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Abstract

Morphological traits reflect an organism’s ecological niche and role within ecosystems. Identifying how traits are associated with diet
will therefore improve our understanding of the drivers of community structure. We combined individual morphological measure-
ments with stomach contents from nine demersal fish species from the subantarctic island of South Georgia, where climate change is
impacting the distribution of a key prey species, Antarctic krill. Cluster analysis identified five feeding guilds, with traits such as gape
size proving especially useful for determining guild membership. Individuals feeding on fish had larger gapes and higher caudal and
pectoral fin aspect ratios, enhancing their ability to capture and consume such large, fast prey. In contrast, benthic feeders had smaller
gapes and lower fin aspect ratios, reflecting reliance on suction feeding and higher manoeuvrability. Random Forest analysis reliably
predicted feeding guild membership based on these simple traits, highlighting the strong links between ecology and morphology. This
study provides an important step forward in the application of trait-based approaches within the Southern Ocean. Continued research
into links between morphology and diet will improve our understanding of niche partitioning in marine ecosystems and aid our ability

to predict the effects of environmental change on community composition and structure.
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Introduction

The field of ecology is increasingly focusing on how interac-
tions between individuals shape the structure and functioning
of ecosystems (Akesson et al. 2021). A key component of this
approach is the consideration of how functional traits, includ-
ing physiological, morphological, behavioural and life history
attributes, shape how organisms respond to each other and
to their environment (Violle et al. 2007). This trait-based ap-
proach seeks to identify how the functional traits of organisms
combine to determine their interactions and thus drive the
organization of ecological communities (Savage et al. 2007).
By describing the distribution of traits within ecosystems, one
can generalize the mechanisms underlying complex ecological
processes and predict the resilience of key ecosystem functions
to perturbations (Kierboe et al. 2018, Beukhof et al. 2019).
Ecomorphology is a key component of trait-based ecology,
whereby an individual’s body form is linked to its behaviour
and interactions with others (Barr 2018). An organism’s physi-
cal features represent adaptation to its environment; therefore,
the combination of different morphological traits largely un-
derlies its ecological niche (Violle et al. 2007, Barr 2018). As
such, morphological traits may be strongly tied to the distribu-
tion and functional role of organisms within ecosystems (e.g.
Gibb et al. 2015, Pigot et al. 2016, Thomas et al. 2020).
Marine ecosystems are often strongly size-structured due to
gape limitations and the interplay between body size and feed-
ing (Jennings et al. 2001, Potapov et al. 2019). In fish, gape size
often reflects feeding mode, with ambush piscivores generally

exhibiting large gapes, while suction feeding planktivores of-
ten have small gapes (Luiz et al. 2019). Gape size also often
constrains the maximum size of prey that can be consumed,
thus determining the structure of feeding relationships (Chris-
tensen 1996). Allometric scaling relationships have been iden-
tified for tropical and temperate fish species, whereby gape
size, and thus also average and maximum prey size, gener-
ally increase with predator body size (Bachiller and Irigoien
2013, Dunic and Baum 2017). In many species maximum prey
size increases faster than minimum prey size as fish become
larger, resulting in a widening of their trophic niche (Scharf
et al. 2000). Differences in allometric relationships for body
size and gape morphology could also influence levels of re-
source partitioning and competitive interactions within the
fish community (Schuckel et al. 2012, Barnes et al. 2021).
Other traits may also be important, such as fin morphology,
which is linked to habitat use and prey acquisition: for exam-
ple, high aspect ratios (ARs) of the caudal and pectoral fins are
linked with greater swimming efficiency and maximum speed
(Sambilay 1990, Higham 2007) and generally found in more
active species that feed on pelagic or mobile prey such as zoo-
plankton and fish (Hobson 1979, Bridge et al. 2016). Lower
ARs provide greater manoeuvrability and thrust at low speeds
and may therefore be better suited to less active benthic or am-
bush feeding (Higham 2007, Bridge et al. 2016).

