or determining the magnitude of anthropogenic influence.  

This study provides evidence that commonly used metrics such as diversity and 

density are inaccurate tools for describing the implications of light limitation in kelp-forest 

communities. Of more value is high resolution, species specific biomass information. This 

agrees with additional studies that investigated the distribution (Pehlke and Bartsch 2008, 

Gorman et al. 2013) and primary productivity of kelp-forest communities (Bruno et al. 

2005, Reed et al. 2008, 2009, 2016, Miller et al. 2011). Data of this nature allow for an 

understanding of how species and functional changes within a community may affect the 

productivity, habitat provision and ecosystem services being provided by the community 

as a whole. Roberts and Connell (2008) note that the use of  indices, such as the Shannon 

Index, are often insufficient for detecting responses of algal communities to human 

induced change due to the large sample size required. They conclude that the uneven 

ability of metrics and indices to detect change means that coupling response variables with 

the correct descriptive measure is essential for accurately assessing the effect of a 

disturbance, and that more work is needed to better understand these relationships. 

6.4.2 Loss of canopy formers and the importance of baseline community data 

This study provides evidence that is suggestive of the growing global trend of 

macroalgal canopy loss (Benedetti-Cecchi et al. 2001, Steneck et al. 2002, Connell et al. 

2008, Pehlke and Bartsch 2008, Gorman and Connell 2009, Strain et al. 2014), whereby a 

shift from a habitat dominated by large canopy forming Phaeophyta species to one of 

small, turfing or ephemeral species, occurs due to anthropogenic disturbance (Gorgula and 
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Connell 2004, Connell 2005, Connell et al. 2008, Gorman et al. 2009, Strain et al. 2014). 

In most cases, these changes have occurred, or are currently occurring, over relatively long 

periods, depending on the intensity of the disturbance and have been documented through 

anecdotal evidence or sparse point in time sampling (Connell et al. 2008, Pehlke and 

Bartsch 2008, Sales and Ballesteros 2010, Strain et al. 2014). The approach employed in 

this study makes comparisons between two regions known historically to have had similar 

terrestrial catchment structure, but with one now modified by human settlement and 

anthropogenic activity. This modification has likely resulted in the reduced light 

availability observed within the region due to increased sedimentation. By comparing 

kelp-forest community metrics between the modified low-light coast and the unmodified 

high-light coast an estimation of the effects of light limitation was achieved. An 

understanding of how productivity along the low-light coast has been impacted by 

anthropogenic activity has also been gained, which is essential for changing the way we 

view the connectivity between land and sea (Gorman et al. 2009). The risk of not 

documenting the historic or, if possible, baseline characteristics of kelp-forest communities 

is that lower expectations of these systems result (see Dayton et al. 1998), and our ability 

to detect change decreases due to the shifting baseline syndrome (Pauly 1995). 

6.4.3 Acclimation and productivity 

Although acclimation theory is well understood through manipulative experiments 

and field observations (Ramus et al. 1976, 1977, Dring 1986, Falkowski and LaRoche 

1991, Aguileral et al. 1997, Raven and Geider 2003, Godínez-Ortega et al. 2007, Brey 

2009, Pritchard et al. 2013), application of this knowledge to broader questions regarding 

site specific heterogeneity in macroalgal structure and productivity is underutilised. This 

information has the potential to elucidate the physiological cost exerted on macroalgae as a 

result of light limitation, and the extent to which this cost reduces productivity and alters 

the distribution and assemblage of kelp-forest communities. By quantifying the 

photosynthetic plasticity of macroalgal species under a wide range of ecologically relevant 

light regimes the parameters that control a particular species’ presence, productivity and 

persistence can be established. This information is essential for predicting the state of 

macroalgal communities under future light conditions. This study contributed a substantial 

amount of site specific data regarding the degree of acclimation possible for a wide range 

of species within two highly contrasting light environments. It also demonstrated how 

important habitat forming algae respond to differing light intensities and delivery regimes. 
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The novel approach of quantifying acclimation at the scale of a whole community offers a 

new perspective for understanding the relative effect of, and response to, light limitation 

by any photosynthetic community.  

6.5 Future work  

6.5.1 Quantifying the sources of light limitation 

One of the most important aspects for understanding and mitigating the effects of light 

limitation is the identification of the sources that reduce light availability in coastal seas, 

namely sediment. In this thesis, a comparison between reefs surrounded by modified and 

unmodified catchment systems was made but no specific quantification of catchment use 

or sediment input was possible. By understanding the relationship between catchment use, 

sediment transport/input and light availability, it will be possible to determine the effect of 

land use practice on coastal productivity. Quantifying the loss of productivity as a result of 

land use change will provide information to better manage both marine and terrestrial 

environments. For example, if the increase in productivity achieved by converting native 

catchments to pastoral land is less than the subsequent reduction in marine productivity as 

a result of increased sediment, evidence would suggest that such a change is less beneficial 

when viewing productivity from a larger ecosystem perspective. This information would 

also be beneficial within an environment court setting as the negative effects of land use on 

the economic, recreational and cultural value of marine resources could be quantified and 

used as evidence to inform management. 

6.5.2 Relationships between light and community structure 

The value of understanding the intricate relationship between light availability and kelp-

forest community response has been highlighted by this thesis. Currently the majority of 

work detailing kelp-forest loss focuses on the negative effects of eutrophication (Worm et 

al. 1999, Connell et al. 2008, Gorman et al. 2009), overgrazing (Graham 2004, Ling 2008, 

Foster and Schiel 2010) and ocean warming (Steneck et al. 2002, Wernberg et al. 2011, 

Filbee-Dexter et al. 2016). Light is the most important factor that controls kelp-forest 

productivity and persistence, yet it receives relatively little attention. Long term 

assessment of light availability is needed and this should include not only information 

regarding the quantity of light communities receive but also the quality i.e. spectral 

distribution as this is likely influenced greatly by increased sediment loading This, coupled 

with information regarding inter-annual variation in kelp-forest community structure, will 
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provide a foundation to predict coastal kelp-forest productivity and persistence under 

future light regimes. This type of work must be implemented over a gradient of replicate 

light regimes from pristine high-light sites to highly modified low-light sites. This design 

however runs into a number of problems in terms of other influential factors that vary 

spatially and must be controlled for. There would be great benefit in approaching this 

question from a global perspective to tease apart the influences of light and other 

confounding factors. 

