Figure 4.3: Sequential random extinctions on nodes and its effect on eight food web properties.
A) species richness (S), B) links per species (L/S), C) connectance (C), D) mean clustering
coefficient (MeanCC), E) generality standard deviation (GenSD), F) vulnerability standard
deviation (VulSD), G) fraction top species (%T), H) fraction intermediate species (%]). Size of
the food webs are represented in colour and the region is represented by the shape of the points.
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Figure 4.4: Sequential aggregation of similar nodes and its effect on eight food web properties.
A) species richness (S), B) links per species (L/S), C) connectance (C), D) mean clustering
coefficient (MeanCC), E) generality standard deviation (GenSD), F) vulnerability standard
deviation (VulSD), G) fraction top species (%T), H) fraction intermediate species (%]). Size of
the food webs are represented in colour and the region is represented by the shape of the points.
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Figure 4.5: Non-metric multidimensional scaling (nMDS) of food web properties across all food
webs categorized into large (S > 100, black) and small (S < 100, red) webs.

2D Stress: 0.06

A Arctic © Antarctic

Figure 4.6: Non-metric multidimensional scaling (nMDS) of average node properties for each
taxonomic group across all food webs. 1) Mammals (light blue), 2) birds (purple), 3) fish (red),
4) invertebrates (yellow), 5) bacteria (green), 6) basal (dark blue), 7) detritus (black).
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Figure 4.7: Average node properties for each taxonomic group for the Arctic and Antarctic food
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Table 4.2: Description of food web properties

Food- Web Properties

Description

Species

Links/Species

Link Standard deviation
Clustering Coefficient
Connectance

Percentage of Top predator

Percentage of Intermediate
species

Percentage of Basal species
Percentage of Herbivores
Percentage of Cannibals
Percentage of Omnivores

Consumer direct omnivory

Mean consumer trophic position

Trophic level max

Trophic level mean

Trophic level standard deviation

Short-weighted trophic position

Diet Discontinuity

Generality standard deviation

Vulnerability standard deviation

Loop

Mean Similarity

Similarity standard deviation

Mean maximum similarity

Clustering coefficient

Top generality

s

L/S
LinkSD
cc

C

%T

%I

%B

%H

%Can
%O0mni
ConDirOmni

ConMeanTL
TLMax

TLMean
TLSD

SWTP
DietDis

GenSD

VulSd

Loop
SimMean
SimStdDev
SimMaxMean
cc

TopGen

Number of species in the food web after being converted into a
trophic web

Number of pred/prey links per species

Standard deviation of the links per species

Probability that two taxa linked to the same taxa are also linked
Proportion of actual trophic links to all possible links (L/S?)
Species with prey and not predators

Species with both predators and prey

Species with predators and no prey

Species who prey on primary producers

Species which prey on their own species

Species which prey on primary producers and consumers

Fraction of intermediate species that feed on more than one
trophic level

mean PATP of all intermediate species in the food web

Maximum trophic level in the food web using prey-averaged
algorithm

Average trophic level for PATP

Standard deviation of trophic level among the entire web for
PATP

the average of ‘prey-averaged trophic position’

Number of triplets of species with an “irreducible gap” (measure
of intervality)

The number of prey of a taxa standardized by L/S

The number of predators of a taxa standardized by L/S

Percent of taxa in a loop (food chain where the taxa appears twice)
Mean link similarity across all nodes

Similarity standardized by L/S

Mean of the maximum similarity for every node

Average % of pairs of nodes connected to another node and
connected to eachother

Species with the highest number of prey
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Table 4.3: Overall model performance for all 21 food webs across all food web properties.
Mean ME is the model error average across all food web properties; ME SD is the standard
deviation; Mean ME is a good estimate if it falls within +1.

Region Model Mean ME SD
ME

All Random -1.31 4.74

All Cascade -0.52 1.02

All Niche -0.56 2.51

All Nested -0.31 1.12
Hierarchy

All Relaxed Niche  -0.23 1.09

Antarctic Random -0.52 1.30

Antarctic Cascade -0.56 1.45

Antarctic Niche -0.39 1.90

Antarctic Nested -0.18 0.81
Hierarchy

Antarctic Relaxed Niche  -0.13 0.82

Arctic Random -1.90 7.39

Arctic Cascade -0.49 1.03

Arctic Niche -0.69 3.09

Arctic Nested -0.41 1.38
Hierarchy

Arctic Relaxed Niche  -0.31 1.31
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Table 4.4: Ecoregions of the Arctic and Antarctic (Spalding et al., 2007)

Arctic Ecoregions

Southern Ocean Ecoregions

North Greenland

North and East Iceland

East Greenland Shelf

West Greenland Shelf

Northern Grand Banks-Southern Labrador
Norther Labrador

Baffin Bay-Davis Strait

Hudson Complex

Lancaster Sounds

High Arctic Archipelago

Beaufort-Amundsen-Viscount Melville-
Queen Maud

Beaufort Sea — Continental coast and shelf
Chukchi Sea

Eastern Bering Sea

East Siberian Sea

Laptev Sea

Kara Sea

North and East Barents Sea

White Sea

Macquarie Island
Heard and Macdonald Islands
Kerguelen Islands
Crozet Islands

Prince Edward Islands
Bouvet Island

Peter the First Island
South Sandwich Island
South Georgia

South Orkney Islands
South Shetland Islands

Antarctic Peninsula
FEast Antarctic Wikes Land
East Antarctic Enderby Land

East Antarctic Dronning Maud Land

Weddell Sea
Amundsen/Bellingshausen Sea
Ross Sea

Bounty and Antripodes Islands
Campbell Islands

Auckland Island
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Table 4.5: Mean, min, max and SD for all 26 food web properties across the Arctic and
Antarctic.

Arctic Antarctic

Mean Min Max SD Mean Min Max SD

Species 76.92 12 233 76.38114.13 23 492 169.42
%Top 17.15 6.44 50 1336 11.93 029.17 10.88
%Intermed 74.8 33.33 90.56 17.75 76.60 509545 17.4
%Basal 8.05 3 21.43 5.61 11.47 2.0921.74 7.74
%Herbivore 11.84 0 33.33  11.04 8.37 032.11 10.12
Connectance 0.12 0.03 0.23 0.07 0.15 0.03 0.28 0.09
Links/Species 5.66 1.67 952 274 945 1.7833.19 9.95
GenStdDev 0.87 0.35 1.49 035 0.85 0.55 1.36 0.27
VulStdDev 1.12  0.67 221 0.43 1 0.69 2.21 0.5
LinkStdev 0.66 0.39 1.18 028 0.59 031 12 0.28
SimMean 0.12  0.06 022  0.05 0.15 0.08 0.27 0.07
SimStdDev 0.15 0.09 0.21 0.04 0.18 0.11 0.23 0.04
SimMax 096 0.8 1 0.07 0.97 0.93 1 0.03
SimMaxMean 0.54 0.42 0.64 0.07 0.65 0.53 0.89 0.12
TroLev 375 2.75 6.34 1.01 3.57 2.67 4.87 0.79
TroLevStdDev 1.23 091 277 048 1.19 09 141 0.17
TLMax 57 417 10.34 1.59 54 449 638 0.62
Loop 0.16 0 04 012 0.19 0 0.52 0.18
Cannibal 0.12 0 0.29 0.1 0.15 0 032 0.12
DirectOmniv 074 04 0.91 0.16 0.77 0.51 0.93 0.16
ClusterCoeff 0.2 0.09 0.3 0.07 0.24 0.06 0.36 0.1
ConsumerDirectOmniv 0.8 043 0.97 0.17 0.86 0.59 1 0.14
ConsumerMeanTL 337 274 5.47 0.72 3.27 2.65 3.96 0.4
SWTL 3.18 2.59 5.11 0.68 3.03 243 382 05
DietDiscontinuity 0.22 0 0.54  0.17 0.17 0.01 0.32 0.1
TopGen 1.25 0.46 1.91 0.34 1.09 0 1.89 0.72
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Chapter 5 Changes in the structure of an Antarctic food web across depth

5.1. Abstract

Changes in food web structure across gradients represent an avenue for exploring the effects of
abiotic and biotic factors on the structure of food webs. Depth gradients are unique in that taxa
shift from utilizing phytoplankton to detritus, as depth increases. Here I create and compare two
depth dependent food webs, starting from a previously assembled Antarctic marine meta-web, by
removing one of two basal resources to create a phytoplankton and detrital food web. While the
structure of these sub-webs remains similar, difference in species interactions were found. Low
trophic position species, particularly herbivore-detritivores, were found to have a higher
abundance in the detrital food web. Additionally, differences in vulnerability and generality
suggest that the detrital food web may contain more energy pathways which connect low trophic
position to higher trophic position taxa. My results suggest that food webs remain highly
coupled across a depth gradient; however, species interaction strength varies, altering the energy

flow pathways.
5.2. Introduction

Studies of food web topology or structure are often used to represent the structure of an
ecological community or ecosystem at one point in time or are integrated spatially and
temporally. These “snapshot” webs and “meta-webs” have provided a wealth of data on how
energy flows in ecological systems. Hundreds of food webs are now available in the literature
and in databases, and comparative studies across systems have shown strong patterns in food
web properties related to biogeography (Holt, 1996; Gravel et al., 2011; Cirtwill et al., 2016) and

habitat type (Dunne et al., 2002; Cirtwill et al., 2016). More recently, ecologists have begun to
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explore gradient food webs: separate food webs for a defined ecosystem or community arrayed
along environmental gradients such as elevation (Ramos-Jiliberto et al., 2010), or along river
systems (Romanuk et al. 2006). Gradient food webs hold considerable promise for exploring
how food web structure changes as a result of ecological drivers such as biogeography,
seasonality, range shifts, and species invasions. For example, Baiser et al. (2012) found that
linkage density and species richness of pitcher plants increases with latitude; Cirtwill et al.
(2015) found that in freshwater ecosystems niche-breadth scaled with latitude; Ramos-Jiliberto et
al. (2010) found that nestedness of plant-pollinator food webs decreased as elevation increased;
and Piechnik et al. (2008) found that on six experimental islands, the fraction of specialists

increased while the fraction of generalists decreased as food webs assembled.