While marine studies increasingly use trait-based ap-
proaches, these often involve competition models focused pri-
marily on basal groups and overlook trophic interactions
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between predators and their prey (Kiorboe et al. 2018). The
few studies that have investigated the links between morphol-
ogy and diet across whole fish communities generally support
the differentiation of diets based on traits such as body size,
while the relative importance of other morphological traits
varies (Reecht et al. 2013, Podder et al. 2021; but see also
Labropoulou and Markakis 1998). Further research is needed
to better define the traits driving trophic relationships, partic-
ularly in remote and understudied marine ecosystems, includ-
ing polar regions where trait-function relationships might dif-
fer from those identified in other regions (Degen et al. 2018).
Here, we describe the relationships between morphology and
diet for nine abundant fish species around the sub-Antarctic
island of South Georgia in the Southern Ocean. These are pri-
marily demersal taxa, with only three species considered to
exhibit benthopelagic behaviour (www.fishbase.se, accessed
20/02/2025). Previous research on the diet and biology of
these species has revealed a system largely dominated by con-
sumption of Antarctic krill, Euphausia superba, in addition to
fish and macrozooplankton such as amphipods, particularly in
periods of low krill availability (Kock et al. 2012), with some
evidence of interspecies dietary differentiation (Targett 1981,
McKenna 1991).To date, however, there has been no com-
prehensive investigation of the links between morphological
traits and dietary niches across the wider South Georgia dem-
ersal fish community. Such information will improve our un-
derstanding of the mechanisms underlying community struc-
ture and energy flow through this component of demersal food
webs. Many marine species at South Georgia are at the north-
ern edge of their distributions and may be vulnerable to ocean
warming, which is particularly rapid in this region (White-
house et al. 2008, Hogg et al. 2011). A southward range con-
traction by E. superba has already been observed (Kawaguchi
et al. 2024), and changes in the dynamics and distribution
of other zooplankton groups might also occur (Whitehouse
et al. 2008), ultimately driving significant changes in com-
munity composition and associated feeding interactions. One
of these demersal fish species (Notothenia rossii) has shown
initial signs of population recovery decades after previous
overfishing (Hollyman et al. 2021), whereas inferred popu-
lation declines in two species (Chaenocephalus aceratus and
Pseudochaenichthys georgianus) led to IUCN classifications
of vulnerable and endangered, respectively (Williams 2024a,
2024b). These apparently conflicting responses and the re-
liance on inference highlight the need for more information on
community structure and dynamics. Identifying how morpho-
logical traits influence prey selection will provide insight into
the possible consequences of such shifts in prey availability for
community structure. The relationships between feeding ecol-
ogy and morphology identified here will provide an important
addition to wider literature around fish morphology-diet rela-
tionships (e.g. Reecht et al. 2013, Podder et al. 2021), which
together provide greater understanding of the drivers of ma-
rine ecosystem structure. Extending the geographical coverage
of research on this topic into understudied regions such as this
will also aid the identification of generalizable relationships
across communities.

We hypothesize that dietary differences between and within
species are explained by differences in their functional traits.
We expect that predators with larger gape sizes and higher fin
ARs primarily consume fish and krill, due to their ability to
capture and consume such larger, mobile prey. Those feeding
on smaller, less mobile prey, such as benthic invertebrates or
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amphipods, will display smaller gape sizes and lower fin ARs
to provide the necessary manoeuvrability for benthic foraging.

Materials and methods

Sample collection

The demersal fish community was sampled from the FV Robin
M Lee over the South Georgia and Shag Rocks shelves be-
tween the 1st and 10th of February 2023 as part of the bi-
ennial groundfish survey conducted by the British Antarc-
tic Survey and the Government of South Georgia and the
South Sandwich Islands (under Regulated Activity Permit no.
2022/065). The survey utilized a random stratified design
across five shelf areas and two depth strata (100-200 m and
200-350 m), with 76 bottom trawls completed using an FP-
120 net (Caedmon Nets, UK; Fig. 1). See Hollyman et al.
(2023) for further details on sampling methodology. For this
study, fish were opportunistically sampled from 47 catches,
with efforts made to choose specimens representing a range of
body lengths for each species. Selected individuals were frozen
at —20°C for later analysis at the King Edward Point research
station, South Georgia.