6.5.3 Photosynthetic plasticity 

The plasticity of macroalgal photosynthesis directly dictates productivity and a species’ 

ability to make use of a particular light environment (Hader and Figueroa 1997, Burridge 

et al. 1999, Johansson and Snoeijs 2002, Gómez et al. 2004, Fairhead and Cheshire 2004, 

Middelboe et al. 2006). This information, therefore, holds considerable potential to help 

understand 1) the productivity of species and whole communities under known light 

conditions, and 2) habitat suitability, which is essential when modelling species 

distributions. An effort should therefore be made to accumulate as much information as 

possible regarding species specific photosynthetic characteristics under a wide range of 

current, and predicted light conditions, including acclimation potential and photosynthetic 

parameters (Pmax, Ec, Ek and α). Importance should be placed on quantifying 

photosynthetic tipping points, which are thresholds of light availability that, if passed, 

significantly modify community structure (Suding and Hobbs 2009). By quantifying these 

points more directed management can be implemented around factors that influence 

coastal light availability. This information can be found through a combination of field 

observations as well as laboratory studies that look at pigmentation and photosynthetic 

efficiency under varying light intensities. 

6.5.4 Food-web dynamics 

The flow of energy from primary producers to upper level consumers in temperate rocky 

reef systems is complex and, for the most part, poorly understood. The ability to model 

and predict the productivity of valuable fisheries associated with these systems would 

benefit considerably from higher resolution, site specific data. The data required to achieve 

this would be information regarding the production and fate of carbon at each successive 

trophic level and would include primary productivity estimates of kelp-forest communities, 

the subsequent secondary production associated with these systems and so forth up each 
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successive trophic level. By strengthening the relationship that details the flow of energy 

through trophic levels (see Pauly & Christensen 1995), more accurate predictions of 

ecosystem productivity can be achieved, resulting in higher quality information to inform 

fisheries management.  

6.5.5 Ecosystem services 

The loss of kelp forest communities results in the significant loss of associated ecosystem 

services (Worm et al. 2006, Campbell et al. 2014). Few studies have attempted to quantify 

the magnitude of such loss, yet this information is critical for understanding the true cost 

of habitat change, and provides evidence to advocate for the protection of kelp-forest 

habitat. By quantifying specific services provided by these communities across a wide 

range of kelp-forest structures a relationship between structure and service can be 

established. This knowledge ultimately results in the ability to predict the associated 

outcomes of kelp-forest decline. Services of importance include food and habitat 

provision, sediment entrainment and habitat formation, dampening of wave action and 

buffering against the effects of ocean acidification. 

6.6 Management considerations 

This study raises a number of issues relevant to the management of important coastal 

habitat and resources within southern New Zealand, as well as globally. Considerable 

kelp-forest habitat loss is hypothesised to have occurred within the East Otago region, 

most likely as a result of increased sedimentation from land use modification, echoing 

similar losses at a global scale (Steneck et al. 2002, Gorgula and Connell 2004, Connell et 

al. 2008, Gorman and Connell 2009, Campbell et al. 2014, Strain et al. 2014). The 

evidence that shows kelp-forest loss is driven by anthropogenic influence is overwhelming 

(Benedetti-Cecchi et al. 2001, Airoldi 2003, Gorgula and Connell 2004, Connell et al. 

2008, Gorman et al. 2009, Strain et al. 2014), yet little strategic management has been 

implemented. Large scale loss of M. pyrifera forests in southern Australia prompted the 

move to include “Giant Kelp Forests” as endangered communities under the Environment 

Protection and Biodiversity Conservation Act 1999 

(www.comlaw.gov.au/Details/F2012L01781). Although this status offers protection 

against direct harvest it does not protect against indirect effects, such as light limitation, 

sedimentation, eutrophication and over-fishing, which appear to be of most concern 

globally. In order to successfully protect kelp-forest habitat, management must be 
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multidisciplinary, addressing the negative influence of land use practices (Quinn and 

Stroud 2002, Hunter and Walton 2008, Gorman et al. 2009, Morrison et al. 2009, García-

ruiz et al. 2013, Geange et al. 2014), the effect of overfishing (Dayton et al. 1998, Tegner 

and Dayton 2000, Jackson et al. 2001) and the commercial harvest of macroalgal species 

(Kimura and Foster 1984, Kirkman and Kendrick 1997, Geange 2014). With specific 

reference to managing the drivers of light limitation, measures must be taken to reduce 

sediment input into coastal seas. To be successful, management needs to minimise 

sediment runoff from unstable and poorly farmed land, limit the dumping of spoil from 

dredging activities and control levels of wastewater discharge. To achieve this, integrated 

management must take place between land and sea (Stoms et al. 2005, Crain et al. 2009, 

Álvarez-Romero et al. 2011)  

6.7 Concluding remarks 

This body of work breaks new ground in understanding kelp-forest community 

response to changing light availability. The holistic approach employed, which spans 

physiological to community level responses, identifies the drivers of light limitation, the 

response of macroalgae to change and the resulting effect on higher trophic level 

consumers. 

The most relevant findings of this work are; 

1) light limitation results in significantly lowered biomass, size and presence of 

canopy forming macroalgal species, 

2) a number of macroalgal species may be living at the extreme end of their 

photosynthetic abilities within East Otago, and further light limitation may compress depth 

limits and alter community structure, 

3) changes in macroalgal biomass and structure due to light limitation significantly 

reduce habitat and food availability to upper level consumers, resulting in reduced 

secondary biomass. 

As time passes we risk losing sight of how magnificent kelp-forest communities 

were, or have the potential to be. The foundation of understanding regarding kelp-forest 

loss is solid, and the time to erect the framework to conserve and restore these systems has 

come. 
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A.1 Appendix 1 

Table A.1.1. Minimum, maximum and average (± SE) sea temperature at 10 m depth 

within the regions of East Otago (295 days, two sites, n = 590) and Stewart Island (295 

days, three sites, n = 885). 

 

            

  Region Min Max Average   

            
  East Otago 7.68 17.57 12.64 ± 0.006   
  Stewart Island 9.87 16.76 12.69 ± 0.003   
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A.2 Appendix 2 

 

 

Figure A.2.1. Abundance of Evechinus chloroticus (a) and Haliotis iris and australis (b) 

per square metre at within the low-light (white bars) and high-light (grey bars) coasts. 