In both aquatic and terrestrial systems many ecological interactions change along altitudinal or
depth gradients. In terrestrial systems, topological changes along elevation gradients have
recently been explored (Ramos-Jiliberto et al., 2010); however, studies of how food web
topology changes along depth gradients are mostly unexplored. Across a depth gradient, many
abiotic and biotic factors, which affect the structure and function of food webs, vary. For
instance, environmental variability tends to decline in both magnitude and frequency with depth,
creating differences in benthic community structure and dynamics along a depth gradient
(Garrabou et al., 2002; Brandt et al., 2007); changes in salinity can alter trophic dynamics of
benthic energy pathways (Bremner et al., 2006; Prado et al., 2014); and nutrient availability
changes as a result of upwelling which supplies primary producers with essential nutrients in the

photosynthetically active region of the water column (Hoppema et al., 2015).

In most freshwater and marine systems there is a major shift in resource use from surface or

upper pelagic zones to deep or benthic webs from utilizing phytoplankton as their primary basal
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resource to detritus (Polis et al., 1997; Galloway et al., 2013). With this change in the dominant
basal resource, many aspects of the ecology of the system may change, from species composition
and interaction strengths, to foraging techniques and growth rates. While a meta-web will
include all species and potential links between species in a system regardless of whether they
interact only weakly or even not at all (such as is the case of temporally integrated webs in a
highly seasonal system), in ecosystems that show strong differences between pelagic and benthic
communities, species have either specialized within a particular niche in the water column, or
move freely throughout it. This results in differences in species composition and interactions

strengths across a depth gradient changing the flow of energy (Frainer et al., 2016).

Here I explore how changes in the basal resource, across depth, affect the structure of an
Antarctic marine food web. I assembled two depth-dependent webs, each having a unique basal
resource which reflects its location along the depth gradient. Starting with a previously
published meta-web of the Weddell Sea, a surface web was assembled for all species that depend
on phytoplankton, while a deep water web was assembled for all species that depend on detritus.
I focused on comparing overall structural food webs properties, as well as the more specific node

properties, between the phytoplankton and detrital food webs.

5.3. Methods

In this study, [ use a Weddell Sea food web, as described in Jacob et al. (2011), as a baseline
food web from which phytoplankton and detritus driven source webs were assembled to explore
changes in food web structure and community composition related to the primary nutrient
resource across the depth gradient (Figure 5.1). The Weddell Sea food web was assembled
through an extensive literature search, including data from over 500 peer reviewed publications,

field observation and stomach content analysis. The data was used to infer directional feeding
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interactions between species based on field and lab observation, body size, behaviors and stable
isotopes (Brose et al. 2005; Jacob et al. 2005). In the event where interactions were between
species at different life stages (e.g. larvae, juvenile, adults), both “species” were treated as adults.
In comparison to other Antarctic marine food webs, the Weddell Sea web is one of the most
highly resolved (Species (S) = 492; feeding links (L) = 16,330), specifically for lower trophic
position species such as phytoplankton and zooplankton (Chapter 4). The high resolution of
lower trophic position species in particular is unique amongst polar marine food webs, which
typically are only highly resolved (to species level) for fish and other higher trophic level species
(Chapter 4). For example, in the Weddell Sea web, invertebrates and basal taxa account for 71%
(n =349) and 13% (n = 62) of the nodes in the food web (Jacob et al., 2005). In comparison, in a
previously published Antarctic meta-web (Carscallen & Romanuk, 2012) invertebrates and basal
taxa only account for 18% (n = 44) and 1.6% (n = 4) of the 239 nodes of the Antarctic food web.
Additionally, the Antarctic meta-web (Carscallen & Romanuk, 2012) only had 1574 feeding

links, 10% of the amount found in the Weddell Sea web.

I collected depth ranges from primary literature and databases, such as FishBase (Froese &
Pauly, 2016) and SeaLifeBase (Palomares & Pauly, 2016), for 71% (n = 352) of the taxa in the
Weddell Sea meta-web, including 62 basal taxa, 217 species of invertebrates, 47 fish species, 12
bird species, and 14 species of mammals (Figure 5.2). Of the 140 taxa that I was unable to find
depth ranges for, 132 were invertebrates, one was a fish, three were birds, and four were basal
species (i.e. POM, sediment). Given the large depth ranges for many of the higher trophic
position taxa, I was unable to segregate the meta-web into depth specific webs (e.g. 0-20 m, 21-
50 m, 51-100 m). Instead, the Weddell Sea meta-web was segregated based on the dominant

basal resource input such that two sub-webs were compiled at the two boundaries (i.e. surface
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and bottom) of the depth gradient: a phytoplankton web and a detrital web. To compile the sub-
webs, [ manually removed either phytoplankton or detritus nodes from the Weddell Sea meta-
web and, subsequently, all taxa which solely depend on these nutrient resources. To even the
resolution between the detrital and phytoplankton webs, basal species in the phytoplankton web
were aggregated into a single node, reducing the number of primary producer basal species from

62 to one.
5.3.1. Study Site

The Antarctic is one of the most unique habitats on the planet with an average depth of 400-800
m, a maximum depth of 7000 m, and extreme environmental conditions. On an annual basis the
Antarctic experiences 24 h of light during polar summers and 24 h of dark during polar winters,
in addition to coastal temperatures varying from -60 to +10° C and winds reaching over 200
km/h. Many taxa migrate during the winter months to avoid the extreme cold and harsh weather,
such as the Arctic tern which migrates from the Arctic to Antarctic (Fijn et al., 2013), while
others have adapted to withstand the cold, such as nematodes and fish which have evolved
specialized cold-tolerance mechanisms (Wharton & Ferns, 1995; Wharton et al., 2002) and
antifreeze proteins (DeVries & Cheng, 2005). This combination of a harsh surface environment
and a vast and deep environment creates a significant gradient in the environmental conditions

across depth.

The Weddell Sea (Figure 5.3) is roughly 3.4 million km? and is bordered by the Antarctic
Peninsula to the west and the Antarctic continent to the south. Relative to the rest of the
Antarctic, the Weddell Sea has a relatively large continental shelf which extends roughly 240 km

from the Antarctic Peninsula and 480 km from the southern edge of the Weddell Sea. The
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continental shelf is relatively shallow, only reaching depths up to 500 m, while the abyssal plains

can reach depths greater than 6000 m.
5.3.2. Food web properties

For each food web, I calculated 26 structural properties (Table 5.1). Two standard measures of
food web trophic interaction richness are reported: links per species (L/S), which equals the mean
number of species predators, plus prey, divided by the number of species in the web, also
referred to as link density; and connectance (C), where C=L/S, the proportion of all possible
trophic links (S°) that are actually realized (L), also referred to as ‘directed connectance’. Six
properties give fractions of types of species in the food web: top (%7), fraction of taxa which
lack any predators; intermediate (%]I), fraction of taxa which have both predators and prey; basal
(%B), fraction of species which have no prey; fraction of taxa which are cannibals (%Can);
fraction of taxa which are both herbivores and detritivores (%0Herb); and fraction of taxa
involved in looping (%Loop) by appearing in a food chain twice. Short-weighted trophic
position (SWTP) is the average of ‘prey-averaged trophic position’, one plus the shortest chain
length from the consumer taxon to a basal taxon; (William &Martinez, 2004). I report three
related measures, the maximum trophic position (7PMax), the mean trophic position (7PMean),
and the trophic position standard deviation (7PSD), all based on short-weighted trophic position.
The standard deviation of mean generality (GenSD) and vulnerability (VulSD), describes how
many prey and predators a taxon has. These two measures quantify the variabilities of species
normalized predator and prey counts (Schoener, 1989). I used diet discontinuity (DietDis)
defined as the number of triplets of species with an “irreducible gap”, i.e. a gap in a consumer’s
diet that cannot be made contiguous because of constraints imposed by other consumers’ diets,

divided by the number of possible triplets (Stouffer et al., 2006) as a measure of intervality.
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Taxa similarity was calculated as the fraction of predator and prey links shared between nodes.
Three measure were calculated for this including, mean similarity (MeanSim), the mean fraction
of similar predator and prey links across all taxa, maximum similarity (MaxSim), which is the
maximum fraction of similar predator and prey links for two taxa, and mean maximum similarity
(MeanMaxSim), which is the mean maximum fraction of similar predator and prey links across
all taxa. I also report one measure of ‘small-world” network structure (Watts & Strogatz, 1998),
the clustering coefficient (CC), which is the mean fraction of species pairs connected to the same
species that are connected to each other (Dunne et al., 2002; Camacho & Guimera, 2002;

Montoya & Sole, 2002; Williams et al., 2002).