Morphological measurements and stomach
contents dissection

We focused on a set of broad, key traits that can be easily mea-
sured in the field, namely body size, gape size, and ARs of the
caudal and pectoral fins. Each fish was thawed before being
weighed using either a small (Kern, PCB1000-2, +0.01 g) or
large (M3, WPL industries, =1 g) top-loading scale depending
on the size of the fish. For large fish (=400 mm total length,
TL), measurements of TL were recorded using a fish board
and dissecting ruler. All other specimens were photographed
using a Sony RX100i digital camera mounted on a copy stand
(Kaiser R2N), with length later measured in Image] software
(Schneider et al. 2012). Gape measurements to the nearest mm
were taken for each specimen using Vernier callipers for max-
imum vertical gape (Gheighe) and a dissecting ruler for max-
imum horizontal gape (G;gwm). The gape height and width
of each fish were then combined to estimate the maximum
oral gape area (Ggre,) using the following equation (Ward-
Campbell et al. 2005):

Garea = 7 (O-SGheight X O-SGwidth) .

Photographs were also taken of each specimen’s caudal and
pectoral fins, with the latter excised at the fin base and laid flat.
The AR of each fish’s caudal and pectoral fins was estimated
using the following equation:

2
AR ="
a
where a is the fin area (in mm) and 4 is either the caudal fin
height or length of the leading edge of the pectoral fin, mea-
sured in Image] (Pauly 1989).

Each fish stomach was dissected, with non-empty stomachs
weighed to the nearest 0.01 g. Stomach contents were grouped
according to the lowest identifiable taxonomic level, weighed,
and counted, excluding fish prey displaying no evidence of di-
gestion (probably the result of net feeding). Where stomachs
contained many individuals of a prey group, 30 individuals
were subsampled and weighed to obtain an average individ-
ual weight, which was then compared to the total weight of
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Figure 1. Distribution of haul locations from which specimens were taken, identifying the two depth zones sampled. Map generated in QGIS

3.28.0-Firenze.

those prey to estimate the total number of individuals in the
stomach.

To investigate potential changes in diet with size, each in-
dividual fish was assigned to a size class, estimated by split-
ting the range of sampled TL across the community into four
size bins of 175 mm. These were numbered 1-4 in ascending
size order (1 = 93-269 mm; 2 = 269-444 mm; 3 = 444-
620 mm; 4 = 620-795 mm). This split, whilst arbitrary, pro-
vided the best balance of sample sizes across size classes for
most species. We defined size classes at the community level
rather than at the species level to ensure that size classes were
comparable across species. The relative importance of each
prey group in the diet of each species-size class combination
was estimated from three separate measures of importance us-
ing the % index of relative importance (%IRI), calculated as

(%N; + % W;) x %FO;

%IRL; = —

100,
S (%N + %W;) x %FO;

where %FO is the percentage frequency of occurrence, %N
is the proportional abundance, and % W is the proportional
weight of each prey group in the diets of each species-size class
(Pinkas et al. 1970). We set a minimum sample size of five
non-empty stomachs, resulting in the exclusion of the largest
Parachaenichthys georgianus (size class 3) and smallest C. ac-
eratus (size class 1) (n = 2 in both cases).

Identification of feeding guilds

All analyses were conducted using R statistical software ver-
sion 4.3.0 (R Core Team 2023; see Table S1 for an overview of
the various packages used). Species-size classes were grouped

into feeding guilds with hierarchical cluster analysis, using
Bray—Curtis dissimilarities calculated from the prey %IRI val-
ues. A cutoff of 50% dissimilarity was used, as this captured
the primary dietary differences within the community whilst
avoiding the creation of single species-size-class groups (cut-
offs of 0.4 and below) and the over-grouping of taxa with rel-
atively contrasting diets (cutoffs of 0.6 and above) (Fig. S1).