Values represent mean (± SE) for low-light (n = 12) and high-light (n = 18).  
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Figure A.2.2. Calibration of natural log-transformed data from HOBO and LI-COR data 

loggers over four individual campaigns at different sites and under different light 

conditions. Calibration was achieved via linear regression. 
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Table A.2.1. Total species list with assigned functional group. BC = branched coarse, LE = leathery, BF = branched fine, MT = 

membranous/thin, BL = blade and FI = filamentous. Canopy-forming species are shown by "CA". Seasonal presence, X = Karitāne, O = 

Horseshoe Bay. 

 
                          

                          
  Order Family  Genus Species Authority Functional 

Group 
Canopy 
forming  

Summer Autumn Winter  Spring   

                          
  Bryopsidales Caulerpaceae Caulerpa brownii (C.Agardh) Endl. BC   O O O O   
  Bryopsidales Codiaceae Codium convolutum  (Dellow) P.C.Silva LE   O         
  Cladophorales Cladophoraceae Cladophora feredayi Harv. BF         X O   
                          
  Dictyotales Dictyotaceae Dictyota kunthii (C.Agardh) Grev. MT   X O X   x   
  Dictyotales Dictyotaceae Spatoglossum chapmanii Lindauer MT   O     O   
  Sphacelariales Stypocaulaceae Halopteris novae-

zelandiae 
Sauv. BF   X O X O X O   

  Fucales Sargassaceae Carpophyllum flexuosum (Esper) Grev. LE CA X O X O X 
O 

X O   
  Fucales Sargassaceae Cystophora platylobium (Mertens) J.Agardh LE CA O O O O   
  Fucales Sargassaceae Cystophora scalaris J.Agardh LE CA O O O O   
  Fucales Sargassaceae Landsburgia quercifolia Harv. LE CA X O X O X 

O 
X O   

  Fucales Sargassaceae Sargassum sinclairii Hook.f. & Harv. LE CA   O   X   
  Fucales Seirococcaceae Marginariella boryana (A.Rich) Tandy LE CA X O X O X  X O   
  Fucales Seirococcaceae Marginariella urvilliana (A.Rich) Tandy LE CA X O X O X 

O 
X O   

  Fucales Xiphophoraceae Xiphophora gladiata (Labill.) Mont. Ex Kjellm. LE   X O X O X 
O 

X O   
  Sporochnales Sporochnaceae Carpomitra costata (Stackh.) Batters BF   X O O X 

O 
X O   

  Laminariales Laminariaceae Macrocystis pyrifera (L.) C.Agardh BL CA X O X O X 
O 

X O   
  Laminariales Lessoniaceae Ecklonia radiata (C.Agardh) J.Agardh LE CA X O X O X 

O 
X O   
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  Desmarestiales Desmarestiaceae Desmarestia ligulata (Stackh.) J.V.Lamour. BC   X O O  X O   
  Ectocarpales Scytosiphonaceae Colpomenia peregrina Sauv. MT         O   
                          
  Bonnemaisoniales Bonnemaisoniaceae Delisea plumosa Levring BF     X O   O   
  Bonnemaisoniales Bonnemaisoniaceae Ptilonia willana Lindauer BF         O   
  Ceramiales Callithamniaceae Euptilota formosissima (Mont.) Kütz. BF   X X X 

O 
X O   

  Ceramiales Delesseriaceae Hymenena palmata (Harv.) Kylin MT   X O X O       
  Ceramiales Delesseriaceae Laingia hookeri (Lyall) Kylin MT   O         
  Ceramiales Rhodomelaceae Cladhymenia coronata (Lindauer & Setchell) 

Saenger 
BF         X   

  Ceramiales Rhodomelaceae Cladhymenia oblongifolia Harv. BL     X O O   
  Ceramiales Wrangeliaceae Anotrichium crinitum (Kütz.) Baldock FI   X O X O X  X O   
  Ceramiales Wrangeliaceae Medeiothamnion lyallii (Harv.) Gordon FI     O   O   
  Gigartinales Cystocloniaceae Craspedocarpus  erosus (Hook.f. & Harv.) 

F.Schmitz 
BC   O         

  Gigartinales Cystocloniaceae Rhodophyllis  spp.   MT   X O O X O   
  Gigartinales Gigartinaceae Gigartina sp.    LE     O   O   
  Gigartinales Kallymeniaceae Callophyllis variegata' (Bory) Kütz. BC   O   O     
  Plocamiales Plocamiaceae Plocamium spp.   BF   O X O X 

O 
O   

  Rhodymeniales Champiaceae Champia  chathamensis V.J.Chapm. & 
Dromgoole 

BC   O O O O   
  Rhodymeniales Rhodymeniaceae Rhodymenia sp.   BC     O X 

O 
X O   

      Bladed red     BL   O     X O   
      Filamentous red     FI   O     O   
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A.3 Appendix 3 

 

Figure A.3.1. Phaeophyta and Rhodophyta community pigment ratios based on the average 

community assemblage per square metre of substrate (n = 6) at the low-light (white bars) 

and high-light (grey bars) sites. Means (± SE) were calculated using biomass weighted 

species means (n = 5 replicate tissue samples per species) for the pigment ratios Chl c : 

Chl a (a), fucoxanthin : Chl a (b) and phycoerythrin : Chl a (c). Significant difference 

between sites is indicated by * and between depths within a site by + (ɑ = 0.05). 
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Figure A.3.2. Pigment concentration ratios of Phaeophyta species at 2 m at the low-light 

(white bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigment ratios Chl c : Chl a (a) and fucoxanthin : Chl a (b). Missing value means species 

was absent from site. Significant difference is indicated by * (ɑ = 0.05). 
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Figure A.3.3. Pigment concentration ratios of Phaeophyta species at 10 m at the low-light 

(white bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigment ratios Chl c : Chl a (a) and fucoxanthin : Chl a (b). Missing value means species 

was absent from site. Significant difference is indicated by * (ɑ = 0.05). 
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Figure A.3.4. Pigment concentration ratios of Rhodophyta species at 10 m at the low-light 

(white bars) and high-light (grey bars) sites. Values represent means (± SE, n = 5) for the 

pigment ratio phycoerythrin : Chl a (a). Missing value means species was absent from site. 