Cumulative degree distributions (Dunne et al., 2002; Williams, 2009) were used for the trophic
links, in addition to the predator and prey links in order to more rigorously explore differences in
generality and vulnerability (Figure 5.4). Cumulative degree distributions show the fraction of
trophic species P (k) which have k or more trophic links (for both predator and prey; Dunne et
al., 2002). When comparing between the phytoplankton and detrital webs, the degree
distributions were compared based on the maximum degree (i.e. maximum number of predators

and prey species) and the degree of the exponential decay.

5.3.3. Node properties

To characterize taxa (nodes) in the food webs, eight node properties were calculated for all nodes
across the phytoplankton and detrital sub-webs (n = 764). Two measures of trophic position
were calculated including ‘prey-averaged trophic position’ (PATP), one plus the mean trophic
position of all of a taxa’s trophic resources, and ‘short-weighted trophic position’ (SWTP), the
average of ‘prey-averaged trophic position’ and ‘shortest chain length’, one plus the shortest

chain length (SCL) from the consumer taxa to a basal taxon. The variance of prey-averaged

112



trophic position (PATPVar) was also calculated. Four link properties were calculated including
the number of predator links (PredCount) and prey links (PreyCount), the number of prey of

prey links (PreyofPrey) and the maximum link similarity across all nodes (MaxSim).

5.3.4. Functional groups

Taxa were grouped into five categories based on their SWTP, and SCL. The five trophic
categories of taxa were: basal species (SCL = 0, SWTP = 1), herbivore-detritivores (SCL = 1,
SWTP =2), omnivores (SCL = 1, SWTP > 2), primary carnivores (SCL > 2) and secondary

carnivores (SCL >3).

5.3.5. Statistical analyses

I compared the mean and standard error of seven of the eight node properties including: prey-
averaged trophic position variance (PATPVar), short-weighted trophic position (SWTP), shortest
chain length (SCL), number of prey links (PreyCount), number of predator links (PredCount),
maximum similarity (MaxSim), and the number of prey of prey (PreyofPrey). Node properties
which had a correlation above 0.7 were excluded from further analyses, which excluded PATP,
SCL, and PreyofPrey (Table 5.2). As the data was not normally distributed, as per the
Kolmogorov-Smirnov test and showed signs of heteroscedasticity, as per White’s test, [ ran a
multivariate PERMANOVA, which uses a Bray-Curtis measure of similarity, to test for
differences between in uncorrelated node properties across sub-webs (i.e. PATPVar, SWTP,
PreyCount, PredCount, MaxSim). 1used a SIMPER analysis, which uses a Bray-Curtis measure
of similarity, to test for the contribution of each node property to the differences between overall
sub-webs (factor depth: surface and bottom) as well as for individual functional groups between

subwebs. Lastly, I ran a Kruskal-Wallis (KW-ANOVA) test, which compares mean ranks as
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oppose to a traditional ANOVA which compares means, to determine which node properties had
significant differences between overall sub-webs (factor depth: 2 levels) and for individual

functional groups between sub-webs.

Non-metric multidimensional scaling (nMDS) based on the Bray-Curtis dissimilarity index was
used to visualize differences across: 1) all taxa across both food webs and 2) taxa categorized
into the five functional groups including; 1) basal (n = 8), i1) herbivore-detritivores (n = 230), iii)
omnivores (n = 168), iv) primary carnivores (n = 346), and v) secondary carnivores (n = 12).
The nMDS used random starting configurations and 100 runs with real data. A two-dimensional
representation was accepted as a good depiction of the data if the stress index was <0.1 (Clark, et

al., 2014). All statistical analyses were done using R (version 3.2.1) and Statistica 8.0.

5.4. Results

5.4.1. Food web properties

5.4.1.1. Meta-web

The meta-web had a taxa richness of 492 (S), with an average of 33.2 links per species (L/S) and
a connectance (C) of 0.07. The mean short-weighted (SWTP) and prey-averaged trophic position
(PATP) was 2.43 and 2.67. The fraction of top (%7), intermediate (%/) and basal (%B) species
was 6.7, 79.7, and 13.6%. Diet discontinuity (DietDis) was 0.1. Clustering coefficient and
looping were 0.18 and 0.26, respectively. Standard deviation of vulnerability and generality

were 1.36 and 0.86, respectively. The fraction of cannibals was 0.1. (Table 5.3)
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5.4.1.2. Phytoplankton and detrital webs

A complete set of food web properties is shown in Table 5.3 for the phytoplankton web, detrital
web, and the meta-web. Taxa richness was 27% higher in the detrital web than the
phytoplankton web (Spiyw = 336, Spet = 428). Connectance was 37% higher in the phytoplankton
web (Cpuyo = 0.08, Cper = 0.06). The number of links per species was lower on average in the
detrital web by 7% or approximately two links (L/Spuy = 28.32, L/Sper = 26.4). Mean short-
weighted and prey-averaged trophic position were 12% and 15% higher in the phytoplankton
web (SWTPpiyw = 3.56, SWTPpe; = 3.17; PATPppyio = 4.54, PATPpe: = 3.9). Additionally, the
phytoplankton web had a slightly higher number of higher trophic position species compared to
both the detrital and meta-food webs (Figure 5.5). The fraction of top predators was 20% higher
in the phytoplankton web whereas the fraction of intermediate species was similar in both webs
(%TPhyio = 9.63, %Tper = 7.71; %lpnyio = 90.5, %Ipe: = 91.1). The fraction of basal species was
also similar in both webs (%Bpayw = 0.9, %Bpe: = 1.2). Diet discontinuity was 56% higher in the
phytoplankton web (DietDispnyo = 0.15, DietDispes = 0.09). The clustering coefficient was
slightly higher in the detrital web whereas looping was 27% higher in the phytoplankton web
(CCphyto =0.19, CCper = 0.2; Looppiyo = 0.38, Looppe:= 0.3). Standard deviation of vulnerability
and generality were 16% and 23% higher in the detrital web than the phytoplankton web
(GenStdDevppyiw = 1.16, GenStdDevpe: = 1.43; VulStdDevppyw = 0.76, VulStdDevpe; = 0.88). There

was a 27% difference between the fraction of cannibals (Canpiyo = 0.15, Canpe; = 0.12).

5.4.2. Node properties

Node properties were calculated for each taxon in the phytoplankton (n = 336), detrital (n = 428),
and meta-food webs (n =492). In the meta-web, the mean prey-averaged trophic position

(PATP) and short-weighted trophic position (SWTP) were 2.67 and 2.42, respectively. The
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variability in prey-averaged trophic position (PATPVar) was 0.35 and the mean shortest chain
length (SCL) was 1.18. The mean number of predators and prey was 33.2 (PredCountyrera) and
33.2 (PreyCountuser), respectively. The mean maximum similarity (MaxSim) and number of

prey of prey (PreyofPrey) were 0.89 and 0.28, respectively.

In the phytoplankton and detrital webs, the mean prey-averaged trophic position and short-
weighted trophic position were higher in the detrital web (mean PATPppy = 2.9, mean PATPpe;
= 3.94; mean SWTPppyi = 2.62, mean SWTPpe; = 3.17). Additionally, mean variability in prey-
averaged trophic position was also higher in the detrital web (mean PATPVarppy = 0.46. mean
PATPVarpe; = 0.7). The mean shortest chain length was slightly higher in the detrital web than
in the phytoplankton web (mean SCLpxyo = 1.34, mean SCLpe;= 1.39). Three of the four link
properties were higher in the phytoplankton web than in the detrital web. The mean number of
predator and prey links were 37% higher in the phytoplankton web (mean PreyCountppyo = 33.3,
mean PreyCountpe: = 26.4; mean PredCountpnyo = 33.3, mean PredCountpe.: = 26.4). There was
no difference in the mean maximum similarity between the phytoplankton and detrital webs
(mean MaxSimpny = 0.88, mean MaxSimpe; = 0.88). The mean number of prey of prey was 28%
higher in the detrital web than the phytoplankton web (mean PreyofPreypnyi = 0.31, mean
PreyofPreype: = 0.39) (Figure 5.6). Multivariate PERMANOVA showed significant differences
between phytoplankton and detrital webs across five node properties which were uncorrelated,
including PATPVar, SWTP, PreyCount, PredCount, and MaxSim (Pseudo-F1763 =7.18, p <
0.001). Furthermore, the SIMPER analysis showed that generality (PreyCount) and vulnerability

(PredCount) contributed 95% of this difference.
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5.4.2.1. Functional groups between both webs

When taxa were categorized by functional groups (basal, herbivore-detritivores, omnivore,
primary carnivore, secondary carnivore) and compared between sub-webs, multivariate
PERMANOVA showed that across sub-webs, two of the functional groups showed significant
differences, including: herbivore-detritivores (Pseudo-F1, 200 =11.97, p <0.001) and Omnivores
(Pseudo-Fi,167=2.9, p = 0.04). SIMPER analysis highlighted that generality (PreyCount) and
vulnerability (PredCount) contribution at least 95% to differences between sub-webs within
these two functional groups. KW-ANOVA showed significant differences between uncorrelated
node properties within three functional groups including, herbivore-detritivores, omnivores, and
secondary carnivores. Two node properties showed significant differences between webs within
herbivore-detritivores, including the number of predators (PreyCount; H=92, p <0.001) and
number of prey (PredCount; H=12.2, p <0.001). One node property showed significant
differences between webs within omnivores and secondary carnivores, including the number of
prey (PreyCount; H=4.11, p = 0.04) and short-weighted trophic position (SWTP; H=6.4, p =

0.011), respectively.