Prey were grouped into broad taxonomic groups: krill
(all members of the Euphausiidae); Themisto gaudichaudii
(an abundant swarming amphipod); other non-swarming am-
phipods (primarily Vibilia sp., Primno macropa, and individu-
als of superfamily Lysianassoidea); isopods; fish; mysids; ben-
thic decapods (Notocrangon sp. and Chorismus sp.), and mis-
cellaneous benthos (including polychaetes, annelids, bivalves,
gastropods, and echinoderms which were sporadically found
in stomachs). A reanalysis combining both amphipod groups
established that this has negligible impact on the overall con-
clusions of this study; therefore, we present the original re-
sults with separated amphipod groups here (see Tables S11-
S13 and Figs. S6-S7 for the reanalysis results). Prey accu-
mulation curves fitted for each fish species-size class com-
bination showed a generally adequate level of sampling at
this resolution, with 18 out of 20 combinations including at
least 80% of predicted diet items and >70% (mean 89%)
of the predicted prey items described in all cases. Never-
theless, increased sampling for some fish species-size class
combinations would have ensured a more complete descrip-
tion of the diet, providing context for the interpretation of
our results (Fig. S2). Differences between assigned feeding
guilds were then identified using the similarity percentage
routine.
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Table 1. Species sampled in this study, including the Food and Agriculture Organization identification code for each species, the number of individuals

sampled, the range of total lengths (TL mm) of individuals sampled, and the number of non-empty stomachs.
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Species Common name Code N fish TL range (mm) Size classes N stomachs
Family Channichthyidae (icefish)

Champsocephalus gunnari Mackerel icefish ANI 135 154-573 1,2,3 88
Chaenocephalus aceratus Scotia Sea icefish SSI 119 164-622 2,3 30
Pseudochaenichthys georgianus South Georgia icefish SGI 117 187-523 1,2,3 75
Family Nototheniidae (rockcod)

Notothenia rossii Marbled rockcod NOR 75 336-795 2,3,4 66
Trematomus hansoni Striped rockcod TRH 69 169-383 1,2 61
Lepidonotothen squamifrons Grey rockcod NOS 101 100-462 1,2 86
Lepidonotothen larseni Painted notie NOL 81 93-216 1 67
Gobionotothen gibberifrons Humped rockcod NOG 104 150-572 1,2 95
Family Bathydraconidae (dragonfish)

Parachaenichthys georgianus South Georgia dragonfish PGE 92 123-434 1,2 58

The number of stomachs by size group is shown in Fig. 4.

Predator—prey size relationships

We explored the relationship between predator mass and
prey mass using a linear mixed effects model. This model
included the count-weighted average prey body mass (logo-
transformed to reduce skew and heteroscedasticity and better
fit assumptions of normality) of each prey type within each
stomach as a response, and predator body mass (logyo g) and
feeding guild plus their interaction as predictors, to identify
predator—prey size relationships specific to different dietary
groups. Average prey masses were used to minimize the poten-
tial effects that large differences in the number of individual
prey items per stomach might have on the analyses. Prey type
was included as a random effect to account for potential dif-
ferences in size relationships across prey taxa, and different
covariate weighting structures were investigated to account
for any systematic variance in the residuals (e.g. exponential,
fixed, constant). Model selection by AIC comparison was used
to identify the best random effects, variance weighting, and
fixed effects structures (in that order).

Morphological trait distributions

We first explored inter- and intra-specific trait variation to
provide context for later trait analyses. This included non-
parametric Kruskal-Wallis analysis of variance (due to non-
normality of residuals) and pairwise comparisons of trait dis-
tributions from the post-hoc Dunn’s test with Bonferroni cor-
rection. We also plotted trait-body size relationships to de-
scribe size-related trends across species.

To identify relationships between morphological traits and
feeding guild membership, the distribution of trait values
(gape area, caudal fin AR, and pectoral fin AR) across individ-
uals within each feeding guild was compared using Kruskal-
Wallis analysis of variance and Dunn’s test. We also used a
principal components analysis (PCA) based on Euclidean dis-
tance to explore the distribution of feeding guilds in multi-
dimensional trait space. To minimize the influence of individ-
ual body size on the ordination, we standardized each mea-
surement to the TL of the individual using the following equa-
tion:

TLo |”
Y¢= Y| —2
"' TL,

i )

where Y is the standardized predicted value of trait Y for
individual 7, Y; is the measured value of the trait for indi-
vidual 7, TL; is the measured TL of individual i, TL is the

mean TL for all individuals, and the parameter b is the slope
from an ordinary least-squares regression of log-transformed
Y and TL (Lleonart et al. 2000). This standardization effec-
tively adjusts the trait measurements to values they would
have if the individuals were of the average body size for
the sampled population (Lleonart et al. 2000). We conducted
this standardization for all individuals of the same species
that were assigned to the same feeding guild to reduce al-
lometric effects while still reflecting situations where differ-
ent size classes of a given species were assigned to separate
guilds.