Significant difference is indicated by * (ɑ = 0.05). 
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Figure A.3.5. Phaeophyta pigment concentration at the low-light site at 2 m (light grey 

bars) and 10 m (dark grey bars). Values represent means (± SE, n = 5) for the pigments 

Chl a (a) Chl c (b) and fucoxanthin (c). Significant difference is indicated by * (ɑ = 0.05). 
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Figure A.3.6. Phaeophyta pigment concentration ratios at the low-light site at 2 m (light 

grey bars) and 10 m (dark grey bars). Values represent means (± SE, n = 5) for the pigment 

ratios Chl c : Chl a (a) (b) and fucoxanthin : Chl a. Significant difference is indicated by * 

(ɑ = 0.05). 
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Figure A.3.7. Phaeophyta pigment concentration at the high-light site at 2 m (light grey 

bars) and 10 m (dark grey bars). Values represent means (± SE, n = 5) for the pigments 

Chl a (a) Chl c (b) and fucoxanthin (c). Significant difference is indicated by * (ɑ = 0.05). 
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Figure A.3.8. Phaeophyta pigment concentration ratios at the high-light site at 2 m (light 

grey bars) and 10 m (dark grey bars). Values represent means (± SE, n = 5) for the pigment 

ratios Chl c : Chl a (a) (b) and fucoxanthin : Chl a. Significant difference is indicated by * 

(ɑ = 0.05). 
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Table A.3.1. Mean abundance and biomass of all macroalgae at the low-light and high-

light sites at 2 m and 10 m.  

              

    Abundance (individuals m
-2

) Biomass (g dry weight m
-2

)   

    Low-light High-light Low-light High-light   

  2 metres           

  Chlorophyta           

  Ulva sp.   0.17   0.05   

  Phaeophyta           

  Cystophora platylobium   1.17   129.39   

  Desmarestia ligulata 2.50 1.50 10.13 9.32   

  Dictyota Kunthii 1.50 10.50 0.40 13.80   

  Landsburgia quercifolia  1.00 6.67 2.53 70.03   

  Macrocystis pyrifera 2.33 8.00 11.77 70.79   

  Marginariella boryana 18.50 2.00 1552.03 0.77   

  Marginariella urvilliana   0.67   4.61   

  Sargassum sinclairii 0.67   5.12     

  Spatoglossum chapmanii 0.33 29.00 0.99 29.11   

  Xiphophora gladiata 3.83 0.83 143.78 1.17   

  Rhodophyta           

  Hymenena durvillei   0.83   0.40   

              

  10 metres           

  Chlorophyta           

  Caulerpa brownii   0   16.30   

  Phaeophyta           

  Carpomitra costata   3.83   5.27   

  Carpophyllum flexuosum 0.83 3.33 2.87 58.92   

  Desmarestia ligulata 1.33 1.17 7.43 3.94   

  Dictyota Kunthii 0.33   0.11     

  Ecklonia radiata 1.67 4.00 23.04 239.15   

  Halopteris sp.   0.33   0.88   

  Landsburgia quercifolia 1.83   2.65     

  Macrocystis pyrifera 0.83 0.67 2.46 16.12   

  Marginariella boryana 3.33   2.47     

  Marginariella urvilliana 0.17 0.83 0.79 7.43   

  Rhodophyta           

  Anotrichium crinitum 13.83 0.33 12.97 0.28   

  Asparagopsis armata   4.50   4.04   

  Callophyllis sp.   1.00   0.88   

  Champia chathamensis   3.17   2.07   

  Cladhymenia oblongifolia 0.83 0.67 0.07 1.19   

  Craspedocarpus erosus   1.83   53.80   

  Delisea elegans   10.17   87.63   

  Delisea plumosa   3.33   8.64   

  Euptilota formosissima 4.50 0.83 7.00 0.23   
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  Hymenena durvillii 3.83   1.76     

  Laingia hookeri   0.50   0.88   

  Plocamium sp. 2.00 2.67 0.63 33.64   

  Rhodophyllis sp. 0.67 10.83 0.48 13.15   
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Table A.3.2. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between the low-light and high-light site at 2 m. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ = 

0.05). 

                

  Class Species Pigment df t p   

                

  Phaeophyta D. ligulata Chl a 8 -0.407 0.695   

      Chl c 8 0.012 0.99   

      Fucoxanthin 8 2.067 0.072   

      Chl c : Chl a 8 1.244 0.249   

      Fucoxanthin : Chl a 8 1.953 0.086   

    D. Kunthii Chl a 8 0.134 0.896   

      Chl c 8 -1.257 0.244   

      Fucoxanthin 8 0.349 0.736   

      Chl c : Chl a 8 -0.561 0.59   

      Fucoxanthin : Chl a 8 0.991 0.351   

    L. quercifolia Chl a 6 -1.706 0.139   

      Chl c 6 -2.451 0.049   

      Fucoxanthin 6 -0.633 0.55   

      Chl c : Chl a 6 -0.36 0.731   

      Fucoxanthin : Chl a 6 2.636 0.039   

    M. pyrifera Chl a 8 0.851 0.419   

      Chl c 8 0.505 0.627   

      Fucoxanthin 8 -0.035 0.971   

      Chl c : Chl a 8 -2.67 0.028   

      Fucoxanthin : Chl a 8 -7.642 <0.001   

    M. boryana Chl a 7 -0.81 0.444   

      Chl c 7 -2.105 0.073   

      Fucoxanthin 7 -0.419 0.688   

      Chl c : Chl a 7 -3.11 0.017   

      Fucoxanthin : Chl a 7 1.082 0.315   

    S.chapmanii Chl a 6 0.675 0.524   

      Chl c 6 0.77 0.47   

      Fucoxanthin 6 0.371 0.724   

      Chl c : Chl a 6 0.499 0.635   

      Fucoxanthin : Chl a 6 -3.186 0.019   

    X. gladiata Chl a 6 0.655 0.537   

      Chl c 6 0.736 0.489   

      Fucoxanthin 6 1.182 0.282   

      Chl c : Chl a 6 0.505 0.632   

      Fucoxanthin : Chl a 6 2.049 0.086   
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Table A.3.3. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between the low-light and high-light site at 10 m. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ = 

0.05). 