This was consistent with nMDS which did not reveal any strong differences in the centroids of
each functional group, but did show a weak difference in variance, in the node properties within

each functional group between webs (stress = 0.065; Figure 5.7).

5.4.2.2. Degree Distributions

The phytoplankton and detrital sub-webs differed in their cumulative degree distribution for the
number of predators and prey. The phytoplankton web had 58% fewer maximum predator links

and 12% more maximum prey links in comparison to the detrital web (Max PredCountppyi = 96,
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Max PredCountpe: = 228; Max PreyCountpiyio = 190, Max PreyCountpe; = 221). In comparison,
the meta-web had an equal number of maximum predator links as the detrital web (Max
PredCountyer, = 228) and a higher maximum number of prey links than the detrital web (Max

PreyCountyera = 280) (Figure 5.4).

5.5. Discussion

Analysis of food web structure across environmental and geographical gradients is a powerful
method to determine functional differences in energy flow patterns (Piechnik et al., 2008; Baiser
etal., 2011). Depth gradients, such as the one I focus on here for the Weddell Sea, are
particularly interesting as many of the biotic and abiotic factors that influence energy flow
change across the depth gradient. For example, phytoplankton are the primary source of nutrients
in many ecosystems but typically only live within the photosynthetically active region of water,
however, as depth increases, consumer taxa shift from feeding on phytoplankton to detritus
(Sierszen et al., 2006). Additionally, environmental conditions, which can influence species
diversity and feeding interactions (Tylianakis et al., 2008; Harmon et al., 2009; Harley, 2011),

also vary across the depth gradient (Sierszen et al., 2006; 2014).

Here, I show how food web structure differs between the two boundaries of a depth gradient in
an Antarctic marine ecosystem. My study revealed three results of interest. First, similarities in
food web properties between the sub-webs suggest that despite changes in the biotic and abiotic
factors across the depth gradient, the food webs are broadly structurally similar. Second, despite
broad similarities in topology, there were differences in generality (PredCount) and vulnerability
(PreyCount) between sub-webs, suggesting differences in species interaction strength across the
depth gradient. Third, herbivore-detritivores showed significant differences in both generality

(PredCount) and vulnerability (PreyCount), suggesting differences in the number of energy
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pathways which connect low to high trophic positon species. Here I discuss the drivers behind
the similarities in the two sub-webs and explore how the differences in node specific properties
alter energy flow. Additionally, I discuss the methodological challenges associated with

segregating a meta-web into individual depth dependent food webs.

Despite differences in biotic and abiotic factors across depth gradients, our results showed very
few structural differences between the phytoplankton and detrital food webs, with less than 1%
difference in the percent top predators, intermediate, and basal taxa between sub-webs.
Furthermore, the distribution of trophic positions was relatively similar, with a slightly higher
fraction of higher trophic position species in the phytoplankton web, likely due to the lower
fraction of herbivore-detritivores (i.e. SWTP = 2). Another explanation for the similar structure
between sub-webs may be that the broad depth ranges (Figure 5.2) of higher trophic position taxa
allow them to forage and occupy niches throughout the water column, creating a bridge between
the detrital and phytoplankton food webs (Berrara-oro, 2002; Kortsch et al., 2015). For example,
Black rockcod (Notothenia coriiceps), has a depth range of 0-550m, and although it is typically a
benthic feeder, preying on polychaetes, gastropods, clams and isopods, during the summer
months it preys on krill and salps which typically reside in the upper region of the water column
(Barrera-Oro, 2002: Froese & Pauly, 2016). Strong interactions between higher trophic position
taxa and both phytoplankton and detrital food webs has also been found in Arctic food webs.
Aydin et al. (2002) assembled flow-based food webs for the Eastern (EBS) and Western (WBS)
Bering Sea and compared the percent of energy for each taxon which originated from either
detritus or phytoplankton food webs. Although their food webs had a significantly lower

resolution, (EBS S =38, WBS § = 36), they also found that among higher trophic position taxa,
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energy was obtained from both food webs. This highlights the fact that large portions of food

webs across a depth gradient may in fact share a similar species composition and structure.

Nutrient cycles are also an important component of food webs to consider when assessing the
appropriateness/applicability of depth gradient food webs. When taxa residing in the
phototrophic portion of the water column excrete waste or die (i.e. create detritus), the organic
material sinks and is utilized by the benthic (i.e. detrital) communities as a nutrient source. In
return, the microbial communities in the detrital food webs break down the organic material,
releasing micronutrients back into the water column which are utilized by the primary producers
(Krumins et al., 2013; Zou et al. 2016). The rate at which detritus is recycled through the nutrient
loop governs the amount of primary production and has a direct effect on the food web structure
and function (Moore et al., 2004). The fact that depth gradient food webs are coupled both
between higher trophic position taxa and their prey, in addition to the nutrient cycle of basal taxa,
raises the question as to whether there are actually depth dependent food webs, or merely the
preferences for taxa to reside in a distinct niche within the water column based on physiological

requirements and nutrient/prey availability and abundance.

Although the overall structure was similar, differences between the phytoplankton and detrital
webs were seen within functional groups and node specific properties. The largest difference
seen was in low trophic position species, particularly herbivore-detritivores. When assembling
both sub-webs, either phytoplankton or detritus taxa were removed from the meta-web to create
bottom and surface webs, respectively. This yielded a significant difference in the number of
secondary extinctions which occurred. Although there were only two secondary extinctions
when phytoplankton taxa were removed to assemble the detrital web, the removal of detritus

from the phytoplankton web yielded 90 secondary extinctions. These secondary extinctions
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occurred as a result of primary consumers loosing there only prey (i.e. detritus or phytoplankton)
during the sub-web assembly process. Surprisingly, when detritus was removed there was no
diversity in the functional group of taxa that went extinct, with 100% of them being herbivorous
invertebrates. This result suggests discrepancies in the ability of taxa to shift their prey between
detritus and phytoplankton which may arise as a result of the depth distribution of each nutrient
resource. Phytoplankton typically reside close to the surface of the water column where there is
the optimal level of nutrients, ocean mixing, temperature, and light (Trimborn et al., 2013;
Kavanaugh et al., 2015). Alternatively, detritus can be found almost everywhere within a water
column, despite being primarily utilized by benthic communities, where phytoplankton are not
available. Despite detritus being present in the phototrophic region of the water column, I chose
to remove it from the food webs as it did not represent the primary source of nutrients for taxa

inhabiting the upper water column.

The lack of great differences between the sub-webs may also be due to the fact that binary food
webs do not capture interaction strengths. Many species, such as seals, birds and fish, feed on a
variety of prey throughout the year; however, they will alter their feeding habits depending on
prey abundance and availability (Barrera-oro, 2002; Harcourt et al., 2002). Our results reflected
this behavior to some extent with a relatively high level of generality (Mean L/Sphyto = 28.3,
Mean L/Spet = 26.3) in both webs. There were, however, large differences in the maximum
number of predator (Max Predpet = 228, MAX Predpnyto = 96) and prey (Max Preypet = 221, Max
Preypnyto = 190) links. This is likely due to the difference in number of herbivorous invertebrates
which was higher in the detrital sub-web and serve as an abundant food resource for higher

trophic position taxa. The inclusion of such a large number of herbivore-detritivores is also likely
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to distribute predation pressure, reducing the amount of energy flowing from any one particular

low trophic position taxa to high trophic position taxa.

Currently, assembling food webs relies on a variety of previously published resources, typically
experimental and observational data. However, the methodology for data collection is not
consistent from author to author, creating a large amount of variability in both the quality and
quantity of data. When assembling a food web, this variability can create unknown or uncertain
feeding interactions and taxa composition, resulting in taxa being lumped into trophic or
functional groups (Brown & Gillooly, 2003), changing the structure of the food web. Brown &
Gillooly (2003) highlighted the fact that although there have been large advancements in the
ability of researchers to collect data of a higher quality and quantity, in addition to advancing
their understanding of species interactions, there is still much progress to be done. Although the
Antarctic meta-web used in this study (Jacob et al., 2011) was much more highly resolved then
other Antarctic webs (e.g. Carscallen & Romanuk, 2012), particularly in lower trophic position
taxa, there was still significant differences in resolution between basal resources. The original
meta-web was comprised of 66 basal resources, 62 of which were phytoplankton, and only three
were detritus. When the depth gradient webs were assembled, the difference in basal taxa
resolution yielded differences in the node properties of higher trophic position taxa between the
phytoplankton and detrital web. However, this created challenges from a comparability
standpoint. Many food web properties, such as the number of trophic levels, links per species
and the shortest chain length have been known to be constrained by the resolution of the web
(Martinez, 1991). To mitigate this difference in resolution between the two sub-webs, in

addition to avoiding artifacts in the food web properties, I chose to aggregate the basal taxa in the
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phytoplankton web to match the resolution in the detrital web. As a result, I was unable to detect

differences in whole-web structural properties.