We then implemented a Random Forest (RF) model to as-
sess whether feeding guild membership could be predicted
from the standardized morphological traits. RF modelling is
a classification tool that uses bootstraps for the prediction of
group membership and provides an indication of the relative
importance of predictor variables for partitioning individu-
als into clusters (Cutler et al. 2007). We implemented cross-
validation by randomly sub-sampling 70% of the data to cal-
ibrate the model and then using the remaining 30% for pre-
diction and repeated this 100 times to investigate the variabil-
ity around classification accuracy and relative importance of
each trait. We assessed the predictive ability of the RF model
through the true skill statistic (TSS), with values of 1 and 0
indicating perfect and completely random predictions, respec-
tively (Allouche et al. 2006).

Results

A total of 893 individuals from nine demersal fish species were
sampled for this study (Table 1). In most species, stomach con-
tents were present for the majority of individuals, although
for Scotia Sea icefish (Chaenocephalus aceratus) only 25% of
stomachs were non-empty (Table 1).

Species trait relationships

The sampled fish displayed various interspecific differences in
their traits. The icefish Ps. georgianus and C. aceratus and
rockcod N. rossii had the largest gapes, while the remain-
ing rockcods, particularly L. larseni, had the smallest gapes
(Fig. S3a). The intercepts of the species-specific gape-size re-
lationships showed a similar rank order (with the icefish Ps.
georgianus highest and G. gibberifrons and L. larseni low-
est) with consistent slopes across species (Fig. S3b). Champ-
socephalus gunnari gunnari and C. aceratus displayed the
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Figure 2. Sankey diagram depicting the trophic interactions between prey groups (left) and predators (right). Link thickness is proportional to %IRI (links
representing <1% are omitted for clarity). Node colours represent the feeding guilds determined by cluster analysis (from top to bottom: 'krill feeders’;

‘benthos feeders’; ‘Themisto and krill feeders’; ‘fish feeders’;

NOL = Lepidonotothen larseni; SGI =
NOS = Lepidonotothen squamifrons; SSI =

highest caudal ARs, and N. rossii and the icefish Ps. geor-
gianus exhibited the highest pectoral ARs, while the dragon-
fish Pa. georgianus had the lowest caudal and pectoral ARs
(Fig. S3c, e). The relationships between fin AR and body size
varied considerably between species (Fig. S3d, f).

Feeding guilds

The cluster analysis identified five feeding guilds at a 50%
dissimilarity level (Fig. 2; Fig. S4; Table S2): (i) ‘krill feed-
ers’ included all size classes of the icefish C. gunnari and Ps.
georgianus (classes 1-3), and the rockcod L. larseni (which
was only represented by the smallest size class 1); (ii) ‘ben-
thos feeders’ consumed miscellaneous benthos and isopods,
and represented all size classes of G. gibberifrons (1 and 2);
(i1i) ‘“Themisto and krill feeders’ contained all size classes of
T. hansoni (1 and 2), in addition to the smallest L. squam-
ifrons (1) and size class 2 C. aceratus, though fish were also
important in their diet; (iv) ‘fish feeders’ contained the larger
C. aceratus (3) and L. squamifrons (2), and all N. rossii (2-4);
and (v) ‘benthic shrimp feeders’, represented by the dragon-
fish Pa. georgianus (classes 1 and 2), which fed primarily on
mysids and the decapods Notocrangon sp. and Chorismus sp.