                

  Class Species Pigment df t p   

                

  Phaeophyta C. flexuosum Chl a 8 -1.163 0.278   

      Chl c 8 -0.41 0.692   

      Fucoxanthin 8 -4.4 0.002   

      Chl c : Chl a 8 0.088 0.932   

      Fucoxanthin : Chl a 8 -24.888 <0.001   

    D. ligulata Chl a 6 0.043 0.967   

      Chl c 6 1.476 0.191   

      Fucoxanthin 6 -7.932 <0.001   

      Chl c : Chl a 6 -1.212 0.271   

      Fucoxanthin : Chl a 6 -11.412 <0.001   

    E. radiata Chl a 8 0.292 0.777   

      Chl c 8 1.499 0.172   

      Fucoxanthin 8 -1.947 0.087   

      Chl c : Chl a 8 -1.218 0.257   

      Fucoxanthin : Chl a 8 -3.783 0.005   

    M. pyrifera Chl a 8 0.504 0.628   

      Chl c 8 2.253 0.054   

      Fucoxanthin 8 -17.714 <0.001   

      Chl c : Chl a 8 -0.688 0.51   

      Fucoxanthin : Chl a 8 -34.016 <0.001   

    M. urvilliana Chl a 6 4.148 0.006   

      Chl c 6 3.897 0.008   

      Fucoxanthin 6 -37.465 <0.001   

      Chl c : Chl a 6 -8.057 <0.001   

      Fucoxanthin : Chl a 6 -21.026 <0.001   
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Table A.3.4. Results of Student’s t-test comparing Rhodophyta species pigment 

concentration and ratio between the low-light and high-light site at 10 m. Significant 

differences (after FDR correction) are Bold, significance was set at the 5% level (ɑ = 

0.05). 

                

  Class Species Pigment df t p   

          
  

  

  Rhodophyta A. crinitum Chl a 8 5.436 <0.001   

      Phycoerythrin 8 -0.387 0.709   

      Phycoerythrin : Chl a 8 -4.785 0.001   

    C. oblongifolia Chl a 8 0.232 0.822   

      Phycoerythrin 8 -7.903 <0.001   

      Phycoerythrin : Chl a 8 -13.855 <0.001   

    E. formossisima Chl a 8 0.655 0.531   

      Phycoerythrin 8 4.348 0.002   

      Phycoerythrin : Chl a 8 2.964 0.018   

    Rhodophyllis sp. Chl a 8 8.325 <0.001   

      Phycoerythrin 8 5.53 <0.001   

      Phycoerythrin : Chl a 8 1.3 0.23   
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Table A.3.5. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between 2m and 10 m at the low-light site. Significant differences 

(after FDR correction) are Bold, significance was set at the 5% level (ɑ = 0.05). 

                

  Class Species Pigment df t p   

            
 

  

  Phaeophyta D.ligulata Chl a 8 0.837 0.427   

      Chl c 8 1.429 0.191   

      Fucoxanthin 8 1.836 0.104   

      Chl c : Chl a 8 1.841 0.103   

      Fucoxanthin : Chl a 8 0.852 0.419   

    D. Kunthii Chl a 8 0.86 0.415   

      Chl c 8 -0.02 0.985   

      Fucoxanthin 8 -0.038 0.971   

      Chl c : Chl a 8 0.062 0.952   

      Fucoxanthin : Chl a 8 -1.65 0.137   

    L. quercifolia Chl a 6 1.948 0.1   

      Chl c 6 1.781 0.125   

      Fucoxanthin 6 2.127 0.077   

      Chl c : Chl a 6 -1.592 0.162   

      Fucoxanthin : Chl a 6 -1.049 0.334   

    M. pyrifera Chl a 8 -4.768 0.001   

      Chl c 8 -4.292 0.003   

      Fucoxanthin 8 -4.073 0.004   

      Chl c : Chl a 8 2.153 0.063   

      Fucoxanthin : Chl a 8 1.362 0.21   

    M. boryana Chl a 7 4.979 0.002   

      Chl c 7 2.801 0.026   

      Fucoxanthin 7 3.518 0.01   

      Chl c : Chl a 7 -3.394 0.011   

      Fucoxanthin : Chl a 7 -4.249 0.004   
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Table A.3.6. Results of Student’s t-test comparing Phaeophyta species pigment 

concentration and ratio between 2m and 10 m at the high-light site. Significant differences 

(after FDR correction) are Bold, significance was set at the 5% level (ɑ = 0.05). 

                

  Class Species Pigment df t p   

                

  Phaeophyta D.ligulata Chl a 6 0.504 0.632   

      Chl c 6 0.571 0.589   

      Fucoxanthin 6 4.567 0.003   

      Chl c : Chl a 6 0.495 0.638   

      Fuc : Chl a 6 4.194 0.006   

    M. pyrifera Chl a 8 -0.886 0.402   

      Chl c 8 -1.919 0.091   

      Fucoxanthin 8 3.061 0.015   

      Chl c : Chl a 8 -3.83 0.005   

      Fuc : Chl a 8 27.559 <0.001   

    M. urvilliana Chl a 8 -0.096 0.926   

      Chl c 8 -2.455 0.04   

      Fucoxanthin 8 5.95 <0.001   

      Chl c : Chl a 8 -5.655 <0.001   

      Fuc : Chl a 8 29.184 <0.001   
                

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

202 

 

A.4 Appendix 4 

 

 

Figure A.4.3. Spectral output of VIRIBRIGHT LED PAR 38 4000K light source, based on 

the manufacturers specifications. Additional information at www.viribright.com/par38-led-

light/. 
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A.5 Appendix 5 

Table A.5.1. Mean (±SE) abundance of epifaunal groups per 100 g W.W tissue (n = 3) upon macroalgal species within East Otago. Bold denotes 

regional endemism, underlined denotes macroalgal specific endemism. 
                      

  Species Classification C. flexuosum E. radiata L. quercifolia X. gladiata M. boryana U. pinnatifida R. wilsonis   

                      

  Harpacticoida  Order 93.1 ± 11.9 105.6 ± 46.7 28.1 ± 22.7 125.6 ± 52 25.6 ± 5.3 78.6 ± 40.4 16.2 ± 6.5   

  Gastropoda Class 272 ± 10.5 42.6 ± 15.1 95.6 ± 95.6 0.3 ± 0.3 0 4.1 ± 0.9 18.5 ± 10   

  Amphipoda Order 30.3 ± 5.5 24.4 ± 2.6 10.7 ± 10.7 0.8 ± 0.5 0.3 ± 0.3 22.5 ± 15.6 42.3 ± 17.4   

  Eatoniellidae Family 49.3 ± 1.1 4.6 ± 1.4 25.2 ± 12.3 9 ± 4 17.6 ± 4.5 0.8 ± 0.5 14.3 ± 7.6   

  Ischyroceridae Family 2.3 ± 1.4 5.6 ± 2 4.9 ± 1.3 19.4 ± 7 13.8 ± 6.6 0.8 ± 0.8 24.1 ± 13.7   