Balancing the resolution between food webs while retaining their unique topological differences
poses an interesting challenge, particularly in binary food webs which do not capture species
abundance or interaction strength, making biological differences difficult to explore. However,
if I negate the fact that the basal taxa in both webs were highly aggregated, it is not uncommon
for higher trophic position species to be present in both shallow and deep-water food webs, as
seen in our webs. Sierszen et al (2014) found that changes in the distribution of invertebrates,
forage fish and piscivorous fish, across a depth gradient, affected the strength of the trophic
linkages to higher trophic position taxa, but did not significantly alter the species composition.
Lower trophic position species tend to be affected by the changes in primary productivity and
microbial community composition, both of which are heavily influenced by environmental
conditions (Ghiglione et al., 2012). However, as depth increases, differences in the frequency
and magnitude of environmental conditions is reduced, varying its effect on community
dynamics (Garrabou et al., 2002). Higher trophic position taxa are most likely not affected by
environmental conditions to the same extent as low trophic position species due to their large
feeding ranges and physiology (e.g. body size), depth range (Mean = 466m, SD = +422) and
relatively high generality (Mean PreyCountppyo = 37.2, Mean PreyCountpe: = 35.6) which allow
them travel to more hospitable regions where prey is more abundant and environmental

conditions are more optimal.

Our comparison of Antarctic marine phytoplankton and detrital food webs revealed that despite
shifting basal resources, the structure of the food webs remains relatively similar. Furthermore,

many of the higher trophic position species were present in both webs, suggesting that across
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depth gradients, food webs remain coupled, with many taxa acquiring energy from multiple food
chains. Despite the similarities, differences in species interactions, specifically generality
(Preycount) and vulnerability (PredCount) were found both across all uncorrelated node
properties between the sub-webs, including within three functional groups. Specifically, the
species composition of herbivore-detritivores differs significantly, highlighting key differences
in vulnerability and generality within each food web. These results suggest that there are
different energy flow pathways which connect low trophic position taxa to high trophic position

taxa.
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Figure 5.1: 3-D representation of food webs, including the meta-web (top), phytoplankton web
(bottom left) and detrital food web (bottom right). Colour gradient and vertical distribution of
nodes represent trophic position, transitioning from red (basal species) to yellow (top species).
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Figure 5.2: Weddell sea meta-web mean depth ranges for basal (green), herbivore-detritivores
(red), omnivores (blue), primary carnivores (brown) and secondary carnivores (black) taxa.
Error bars represent minimum and maximum recorded ranges.
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Figure 5.3: Bathymetric chart of the Weddell Sea, Antarctica (Schenke et al., 1997)
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Figure 5.4: Log plots of the cumulative distribution of predator and prey links in the
phytoplankton (white), detrital (black) and meta- (grey) webs. All three food webs show an
exponential decay behavior. The distribution of the number of predator and prey links is a
representation of the vulnerability and generality of the species.
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Table 5.1: Description of food web properties

Food- Web Properties

Description

Species

Links/Species

Clustering Coefficient
Connectance

Percentage of Top predator

Percentage of Intermediate
species

Percentage of Basal species
Percentage of Herbivores
Percentage of Cannibals
Percentage of Omnivores

Consumer direct omnivory

Mean consumer trophic
position

Trophic level max

Trophic level mean

Trophic level standard
deviation

Short-weighted trophic
position

Diet Discontinuity

Generality standard deviation

Vulnerability standard
deviation

Loop

Mean Similarity

Similarity standard deviation

Mean maximum similarity

Clustering coefficient

Top generality

s

L/S
cc

%T
%l

%B
%H
%Can
%0mni

ConDirOmni

ConMeanTL

TLMax

TLMean
TLSD

SWTP

DietDis

GenSD
VulSd

Loop
SimMean
SimStdDev
SimMaxMean
cc

TopGen

Number of species in the food web after being converted into a
trophic web

Number of pred/prey links per species

Probability that two taxa linked to the same taxa are also linked
Proportion of actual trophic links to all possible links (L/S?)
Species with prey and not predators

Species with both predators and prey

Species with predators and no prey

Species who prey on primary producers

Species which prey on their own species

Species which prey on primary producers and consumers

Fraction of intermediate species that feed on more than one
trophic level

mean PATP of all intermediate species in the food web

Maximum trophic level in the food web using prey-averaged
algorithm

Average trophic level for PATP

Standard deviation of trophic level among the entire web for
PATP

the average of ‘prey-averaged trophic position’

Number of triplets of species with an “irreducible gap” (measure
of intervality)

The number of prey of a taxa standardized by L/S

The number of predators of a taxa standardized by L/S

Percent of taxa in a loop (food chain where the taxa appears twice)
Mean link similarity across all nodes

Similarity standardized by L/S

Mean of the maximum similarity for every node

Average % of pairs of nodes connected to another node and
connected to each other

Species with the highest number of prey
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Table 5.2: Node property correlation matrix for phytoplankton and detrital food webs. Node
properties with a correlation above 0.7 were excluded from statistical analyses.

PATP PATPVar SCL SWTP  PreyCount PredCount MaxSim PreyofPrey

PATP 1 0.66 0.74 0.99 0.36 -0.08 -0.35 0.78
PATPVar 0.66 1 0.3 0.6 0.59 0.13 -0.25 0.7
SCL 0.74 0.3 1 0.84 0.23 -0.24 -0.25 0.35
SWTP 0.99 0.6 0.84 1 0.35 -0.12 -0.34 0.71
PreyCount 0.36 0.59 0.23 0.35 1 -0.01 -0.16 0.41
PredCount -0.08 0.13 -0.24 -0.12 -0.01 1 0.06 0.05
MaxSim -0.35 -0.25 -0.25 -0.34 -0.16 0.06 1 -0.27
PreyofPrey 0.78 0.7 0.35 0.71 0.41 0.05 -0.27 1
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Table 5.3: Food web properties for phytoplankton, detrital and meta-web.

Web Phytoplankton Detrital Meta-web
S 336 428 492
%T 8.63 7.71 6.71
%l 90.48 91.12 79.67
%B 0.89 1.17 13.62
%Herb 22.02 36.45 32.11
C 0.08 0.06 0.07
L/S 28.32 26.39 33.19
GenStdDev 1.16 1.43 1.36
VulStdDev 0.76 0.88 0.86
LinkStdev 0.67 0.85 0.77
SimMean 0.09 0.09 0.09
SimStdDev 0.16 0.15 0.18
SimMax 1 1 1
SimMaxMean 0.85 0.88 0.89
PATP 4.54 3.94 2.67
PATPStdDev 1.77 1.85 1.11
Max PATP 7.43 7.88 5.17
Loop 0.38 0.3 0.26
%Can 0.15 0.12 0.1
%0mn 0.72 0.58 0.51
cc 0.19 0.2 0.18
ConDirOmni 0.73 0.59 0.59
ConMeanTP 3.58 3.19 2.65
SWTP 3.56 3.17 243
DD 0.15 0.09 0.1
TopGen 1.13 1.19 0.95
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Chapter 6 Variation in microalgae fatty acid proportions across a latitudinal

gradient and the implications of a warming climate

6.1. Abstract

Microalgae are among some of the oldest organisms on the planet and provide key nutrients to
the vast majority of ecosystems. One particular class of nutrients, fatty acids, is particularity
important, as many higher trophic position species are unable to synthesis specific fatty acids,
which they use for a variety of physiological processes. However, as climate change continues
to alter the environmental conditions and distribution of species, microalgae will likely shift in
community composition and nutritional content. Here, I analyse fatty acid profiles of 1348
strains of microalgae, from around the globe, to assess whether consistent changes in fatty acid
proportions are seen across climate regions. I found that despite environmental and phenotypic
variability, both of which affect fatty acid production, there are consistent changes in fatty acids
proportions across climate regions. Furthermore, proportions of specific essential fatty acids
such as EPA and ARA show an inverse relationship with temperature, which may lead to

deficiencies in higher trophic position taxa that depend on them.
6.2. Introduction

Microalgae are the base of the majority of aquatic ecosystems, providing a source of essential
nutrients. Fatty acids produced by microalgae are of particular importance as they are utilized by
all consumers in the ecosystem (Arts, et al., 2015). As global temperatures continue to rise,
shifts in species’ phenology, range, and physiology (Bellard et al., 2014; Doney et al., 2012)
threaten to alter the structure and function of ecosystems (Van der Putten, 2012). The polar

regions, which experience some of the most pronounced warming (Christensen et al., 2007;
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Turner et al., 2005), are particularly at risk as the majority of species, both terrestrial and marine,
tend to migrate towards higher latitudes as temperatures rise (Root et al., 2003; Perry et al., 2005;
Sorte et al., 2010). Across taxonomy, species which have a smaller body size, and thus typically
a shorter generation time, have the greatest range shifts (Perry et al., 2005). These effects of
warming are particularly true for microscopic organism, which not only experience range shifts
but also changes in their productivity and community composition (Hinder et al., 2012;
Suikkanen et al., 2013; Thomas et al., 2012). Empirical studies have shown that variation in
oceanic and atmospheric conditions caused by climate change have already begun to affect the
productivity (Paerl & Paul, 2011), abundance (Hinder et al., 2012) and structure and function

(Sarmento et al., 2010) of microbial ecosystems in various regions.