‘benthic shrimp feeders’). Numbers within boxes indicate the size class (also represented
by silhouette size), numbers in brackets indicate sample size (number of non-empty stomachs). Species codes are: ANI =
Pseudochaenichthys georgianus, NOG = Gobionotothen gibberifrons; TRH = Trematomus hansoni,
Chaenocephalus aceratus, NOR = Notothenia rossii, PGE = Parachaenichthys georgianus.

Champsocephalus gunnari,

See Table S3 for an overview of the %IRI values of each preda-
tor species-size class by prey group combination.

The final linear mixed effects model of prey mass as a func-
tion of predator mass included a random intercept for prey
type (reflecting different average body sizes for prey taxa) and
a combination of fixed variance weighting structure for preda-
tor body mass and constant variance weighting structure for
prey type (Table S4). The fixed effect structure included preda-
tor body mass and feeding guild as additive predictors, with no
significant interaction identified (Table S5). Overall, the model
identified a significant increase in prey size with predator size,
with a consistent slope but different intercepts of the relation-
ship across feeding guilds (Fs 599 = 134.80, P < .001; Fig. 3;
Table S6).

Distinguishing feeding guilds with functional traits

Significant differences in trait values between feeding guilds
were observed for all traits (Fig. 4; Tables S7-S8). ‘Fish feed-
ers’ had the largest gape areas, while ‘krill feeders’ and ‘ben-
thic shrimp feeders’ generally had intermediate gape areas,
with ‘benthos feeders’ and “Themisto and krill feeders’ having
the smallest gape areas (Fig. 4a). There were only small dif-
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Figure 3. Partial residuals plot from a linear mixed effects model of the
relationship between predator body mass and count-weighted average
prey mass consumed across feeding guilds. Each point represents one
predator. Dashed line represents the overall model fit, with shading
representing 95% confidence intervals. Solid lines represent fits for each
feeding guild. Model coefficients are provided in Table S5.

ferences in caudal fin AR across guilds, with the largest val-
ues observed in the ‘fish feeders’ and ‘krill feeders’ and the
smallest observed in the ‘benthic shrimp feeders’ (Fig. 4b).
Similarly, the ‘“fish feeders’ had the highest pectoral fin ARs,
while the ‘benthic shrimp feeders’ had significantly lower val-
ues compared to other groups (Fig. 4c). These differences be-
tween feeding guilds were captured by the PCA of length-
standardized fish traits, which consisted of three dimensions
with Dim1 and Dim2 together explaining 86% of the vari-
ance (Table S9). Dim1 was strongly correlated with gape
area and pectoral fin AR (r = 0.62 and r = 0.59, respec-
tively), while Dim2 was strongly correlated with caudal fin AR
(r = 0.84; Fig. 5a; Table S10). The PCA indicated substantial
overlap in trait space for each feeding guild, with the primary
differentiation being between the ‘fish feeders’, which gener-
ally had positive Dim1 scores, and the ‘benthic shrimp feed-
ers’, “Themisto and krill feeders’, and ‘benthos feeders’, which
generally had negative Dim1 scores and overlapped consider-
ably with one another (Fig. 5a). Additionally, ‘benthic shrimp
feeders’ were separated from the ‘Themisto and krill feeders’
guild along Dim2 (Fig. 5a). The ‘krill feeders’ were spread
across most of the trait space (Fig. 5a).

Despite the high levels of overlap in trait space for some
feeding guilds, the RF model could predict feeding guild
membership relatively well, with an average TSS score of
0.77 £ 0.12 over 100 cross-validation runs. The most impor-
tant trait for predicting guild membership was gape area (84%
relative importance), followed by caudal and pectoral fin AR
(both 8% relative importance; Fig. 5b).

Discussion

We investigated the role of morphological traits in driving
prey selection at the community level, providing insight into
the partitioning of energy flows across species and size classes

Eskuche-Keith et al.

of demersal fish. Such a trait-based understanding of trophic
interactions can ultimately be used to model community struc-
ture and function (Kierboe et al. 2018) and could thus eluci-
date how future environmental change will alter the structure
and stability of food webs.