  Stegocephalidae Family 36 ± 22.7 4.2 ± 1.9 3.9 ± 1.4 3.6 ± 2.1 0.9 ± 0.3 2.2 ± 1.5 14.9 ± 7.1   

  Scissurellidae Family 12.9 ± 2.1 10.3 ± 4 11.7 ± 2.8 19.5 ± 6 2.1 ± 0.5 2.4 ± 1 1.1 ± 0.8   

  Gammaridae Family 13.8 ± 5.4 7.6 ± 5 3.1 ± 3.1 0 3.1 ± 3.1 1.9 ± 1.9 16.8 ± 8.4   

  Caprellidae  Family 0.9 ± 0.3 0.8 ± 0.5 0.2 ± 0.2 6.3 ± 1.5 0.2 ± 0.1 1.2 ± 0.4 36.4 ± 18.3   

  Limnoriidae Family 0.2 ± 0.2 2 ± 0.6 0 0 39.9 ± 28.4 0.8 ± 0.8 0.5 ± 0.4   

  Nereididae Family 0.3 ± 0.3 8.6 ± 1.5 1.2 ± 0.7 3.9 ± 1 1.9 ± 0.6 2.1 ± 0.4 17.2 ± 8.9   

  Sphaeromatidae Family 0.2 ± 0.2 0.4 ± 0.3 0 26.7 ± 22.5 0.7 ± 0.2 1.6 ± 0.8 0.6 ± 0.4   

  Syllidae Family 0.5 ± 0.5 1.4 ± 0.8 0.5 ± 0.5 1.4 ± 0.7 0 0.1 ± 0.1 20 ± 17.8   

  Podoceridae Family 0.6 ± 0.4 1 ± 0.4 0.5 ± 0.5 11.8 ± 4.4 2.2 ± 2.2 1.8 ± 1.1 4 ± 1.6   

  Isopoda Order 0.5 ± 0.5 0.8 ± 0.2 1.3 ± 0.7 10.5 ± 6 0.7 ± 0.3 0.2 ± 0.2 7.8 ± 4.2   

  Ostracoda Class 1.1 ± 0.9 4.8 ± 1.6 0.9 ± 0.9 0 1.7 ± 1.5 0 9.1 ± 6.1   

  Bivalvia  Class 0.3 ± 0.3 1.1 ± 0.9 0.3 ± 0.3 4 ± 4 4.7 ± 0.7 0.1 ± 0.1 6.2 ± 5.3   

  Spirillinida Order 0.5 ± 0.5 5.3 ± 1.9 1.8 ± 0.3 0.6 ± 0.6 7.1 ± 2.9 0.6 ± 0.3 0   

  Serpulidae Family 0 0.5 ± 0.3 0.6 ± 0.6 6.5 ± 3.6 0.1 ± 0.1 0.6 ± 0.4 3.5 ± 1.7   

  Aoridae  Family 0.3 ± 0.3 0.5 ± 0.5 0.6 ± 0.3 3.1 ± 2.3 0.8 ± 0.8 0.2 ± 0.2 1.2 ± 0.1   

  Trochidae Family 1.4 ± 1.1 0 1.2 ± 1.2 0.9 ± 0.5 0.8 ± 0.8 0.2 ± 0.2 1.6 ± 0.8   

  Idoteidae  Family 2.3 ± 0.4 0 1.7 ± 1 0 0.4 ± 0.3 0.1 ± 0.1 1.2 ± 1.2   
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  Hyalidea Family 0 0 0 2.9 ± 0.4 0 1.3 ± 1.3 0   

  Jaeropsidae Family 0.1 ± 0.1 0.3 ± 0.1 1.2 ± 0.6 1.1 ± 0.5 0 0 1.1 ± 0.6   

  Plakarthriidae Family 0 0.8 ± 0.5 1.9 ± 1.5 0.3 ± 0.3 0 0 0   

  Nemertea Phyllum 0 1.2 ± 0.6 0 1.1 ± 0.5 0.4 ± 0.4 0 0.1 ± 0.1   

  Annelida  Phyllum 0 1.1 ± 0.4 0.3 ± 0.3 0.6 ± 0.6 0 0 0.2 ± 0.2   

  Eusiridae Family 0 0 0 0 1.7 ± 1.5 0.2 ± 0.2 0   

  Asellota Order 0 0.7 ± 0.7 0 0 0.3 ± 0.2 0.8 ± 0.1 0.2 ± 0.2   

  Decapoda  Order 0.1 ± 0.1 0 0.4 ± 0.2 0 0 0 1 ± 0.4   

  Pycnogonida Class 0.1 ± 0.1 0.5 ± 0.4 0.1 ± 0.1 0 0 0 0.7 ± 0.4   

  Majidae Family 0 0 0.3 ± 0.3 0 0 0 0.9 ± 0.4   

  Ophiuroidea Family 0.2 ± 0.2 0.4 ± 0.2 0.2 ± 0.2 0 0 0 0   

  Lysianassidae Family 0 0.6 ± 0.4 0 0 0 0 0.2 ± 0.2   

  Ampithoidae Family 0 0 0 0 0.6 ± 0.3 0 0   

  Microcerberidae Family 0 0.4 ± 0.4 0 0 0.1 ± 0.1 0 0   

  Cyamidae Family 0 0 0 0 0.1 ± 0.1 0.4 ± 0.1 0   

  Lottioidea Family 0 0 0 0 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.2   

  Gobiesocidae Family 0 0 0 0.3 ± 0.3 0 0.1 ± 0.1 0   

  Gnathiidae Family 0 0.3 ± 0.3 0 0 0 0 0   

  Porcellanidae Family 0 0.3 ± 0.3 0 0 0 0 0   

  Pyuridae Family 0 0 0 0.3 ± 0.3 0 0 0   

  Corophiidae  Family 0 0 0 0 0.2 ± 0.2 0 0   

  Maeridae Family 0 0.1 ± 0.1 0 0 0 0 0   

  Actiniaria Order 0 0.1 ± 0.1 0 0 0 0 0   

  Haliotidae Family 0 0.1 ± 0.1 0 0 0 0 0   

  Hippolytidae Family 0 0 0 0 0 0.1 ± 0.1 0   

  Polyplacophora Class 0 0 0 0 0.1 ± 0.1 0 0   

  Echinodermata Phyllum 0 0 0 0 0.1 ± 0.1 0 0   

  Tanaidacea Family 0 0 0 0 0 0.1 ± 0.1 0   
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Table A.5.2. Mean (±SE) abundance of epifaunal groups per 100 g W.W tissue (n = 3) upon macroalgal species within Stewart Island. Bold 

denotes regional endemism, underlined denotes macroalgal specific endemism. 
                      