Fatty acids (FA) have been shown to be crucial for many animals as they are directly linked to
key physiological functioning and biochemical processes (Arts et al., 2000; Pernet et al., 2007).
Essential fatty acids (EFA) are a particularly important class of compound as species at higher
trophic positions are unable to synthesize them or are only able to synthesize them in quantities
well below their physiological requirements (Fuiman et al. 2015). Instead, EFA are transported
through the food chain, originating in the basal trophic level and accumulating within each
higher trophic level, eventually reaching top predators, including humans. Two EFA in
particular, arachidonic acid (ARA) and eicosapentaenoic acid (EPA) are critical for survival
(Arendt et al., 2005), growth (Copeman & Laurel. 2010), and development (Bell et al., 2003) in

marine species, particularly in larvae and embryos (Fuiman et al., 2015).

The predicted changes in community composition in response to warming temperature is likely
to be exasperated in regions where that warming is most pronounced. A recent study by Hixon et

al. (2016) found that across a latitudinal temperature gradient, EPA content was likely to drop by
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8.2% of total FA content after only a 2.5°C increase in water temperature. Given that the global
mean sea-surface temperature has risen by approximately 0.8°C per decade since the 1950’s
(Armour et al., 2016), an extensive decline in the amount of EFA threatens to restructure aquatic
ecosystems. In this study I explore the FA profiles, including two EFA (EPA and ARA), of 1348
strains of microalgae across a latitudinal gradient to assess the potential changes which may

occur as a result of a temperature changes.

6.3. Methods

6.3.1. Data collection

In this study, I used a dataset of microalgae FA profiles which were characterized using gas
chromatography (GC) mass spectrometry by Lang et al. (2011). The initial dataset was
comprised of 76 FA from 2076 strains of microalgae from 18 different habitats (i.e., fresh water,
marine, brackish) around the globe and spanning from 82.46 °S to 75.39 °N. The dataset was
culled to remove strains without latitudinal and longitudinal coordinates of their origin, and FA
that, on average, represented less the 1% of the total FA mass, and/or could not be separated by
GC (i.e. 17:0/16:3), leaving 14 FA. Algae were then categorized into three broad climate regions
including, polar (90°S — 60°S, 60°N-90°N, n = 32), temperate (60°S — 30°S, 30°N — 60°N, n =
1180), and tropical (30°S —30°N, n = 136). To reduce the dataset further, only FA that showed a
consistent pattern of increase or decrease in proportion across climate regions were retained.

The final dataset included 1348 strains of algae from 11 phyla, 25 classes, 481 genera and 721
species, and seven FA, including: 1) 16:0; 2) 16:1n-7; 3) 16:3n-3; 4) 18:0; 5) 18:1n-9; 6) 18:2n-
6; and 7) 18:3n-3. After removing FA, the data was not re-normalized and was represented as

the proportion of the total FA content, as reported by Lang et al. (2011).
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6.3.2. FA and latitudinal gradients

Strains of microalgae were categorized based on three criteria. Three independent case studies
were done to explore whether trends found across the entire final data set were seen when the
microalgae strains were categorised based on habitat and taxonomy (Figure 6.1). First,
microalgae strains were grouped into fresh water (n = 772) and marine (n = 113) species.
Second, strains were grouped by phylum (n = 11). Phyla which did not contain FA profiles for
each of the climate regions were excluded, leaving four phyla: Chlorophyta (n = 799),
Cyanobacteria (n = 162), Streptophyta (n = 90), and Heterokontophyta (n = 101). Thirdly,
although ARA (20:4n-6) and EPA (20:5n-3) did not represent more then 1% on average across
all strains of microalgae, they were compared across a latitudinal gradient due to their nutritional
importance. A subset of 379 strains containing ARA and/or EPA were categorised by habitat
(Marine = 64, freshwater = 205), and phyla (Chlorophyta = 128, Streptophya = 24,

Heterokontophyta = 73) (Figure 6.2).

6.3.3. Statistical analyses

I compared means and standard deviations of the seven FA, and ARA and EPA, across three
climate regions, based on three groupings including; 1) all strains (n = 1348), 2) habitat type
(freshwater (n = 772), marine (n = 113)) and 3) phylum (Chlorophyta (n = 799), Cyanobacteria
(n=162), Heterokontophyta (n = 101), and Streptophyta (n = 90). I was unable to normalize the
FA using the centred log ratio (Filzmoser et al., 2009). Instead, Kruskal-Wallis analysis of
variance (KS-ANOVA) was used to test for differences in mean proportion of each FA between
climate regions. Mann-Whitney-Wilcoxon test was used as a post-hoc analysis to identify

pairwise differences when KS-ANOVA indicated a significant effect among groups.
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6.4. Results

6.4.1. Across all strains

Of the 14 FA which represented, on average, more then 1% of the total FA composition across
all algae strains, consistent patterns of change across a latitudinal gradient were observed in
seven FA (Table 6.1). As latitude increased, proportions of saturated (SFA; 16:0, 18:0) and
monounsaturated (MUFA; 16:1n-7, 18:1n-9) FA decreased, whereas polyunsaturated FA
(PUFA; 16:3n-3, 18:2n-6, 18:3n-3) increased. KS-ANOVA found significant differences
between proportions of two SFA (16:0, H=17.64, p =0.001; 18:0, H=17.26, p <0.001) and a
PUFA (18:2n-6, H=11.66, p <0.01) (Figure 6.3; Figure 6.4). Further post-hoc analysis
revealed that the differences in proportions of 16:0 and 18:2n-6 were driven by significant
differences between the polar and temperate (16:0, W = 12939, p <0.001; 18:2n-6, W = 25002,
p <0.01), and polar and tropical regions (16:0, W = 1184.5, p <0.001; 18:2n-6, W =2994.5, p <
0.001) where 16:0 and 18:2n-6 were both lower in the polar region. Alternatively, the pattern in
18:0 was driven by differences between temperate and tropical regions (18:0, W = 67249, p <

0.001), with 18:0 content being higher in the tropical region.

6.4.2. Within freshwater and marine

Of the 1348 strains of microalgae, 885 strains had FA profiles for each climate region, for both
freshwater (n = 772) and marine (n = 113) (Table 6.2). In freshwater strains, mean proportion of
SFA (16:0, 18:0) and MUFA’s (16:1n-7, 18:1n-9) decreased with latitude, while PUFA (16:3n-3,
18:2n-6, 18:3n-3) increased (Table 6.2). Three FA showed significant variation in proportion
between climate regions including, 16:0 (H=11.25, p <0.01) and 18:0 (H = 18.29, p <0.001),

which were both highest in the tropics, and 18:3n-3 (H = 5.96, p = 0.05), which was highest in

139



the polar region (Figure 6.5; Figure 6.6). For SFA, 16:0 showed significant differences between
polar and tropical (W =243, p <0.01) and temperate and tropical (W = 14830, p <0.01);
however, 18:0 only showed significant differences between temperate and tropical regions (W =
14880, p <0.001). PUFA 18:3n-3 was highest in the polar regions and showed a significant
difference only between polar and tropical climate regions (W = 621.5, p = 0.02). In marine
strains, SFA 18:0, MUFA 18:1n-9, and PUFA 18:3n-3 tended to decreased with latitude,
whereas PUFA 18:2n-6 increased (Table 6.2). No significant differences were found between

climate regions for marine strains.

6.4.3. Within each phylum

When broken into phyla across all habitats, data for each climate region was available for four of
the 11 phyla, including Chlorophyta, Heterokontophyta, Streptophyta, and Cyanobacteria.
Although each of the four phyla showed patterns of changing FA proportions across a latitudinal
gradient, there were no consistent trends with SFA, MUFA, and PUFA, either within each phyla
or across them (Figure 6.7). Within Chlorophyta, 16:3n-3, 18:0, and 18:1n-9 tended to decrease
as latitude increased, whereas 18:2n-6, and 18:3n-3 both increased as latitude increased.
However, no significant differences across climate regions were found. Within
Heterokontophya, significant differences between climate regions were only found for PUFA
16:3n-3 (H = 38.88, p < 0.001) which was highest in the polar regions and showed significant
differences between polar and temperate, and temperate (W = 183, p <0.001) and tropical (W =
12, p = 0.02) regions. Within Streptophyta, significant differences were found for SFA 18:0 (H
=17.07, p = 0.03), which was highest the tropical regions and showed significant differences
between temperate and tropical regions (W =91, p <0.01). Within Cyanobacteria, significant

differences were found between climate regions for 16:3n-3 (H= 6.8, p = 0.03) and 18:0 (H =
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15.9, p <0.001). Differences in the proportions of PUFA 16:3n-3 were driven by differences
between the polar and tropical regions (W = 102.5, p < 0.01), whereas differences in proportions
of the SFA 18:0 were driven by differences between temperate and tropical regions (W = 1705.5,

»<0.001).