Our analyses suggest that members of this community dis-
play differing levels of dietary specialization, with the diets
of some groups dominated by specific taxa while others are
clearly more opportunistic and generalist. The observed feed-
ing relationships are broadly consistent with previous dietary
research in the region (e.g. Targett 1981, McKenna 1991, Reid
et al. 2007, Clarke et al. 2008, Main et al. 2009, Hollyman et
al. 2021), indicating that we successfully described the broad
summer dietary niches of the studied fish. The large propor-
tion of empty stomachs observed for C. aceratus is a common
observation in other studies and may be due to a combination
of sporadic feeding and regurgitation during capture (Flores
et al. 2004).

There can, however, be interannual variability in diets (e.g.
Main et al. 2009, Hollyman et al. 2021), possibly driven by
changes in krill availability, and it is notable that the %IRI of
krill in C. gunnari diets in 2023 was the third highest in 14
years of data (see Fig. S5). Thus, our data may represent a sit-
uation in which krill were more readily available to the demer-
sal fish community than usual. Overall, the utilization of krill
by all feeding guilds highlights the key role this group plays in
maintaining energy flow within Southern Ocean food webs.
Demersal fish are themselves a major dietary component of
albatrosses, petrels, gentoo penguins, and Antarctic fur seals
(Hill et al. 20035, Reid et al. 2005, Waluda et al. 2017), indi-
cating that these fish are a key link between krill and many
top predators in the Southern Ocean.

Size-based feeding

Average prey mass increased with predator mass with consis-
tent scaling across all feeding guilds regardless of prey type,
suggesting strong size-structuring. This supports the gener-
alizability of predator—prey size relationships across feeding
guilds, suggesting that allometric scaling could be applied
more broadly to predict feeding interactions. Previous re-
search on coral reef fishes found that predator—prey size scal-
ing relationships vary with diet type, with piscivores exhibit-
ing positive allometric relationships but benthic invertivores
displaying no significant change in prey size with predator size
(Dunic and Baum 2017). The contrast with our results may be
due to methodological differences, as we used log10 masses
rather than untransformed TLs and count-averaged rather
than individual prey size. Indeed, another study on coral reef
fish which employed a similar approach to ours found signif-
icant increases in prey size with predator size for both pis-
civores and benthic invertivores, supporting our conclusions
(Coghlan et al. 2022).

The variation in the intercepts of the relationship between
predator and prey size for different feeding guilds may reflect
differences in the dietary specialization of their constituent
members. Surprisingly, the “fish feeders’ had the smallest inter-
cept, which could be due to their generalist diets consisting of a
broad range of prey sizes, including numerous very small prey
items in addition to fewer large fish prey. As fish grow, mini-
mum prey sizes often increase less steeply than maximum prey
sizes, resulting in a broadening of their trophic niche, which
may be the case for members of this guild (Scharf et al. 2000).
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In contrast, the apparent high dependence of the ‘krill feed-
ers’ on such a relatively large-bodied prey, with minor con-
tributions from other prey groups, may lead to a low trophic
niche breadth which ultimately drives the higher intercept for
this feeding guild. There were also some size-related changes
in prey selection, e.g. C. aceratus switched from a mixture of
krill, Themisto sp., and limited fish consumption to a fish-
dominated diet as they became larger, while G. gibberifrons
moved from small and relatively immobile taxa like bivalves
and gastropods to large, more mobile isopods as they grew.
These shifts indicate that these fish are potentially gape lim-
ited at smaller sizes or that their foraging behaviour changes
as they grow.