  Species Classification C. flexuosum E. radiata L. quercifolia X. gladiata M. urvilliana C. platylobium S. chapmanii   

                      

  Harpacticoida  Order 109 ± 53.4 75.6 ± 11.2 106.1 ± 38.3 63.4 ± 19.3 47.9 ± 7 41.2 ± 7.9 101.5 ± 18.3   

  Amphipoda Order 36.9 ± 9.2 52.8 ± 29.5 50.4 ± 29.2 9 ± 2.8 10 ± 2.4 0.4 ± 0.2 50.8 ± 32.3   

  Gastropoda Class 75.5 ± 44.8 9.6 ± 1 8.6 ± 5.8 2.7 ± 1.5 0.8 ± 0.3 0.1 ± 0.1 15.3 ± 6.9   

  Ostracoda Class 8.2 ± 5.3 59.7 ± 9.7 7.9 ± 6 5.7 ± 3 0.7 ± 0.5 0 1.3 ± 1.3   

  Gammaridae Family 13.7 ± 4.7 28.5 ± 21.7 13.6 ± 7.3 12.7 ± 8.9 4.9 ± 1.3 0.3 ± 0.3 5 ± 2.9   

  Serpulidae Family 29.6 ± 13.6 31.5 ± 15.5 3.3 ± 3.3 0 5.4 ± 4.1 0.1 ± 0.1 0.7 ± 0.7   

  Scissurellidae Family 13.9 ± 4.6 8.2 ± 4.7 15 ± 8.9 9.8 ± 4.7 1 ± 0.4 0.9 ± 0.3 0.8 ± 0.8   

  Eatoniellidae Family 21.6 ± 5.3 10.8 ± 6.1 1.8 ± 0.9 0.5 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 1.5 ± 0.8   

  Aoridae  Family 18.8 ± 6.9 8.1 ± 4.1 0 0 1.6 ± 1 0.2 ± 0.1 5.7 ± 3.5   

  Ischyroceridae Family 3.2 ± 0.5 6.2 ± 4.1 11.4 ± 9.1 1.5 ± 1.3 2.5 ± 1.4 0.4 ± 0.1 2.8 ± 0.6   

  Caprellidae  Family 1.9 ± 1.1 0.6 ± 0.3 4.4 ± 2.9 2.1 ± 1.8 0 0 6.8 ± 2.8   

  Nereididae Family 3.7 ± 0.7 2 ± 0.7 3.3 ± 3.3 2.2 ± 1.1 0.1 ± 0.1 0 1.5 ± 0.8   

  Isopoda Order 7.5 ± 4.3 0.4 ± 0.3 1.1 ± 1.1 1 ± 0.9 0.1 ± 0.1 0 0   

  Eusiridae Family 3.4 ± 1.2 2.7 ± 1.5 0 0 0.6 ± 0.3 0 2.5 ± 2.5   

  Limnoriidae Family 0.5 ± 0.4 4.7 ± 2.9 0 0.7 ± 0.4 2.2 ± 1.1 0.2 ± 0.1 0   

  Podoceridae Family 2.1 ± 0.3 0.4 ± 0.2 2.2 ± 2.2 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 2.2 ± 1.2   

  Stegocephalidae Family 1.6 ± 0.7 1.4 ± 1.4 0 0.9 ± 0.6 0.4 ± 0.2 0.1 ± 0.1 0   

  Bivalvia  Class 0.7 ± 0.3 0.8 ± 0.2 0.7 ± 0.7 0.3 ± 0.2 0.1 ± 0.1 0 1.5 ± 0.8   

  Plakarthriidae Family 2.4 ± 1 0.3 ± 0.1 0.4 ± 0.4 0.3 ± 0.2 0.4 ± 0.2 0 0   

  Asellota Order 2.3 ± 0.3 0.4 ± 0.1 0 0 0.1 ± 0.1 0 0.8 ± 0.8   

  Idoteidae  Family 0.2 ± 0.1 0 2 ± 1 0 0 1.1 ± 0.7 0   

  Sphaeromatidae Family 0.2 ± 0.2 1 ± 0.7 0 0.2 ± 0.2 0.9 ± 0.9 0 0   

  Hippolytidae Family 0.9 ± 0.4 1.4 ± 0.5 0 0 0 0 0   

  Spirillinida Order 0.6 ± 0.4 0.1 ± 0.1 1.1 ± 1.1 0 0 0 0   
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  Tanaidacea Family 0 0 0 1.1 ± 0.8 0 0 0   

  Pycnogonida Class 0 0.2 ± 0.2 0 0.9 ± 0.6 0 0 0   

  Arthropoda Phyllum 0 0 0 0.7 ± 0.6 0 0 0   

  Lottioidea Family 0.1 ± 0.1 0 0 0.6 ± 0.6 0 0 0   

  Paranthuridae Family 0 0 0.7 ± 0.7 0 0 0 0   

  Tripterygiidae Family 0 0 0 0.6 ± 0.6 0 0 0   

  Maeridae Family 0 0.5 ± 0.4 0 0 0 0 0   

  Gobiesocidae Family 0 0 0.1 ± 0.1 0.1 ± 0.1 0 0.3 ± 0.1 0   

  Jaeropsidae Family 0.1 ± 0.1 0.2 ± 0.2 0 0.1 ± 0.1 0 0 0   

  Unidentified jelly Unknown 0 0 0.3 ± 0.3 0 0 0 0   

  Trochidae Family 0.3 ± 0.2 0 0 0 0 0 0   

  Majidae Family 0 0.1 ± 0.1 0 0 0 0 0   

  Ophiuroidea Family 0 0.1 ± 0.1 0 0 0 0 0   

  Annelida  Phyllum 0.1 ± 0.1 0 0 0 0 0 0   

  Actiniaria Order 0 0.1 ± 0.1 0 0 0 0 0   
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Table A.5.3. Estimated macroalgal biomass at 1 m depth intervals at Aramoana and Karitāne (East Otago), and at Cooper Bay, Horseshoe Bay 

and West Head (Stewart Island). Estimates are based on a linear relationship between macroalgal biomass at two known depths, as is the 

associated standard deviation. Values represent mean (± SD), n = 6. 
                      