6.4.4. ARA and EPA

A data subset comprised of 379 strains of microalgae containing arachidonic acid (ARA) and
eicosapentaenoic acid (EPA) was also analysed. On average, strains contained 6% ARA and
8.2% EPA across all climate regions. Although there were no consistent patterns in proportions
both of FA across a latitudinal gradient (Figure 6.10), there were significant differences between
climate regions (ARA, H=37.53, p <0.001; EPA, H=19.53, p <0.001). When the strains were
categorized according to environment, marine strains showed a significantly (Fi,; = 14.14, p <
0.001) higher mean fraction of ARA and EPA than freshwater (freshwater (n=205): Mean ARA
=5.14, Mean EPA = 7.66; marine (n=64): Mean ARA = 12.24, Mean EPA = 11.21). Although
marine strains showed a consistent pattern of increasing EPA with latitude (Table 6.3), the
differences between climate regions were not significant. When strains were grouped into
phyla, fractions of ARA and EPA tended to change across latitude within three and one phyla,
respectively. The fraction of ARA tended to increase with latitude in Chlorophyta and
Heterokontophyta, and decreased in Streptophyta. Fractions of EPA tended to decrease with
latitude within Streptophyta. The only changes which were significant were for ARA within
Chlorophyta (H =25.96, p < 0.001) and Heterokontophyta (H = 6.3, p = 0.04). However, the
only significant difference in the fraction of ARA was between temperate and tropical climate

region (W =893, p =0.01).
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6.5. Discussion

FA of microalgae play a crucial role in the survival of many higher trophic position species
(Pethybridge et al., 2015). Previous studies, which explore the effects of temperature and
climate change on FA content, typically focus on EFAs, and have shown that they generally
decrease as temperature increases (Renaud et al., 2002; Renaud et al., 2005; Hixon et al., 2016).
In this study, I compile the largest scale analyses of the effects of latitudinal gradients on
microalgae FA and the resulting implications towards temperature increase, ocean stratification,
and microbial community shifts. Here I focus on four results of particular interest. First, despite
large amounts of phenotypic and environmental variability, which alter FA profiles, certain FA
do show consistent changes in proportions across a latitudinal gradient. Second, of the four FA,
in fresh water and marine strains, which showed consistent changes across climate regions, only
one PUFA, 18:3n-3, differed in its pattern of change across climate regions. This suggests that
despite differences in samples sizes between fresh water and marine strains, patterns in changes
in freshwater and marine FA proportions are relatively consistent. Third, in marine strains of
algae, ARA and EPA represented a higher proportion of total FA than in freshwater strains.

Lastly, the proportion of total FA that was EPA in marine strains increased as latitude increased.

One particular challenge in identifying consistent patterns in microalgae FA profiles is species
level variability. Although broad taxonomic groupings (i.e., phyla, class) have been shown to
have FA profiles that can be used as a “finger print” by which microalgae can be identified, the
level of variability that exists at more specific taxonomic groupings (i.e., species) hinders the
ability to identify distinguishing aspects of their FA profiles (Lang et al., 2011). Despite this,
there were strong patterns of change across climate region in the proportions of the seven fatty

acids focused on in this study. Given the strong differences in average temperatures which
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decrease as latitude increases, this is not surprising. Previous studies highlight the importance of
environmental factors on the proportions of FA within various microalgae strains. For instance,
Renaud et al. (1995) found that the levels of PUFA decreased as temperatures increased with a
strong inverse correlation between temperature and PUFA production in Nitzchia paleacea.
Additionally, Sato et al. (1979) found that the proportion of SFA, 16:0 and 18:0 increased as
temperature increased in Anabaena variabilis. Our results were consistent with previous
findings showing an overall decrease in SFA and increase in PUFA as latitude increased (i.e.

temperature decreased).

Pronounced temperature increases in the polar regions not only have a direct effect on
microalgae, such as altering growth rates and their biochemical composition, but also indirect
effects as well. Hydrological conditions are significantly influenced by the rate at which the sea-
ice melts, and in the polar regions, such melting has caused higher volumes of freshwater to enter
into the polar oceans (Bintanja et al., 2013; Van As et al., 2014). Although many freshwater and
marine strains of microalgae are able to withstand a range of salinity, many of them exhibit shifts
in the growth rates and FA content and composition. Freshwater polar strains, for example, are
able to grow in brine pockets; however, when salinity reaches about 60% they are unable to grow
(Grant & Horner, 1976). Similarly, many marine strains modifying their FA composition to
cope with changes in salinity, and have been shown to have a higher total lipid content (i.e. %
dry weight) as salinity increases (Renaud & Parry, 1994). This ability to adapt to varying
salinity may explain why marine strains and freshwater strains show similar patterns in three of

the FA explored in this study.

A large influx of fresh water may allow non-native strains, potentially freshwater strains, of

algae to establish themselves. In this event, the microbial species composition within the polar
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regions could significantly shift, altering the nutritional composition of the base of the food web.
Our results highlight that FA such as ARA and EPA represent a higher proportion of total FA
content in marine strains in comparison to freshwater strains (Freshwater: Mean ARA =5.14,
Mean EPA = 7.66; Marine: Mean ARA = 12.24, Mean EPA = 11.21; Figure 6.10). Although
these are proportions and do not take into consideration the possibility that freshwater strains
have a higher total FA content, shifts in the overall nutritional content of the algae are still likely
to occur. Other PUFA, such as 18:2n-6 and 18:3n-3, show the same pattern where they represent
a greater proportion of total FA at higher latitudes, whereas SFA and MUFA are less.
Furthermore, temperature has also been shown to have a strong effect on EPA levels. Renaud et
al., (1995, 2002) found that in several marine strains of microalgae, including diatoms,
crytomonads, Rhodomonas sp. and others, EPA levels dropped as temperature was increased.
This could create severe physiological challenges for higher trophic position species that are

unable to synthesize PUFA (Brett et al., 1997; Hixon et al., 2016).

Our analysis suggests that across a latitudinal gradient there exists strong patterns of variation in
specific FA’s, including EFA. Given the projected temperature increases, specifically in the
polar regions, FA profiles will likely shift, having implications for nutrition of all higher trophic
position taxa that rely on these both for EFA and as an energy source. However, our results also
highlight the need for additional synthesis of data, particularly relating to the effects of biotic
interactions on species composition, which may play a strong role in determining the microbial

community structure and function.
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Figure 6.2: Number of strains containing either EPA or ARA, broken down by category
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Table 6.1: Fatty acid proportions (mass percent) and relative differences between polar and
tropical regions for eight fatty acids showing general patterns of change across a latitudinal

gradient.

Fatty Acid Tropical  Temperate Polar Difference
(SD) (SD) (SD)
SFA
16:0 21.1(12.1) 18.9(13.1) 12.4 (7.2) -8.7%
18:0 5.3(11.5) 2.1(7.7) 1.7 (4.7) -3.6%
MUFA
16:1n-7 5.7 (10.6) 3.9(9.3) 1.7 (4.4) -4.0%
18:1n-9 4.4 (8.2) 4.1 (6.8) 2.94.3) -1.5%
PUFA
16:3n-3 1.8 (4.1) 2.3 (4.6) 2.8 (4.9) +1.1%
18:2n-6 9.0(11) 10.2(11.9) 20.3(21.2) +11.2%
18:3n-3 12.8 (12.4) 15.1(12.9) 16.8(10.9) +4.0%
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Table 6.2: Difference in fraction of total fatty acid content for eight fatty acids showing general
patterns of increase or decreasing across a latitudinal gradient within freshwater and marine
strains of algae.

Freshwater Marine

Fatty Acid Tropical Temp  Polar Diff.  Tropical Temp  Polar Diff.

(SD)  (SD) (SD) (SD)  (SD)  (SD)
SFA
16:0 233 188 142 9.1 20.1 23 135 -6.6
(12.9) (13.6)  (6.1) (10.9) (12.7)  (12.7)
18:0 1.6 1.4 -4.4 2.8 1.7 2.8
SBAD 6y @28 49 (.5 00O
MUFA
16:1n-7 3.8 34 0.9 -3.8 3.7 77 L7
(10.6) (89)  (1.6) 6(123) g6y (10.9)
18:1n-9 4.3 4.3 29 -1.4 59 4.2 1 (1 5) 4.9
©5 (T2 37 (124)  (6.2) '
PUFA
16:3n-3 1.9 25 3.6 +1.6 2 0.6 0.85 -1.2
@6 @8 (53 s (1D (13
18:2n-6 91 106 132 191 64 68 98 13
(12.9) (12.3)  (11.3) (7.1)  (9.8)  (6.5)
18:3n-3 145 154 217 72 1.7 106 gs 32
(13.3) (12.5)  (10.6) (127)  (144) (9.4
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Table 6.3: Mean arachidonic acid (ARA) and eicosapentaenoic acid (EPA) proportions (mass
percent) of total FA in strains of algae from freshwater and marine environments in each climate

region.

Mean ARA (SD) Mean EPA (SD)

Freshwater
Polar
Temperate
Tropical

Marine
Polar
Temperate

Tropical

0.5 (1)
53 (11)
4.9 (10.7)

8.6 (5.7)
12.9 (11.6)
2.1(10.3)

5.4 (5.8)
7.9 (8.6)
4.4 (42)

13.0 (10.2)
114 (11.6)
6.9 (3.2)
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Chapter 7 Conclusion

My thesis focused on understanding the structure and function of polar marine food webs.
Through assembling and comparing food webs in the polar regions, from whole-web to species
levels, I showed that despite differences in species composition and species richness, the
topology of polar food webs is broadly similar. Here, I summarise my findings and highlight

critical future work which is needed.
7.1.  Thesis Synthesis

Environmental conditions play an extremely important role in natural selection, species life
history, and the overall development of ecosystems over time. Chapter 2 represents one of the
first attempts to assemble and compare Arctic and Antarctic marine food webs. Given the
similarities in the harsh environmental conditions that exist in both regions, it was not surprising
that Arctic and Antarctic marine sea-ice associated food webs shared many similar structural
properties. More interesting was that despite the food webs having a low resolution, particularly
for low-trophic position species, differences in node specific properties indicated that the energy
pathways in each ecosystem were unique (Chapter 2 & 4). One noticeable difference between
the Arctic and Antarctic was the difference in the diversity of fish taxa, which, in the Antarctic,
was much higher. This reduction in the number of intermediate trophic position fish taxa
reduced the mean number of feeding interactions, constraining the energy flow from the bottom
to the top of the web. As a result, the Arctic web was less robust to the loss of low trophic
position species. This is particularly concerning given the potential impacts of climate change
on the polar regions, which includes sea-ice loss, temperature increases, and species range shifts,

all of which will have strong impacts on low trophic position species (Doney et al., 2011).
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One indirect effect of climate change which we are only beginning to understand is the
connection between surface and benthic food webs. The results of Chapter 5, in addition to other
work by Zou et al. (2015) and Krumins et al. (2013), show the interdependence of phytoplankton
(i.e. surface) and detrital (i.e. benthic) communities. Higher trophic position species in large
bodies of water tend to have large ranges, specifically across depths, that allows them to directly
interact with both phytoplankton and detrital communities (Chapter 5). However, the energy that
flows from the phytoplankton community to the detrital community in the form of dead organic
material and feces is rarely taken into account. This suggests that although taxa which solely
inhabit deep waters may not be directly impacted by the effects of climate change, such as sea-
ice loss, they will likely be affected due to changes in the composition and abundance of energy
that flows from the surface communities. However, surface communities were found to have a
lower level of generality and vulnerability, which is likely to reduce their robustness. For
ecosystems that already depend on a few key prey species, this further increases the constraints
on feeding interactions and increases the vulnerability of the ecosystem to disturbance,

particularly in the Arctic.

Utilizing static (i.e., binary) food webs to explore the structure and function of food webs poses
several challenges, particularly when trying to compare them. The low resolution of low trophic
position taxa in the Arctic and Antarctic food webs used in Chapter 2 and the variability
observed in the published food webs in Chapter 4, highlighted the need to address two
methodological questions in food web theory: 1) do food webs based on presence-absence
feeding interactions accurately predict the trophic position of species? and 2) given the high level
of variability in the quality of data and assembly methodology, how can we determine if webs

are comparable? In Chapter 3 I compared binary estimates of trophic position with estimates
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based on stable isotope values of nitrogen (8'°N) and showed that binary estimates based solely
on feeding links were highly correlated to stable isotope values. Furthermore, when both were
compared to more quantitative flow-based estimates (gut-content), binary estimates performed as
well, or better than flow-based estimates of trophic position. This highlights the fact that
although there are more precise techniques to determine the trophic position, no additional
precision is gained by detailed analysis of biomass flows between species. To address the
problem of methodological variability, I designed a comprehensive comparative hierarchical
analysis (Chapter 4) and showed that despite differences in resolution and assembly

methodology, that the polar food webs used were generally comparable.

Abiotic and biotic factors that lead to changes in individual species abundances and life history
variables may have large effects on the structure and function of entire food webs. For example,
global warming is likely to have a strong negative impact on key prey species, such as krill,
through direct and indirect mechanisms. The declines in sea-ice cover and increase in melting
rates not only threaten to affect multiple aspects of the krill lifecycle, but also impact its primary
prey, microalgae. Microalgae provide many higher trophic position taxa with nutrients along the
food chain including essential fatty acids, such as ARA and EPA. My results from Chapter 6
suggests that given the projected temperature changes in the polar regions, fatty acids profiles
will likely change, with potentially important nutritional implications for higher trophic position

taxa.

Through direct and indirect factors, the polar ecosystems described here are likely to experience
strong changes in their structure and function due to climate change. Despite consistent
structural similarities between the two polar regions there are key differences in species

composition and feeding interactions which lead to differences in the energy flow pathways

160



between each region. My research suggests that the Arctic and Antarctic are likely to manifest
the impacts of the effects of climate change differently. Because the Arctic has been shown to
have a lower species richness and fewer energy pathways (Chapter 2), it may experience larger
changes in its structure and function as climate change continues to alter abiotic and biotic

factors than the Antarctic.

7.2.  Future Directions

In this thesis I have shown that over the last 60 years the basic topological structure of published
Arctic and Antarctic food webs has not changed significantly outside of increases in species level
resolution. However, while smaller, less resolved, polar food webs have similar topology to
many larger, more resolved, webs, they do not allow an understanding of species level change,
which is critical for the polar regions. One area in particular that needs to be accounted for in
future work is the temporal (i.e., seasonal) changes in the structure and function of food webs,
particularly Arctic and Antarctic food webs. Over the course of the year, species composition,
population abundances, and even species interactions (i.e., prey switching) completely
restructures the food webs. To fully understand how climate changes will impact polar food

webs, high resolution webs along a temporal gradient will be an important future direction.
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Figure A.1: Changes in the food web properties as a result of aggregating the Arctic and
Antarctic with a minimum similarity ranging from 100% to 50%. A) Number of Species, B)
Connectance, C) Links per Species, D) Mean Clustering Coefficient, E) Fraction of top species,
F) Fraction of intermediate species, G) Generality SD, H) Vulnerability SD.

162



2 %

3 4 X%
E:Kk’;(&x’k&&)kxxi‘%"k

x
X

X,
X, %
»c’§<>§";"‘ %

0.012 -

0

0.01 -
0.008 -
0.006 A
0.004 A

0.002 1

SRR
Wﬂ(xmmmﬁmmm*mmmx%*x
¢

0 5
0.01 -
0.02 4
0.03 -
0.04 4
0.05 1
0.06 4
0.07 3
-0.08 -

Difference between the Arctic and Antarctic

o *xxmwxﬂ‘*‘**&*i‘%%,r’a‘”"&xxi‘}"k
%

0.09
0.06 -
0.05 3
0.04 1
0.03 1
0.02 1
0.01 1

k360 COROOR K
AWM ’k’k*mo;(*
%
KXok
X%

Figure A.2: Differences between the Arctic and Antarctic food web properties throughout the
random removal of 50% of the nodes in both webs. A) Fraction top species, B) Fraction

0 10 20 30 40 50

60

-0.01 A
-0.02

2.5 1

0.5 1

X X
1.5 4 XK w

0.1 1
0.2 1
0.3 1
0.4 1

051 AR

0.6 1 X X

071

0.8
0.9

0.08 ~

0.07 3 0 WS g5

0.06 4
%

0.05 RO

0.04 %

0.03 A Yx

| b S

0.01 4
0

0 10 20 30

A) Top species

B) Intermediate species
C) Connectance

D) Links per species

E) Generality SD

F) Vulnerability SD

G) Clustering Coefficient

Percent of species randomly removed

Note: Positive values represent higher values in the Arctic whereas negative

values represent higher values in the Antarctic

40

60

intermediate species, C) Connectance, D) Links per species, E) Generality standard deviation, F)
Vulnerability standard deviation, G) Clustering coefficient.

163



ion

t

ic posi

Baseline corrected troph

ion

t

ic posi

.

Baseline corrected troph

o

R =0.508, p <0.001
y =0.7944+0.6927*x

5.0

O o
2.0 2.5 3.0 3.5 4.0 4.5
Short-weighted trophic position (SWTP)
6

e}

o o o yo?" o

R =0.507, p < 0.001
y = 1.0028+0.5303*x

2.0 2.5

3.0 3.5 4.0 4.5 5.0
Prey-averaged trophic position (PA-TP)

5:9 6.0

Figure A.3: Comparison of baseline corrected and binary estimates of trophic position for all
366 species. a) Baseline corrected trophic position (BCTP) compared to short-weighted trophic
position estimates, b) Baseline corrected trophic position (BCTP) compared to prey-averaged
trophic position estimates. Shown are the CI (= 0.95) and line of best fit (black).
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Appendices B Supplementary Materials

This information is available from Dalspace.

Supplement S1

Complete reference list for species diets for the Arctic and Antarctic sea-ice food webs used in

Chapter 2.

Supplement S2

Trophic position database showing name of web, habitat type, taxa grouping, common and
species name, prey-averaged TP, short-weighted TP, shortest chain length, §'°N estimate, and

baseline corrected 8'°N for species with TP>2, species used for baseline correction, and

references.

Supplement S3

Species lists, species ID numbers, short-weighted trophic position, prey-averaged trophic
position, mean stable isotope values, and baseline corrected trophic positions, for the Arctic and

Antarctic used in Chapter 3.

Supplement S4

Complete reference list for species lists, species ID numbers, short-weighted trophic position,
prey-averaged trophic position, mean stable isotope values, and baseline corrected trophic

positions, for the Arctic and Antarctic used in Chapter 3
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