    Depth E. radiata  C. flexuosum  X. gladiata  L. quercifolia  M. boryana  R. wilsonis U. pinnatifida    

                      

  Aramoana 2     14.6 ± 22.7       2728.9 ± 657.1   

    3             2393.7 ± 580.2   

    4             2058.4 ± 503.3   

    5             1723.2 ± 426.4   

    6             1388 ± 349.5   

    7             1052.7 ± 272.6   

    8           210.5 ± 34.5 717.5 ± 195.7   

    9           421 ± 68.9 382.2 ± 118.8   

    10           631.4 ± 103.4 47 ± 41.9   
                      

  Karitāne 2 0.6 ± 0.6 43.1 ± 23 333.1 ± 89.6 76.7 ± 22 269.4 ± 126.6       

    3 27.4 ± 11.4 37.9 ± 20.3 365.2 ± 78.7 69.6 ± 20.5 236.2 ± 111.2       

    4 54.2 ± 22.2 32.7 ± 17.6 372.1 ± 67.8 62.5 ± 19.1 203.1 ± 95.7       

    5 80.9 ± 33 27.5 ± 14.9   55.4 ± 17.6 169.9 ± 80.3       

    6 107.7 ± 43.8 22.3 ± 12.3   48.4 ± 16.2 136.7 ± 64.8       

    7 134.4 ± 54.6 17.1 ± 9.6   41.3 ± 14.8 103.6 ± 49.4       

    8 161.2 ± 65.4 11.9 ± 6.9 399.7 ± 24.3 34.2 ± 13.3 70.4 ± 34       

    9 188 ± 76.2 6.7 ± 4.2 406.6 ± 13.4 27.1 ± 11.9 37.2 ± 18.5       

    10 214.7 ± 87 1.5 ± 1.5 3.9 ± 2.5 20 ± 10.5 4.1 ± 3.1       

                      

    Depth E. radiata  C. flexuosum  X. gladiata  L. quercifolia  M. urvilliana  C. platylobium  S. Chapmanii    

                      

  Cooper Bay 2 132.1 ± 84.7 483.3 ± 274.5 333.7 ± 239.9 121.3 ± 78.7 713 ± 426   67.9 ± 30   
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    3 117.5 ± 76 497.3 ± 262.1 292.2 ± 210 119.4 ± 79.8 656.4 ± 398.7   64.9 ± 28.9   

    4 102.9 ± 67.4 511.3 ± 249.8 250.7 ± 180.2 117.6 ± 80.9 599.8 ± 371.3   61.9 ± 27.9   

    5 88.3 ± 58.7 525.3 ± 237.4   115.7 ± 82 543.3 ± 343.9       

    6 73.8 ± 50 539.3 ± 225   113.8 ± 83.1 486.7 ± 316.5       

    7 59.2 ± 41.4 553.3 ± 212.6   111.9 ± 84.3 430.1 ± 289.2       

    8 44.6 ± 32.7 567.3 ± 200.3 84.9 ± 60.7 110 ± 85.4 373.5 ± 261.8   49.8 ± 23.7   

    9 30 ± 24.1 581.3 ± 187.9 43.5 ± 30.8 108.1 ± 86.5 316.9 ± 234.4   46.8 ± 22.6   

    10 15.4 ± 15.4 595.3 ± 175.5 2 ± 0.9 106.3 ± 87.6 260.3 ±207   43.8 ± 21.6   
                      

  
Horseshoe 
Bay 2     1443.1 ± 582.1 58.7 ± 37.2 393.7 ± 193.6 1557.6 ± 1430.3 114.3 ± 82.8   

    3     721.6 ± 291.1 49.9 ± 31.9 346 ± 170.3 1038.4 ± 953.6 100.5 ± 72.9   

    4 228.3 ± 61.4 142.4 ± 92.5   41.5 ± 26.6 298.3 ± 147.1 519.2 ± 476.8 86.7 ± 63.1   

    5 456.5 ± 122.8 284.7 ± 185   33.2 ± 21.3 250.7 ± 123.9   72.9 ± 53.2   

    6 684.8 ± 184.2 427.1 ± 277.5   24.9 ± 15.9 203 ± 100.7   59.1 ± 43.3   

    7 913 ± 245.6 569.4 ± 370   16.6 ± 10.6 155.3 ± 77.5   45.3 ± 33.4   

    8 1141.3 ± 307 711.8 ± 462.5   8.3 ± 5.3 107.7 ± 54.2   31.5 ± 23.6   

    9 1369.6 ± 368.4 854.1 ± 555     60 ± 31   17.6 ± 13.7   

    10 1597.8 ± 429.8 996.4 ± 647.4     12.3 ± 7.8   3.8 ± 3.8   
                      

  West Head 2 75.5 ± 75.5 214.5 ± 81.2   11.8 ± 7.6 2317 ± 794.8 559 ± 217.3 27.7 ± 17.5   

    3 199.9 ± 99.9 216.5 ± 80.9     1737.8 ± 596.1 372.7 ±144.9 22.1 ± 14   

    4 324.4 ± 124.3 218.5 ± 80.5     1158.5 ± 397.4 186.4 ± 72.4 16.6 ± 10.5   

    5 448.8 ± 148.6 220.5 ± 80.1     579.3 ± 198.7   11.1 ± 7   

    6 573.2 ± 173 222.5 ± 79.8         5.5 ± 3.5   

    7 697.7 ± 197.4 224.4 ± 79.4             

    8 822.1 ± 221.8 226.4 ± 79             

    9 946.5 ± 246.2 228.4 ± 78.7             

    10 1070.9 ± 270.6 230.4 ± 78.3             
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Table A.5.4. Percentage of community biomass per square metre represented by the seven 

selected species at each site at 2 m and 10 m depth. Values represent mean (± SE), n = 6. 

 
          

  Site depth (m) % total biomass   

          

  Aramoana 2 73 ± 6.7   

  Karitāne 2 79.6 ± 4.9   

  Cooper Bay 2 73.4 ± 14.1   

  Horseshoe Bay 2 38.3 ± 10.8   

  West Head  2 78.3 ± 13.5   
          

  Aramoana 10 75 ± 2.6   

  Karitāne 10 71.8 ± 8.7   

  Cooper Bay 10 68.1 ± 6.7   

  Horseshoe Bay 10 73.2 ± 10.3   

  West Head  10 91.1 ± 3.3   
          

 

 

 