Functional traits and feeding guilds

We found that some easily measured morphological traits can
be used to distinguish feeding guilds. Gape area was the best
predictor of guild membership, and ‘fish feeders’ generally
had the largest gapes, reflecting the influence of gape limita-
tion on the diets of fish. However, the icefish Ps. georgianus
(a krill feeder) had absolute and standardized gape areas of
similar or even greater dimensions to those of ‘fish feeders’,
which suggests that prey selection by this species is not driven
solely by gape limitation. Thus, the combination of multiple
traits is important in determining trophic niches in ecological
communities. It has been proposed that the elongated head,
non-protractile jaw, and large gape of channichthyids, includ-
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ing Ps. georgianus facilitates a ram feeding mode (Bansode
et al. 2014), and this might aid zooplanktivores that feed on
swarming prey, as they can efficiently capture many prey items
simultaneously. The diets of larger Ps. georgianus also con-
tained some fish, and both Ps. georgianus and C. aceratus (‘fish
feeder’) are morphologically very similar, which indicates that
there may be further factors driving prey selection in these
species, such as possible differences in their distribution within
the water column or variation in opercular structure (Wilson
et al. 2013). At the other end of the scale, the ‘benthos feed-
ers’ had the smallest absolute and relative gape areas of all
the feeding guilds. Possession of a relatively small mouth aper-
ture correlates inversely with flow velocity (Wainwright et al.
2007) and may benefit these fish, which likely use suction feed-
ing to capture benthic epi- and infauna.

Interestingly, L. larseni had an extremely small gape area
despite being a member of the ‘krill feeders’ guild, which nor-
mally utilize large mouths to consume many prey items simul-
taneously, and the average size of krill consumed did not dif-
fer from other larger members of the ‘krill feeders’. This sug-
gests that L. larseni may target individual krill despite their
sub-optimal trait configuration, highlighting the adaptability

of the demersal fish community to incorporate such ubiqui-
tous, high energy content prey in their diet.

The fin ARs measured across this community are quite low
for fish in general (Sambilay 1990). This reflects the demer-
sal nature of these fish, as low AR typically corresponds with
lower swimming efficiency but higher manoeuvrability at low
speeds, suited to fish that inhabit benthic environments (Pauly
1989, Bridge et al. 2016). Despite the narrow range of AR
values, it was possible to distinguish some species and feeding
guilds based on this trait. For example, C. gunnari are known
to feed pelagically, which may explain their relatively high
caudal AR, as this facilitates sustained swimming (Higham
2007). Similarly, the high pectoral fin AR of the ‘fish feeders’
likely aids in capturing mobile prey, providing greater poten-
tial for efficient, lift-based swimming (Pauly 1989, Bridge et
al. 2016). The extremely low fin AR observed for the ‘ben-
thic shrimp feeders’ may be closely tied to the ecology of their
main prey (mysids and the decapods Notocrangon spp. and
Chorismus spp.), which spend much of their time either par-
tially buried in substrate or perched on sponges (Gutt et al.
2004). Low pectoral fin AR, representing greater manoeuvra-
bility and stability at low speeds (Higham 2007), may pro-
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vide this group with the mobility required to position them-
selves rapidly and accurately in relation to these individual
prey items. Additionally, malacostracan crustaceans, includ-
ing shrimps, are capable of rapid ‘tail-flip’ antipredator escape
responses (Arnott et al. 1998); therefore, the high acceleration
potential provided by very low caudal AR may allow the ‘ben-
thic shrimp feeders’ to strike and capture their prey before they
are able to flee. The remaining guilds are more difficult to dis-
tinguish by their fin morphology alone, suggesting either that
similar swimming capabilities are required for feeding on krill,
amphipods, and benthic taxa, or that their fin morphology is
not tied strongly to their diet.

Further considerations

While our simple morphological traits proved useful for dif-
ferentiating some feeding guilds, we also conclude that there
is a significant region of shared trait space between certain
guilds, which could hinder efforts to identify generalizable
trait-diet relationships in this community. In particular, the
‘krill feeders’ guild displayed a broad range of morphologies
which overlapped with all other guilds, suggesting that krill
were readily available to fish regardless of their morphology
and behaviour. Euphausia superba is traditionally considered
a pelagic species which spends most of its time in epipelagic
waters, but there is evidence that krill-benthos interactions are
common, with large krill swarms often observed close to the
seabed and krill found in the diet of strictly benthic species
like the benthic skate Amblyraja georgiana (Main and Collins
2011, Schmidt et al. 2011). Plasticity in krill behaviour may
mean they act as both a swarming prey in the water column
for bentho-pelagic predators to feed on and also come into
contact with the epibenthos, where they become available to
benthic feeders. The combination of such widespread accessi-
bility and the high energetic value and general abundance of
krill makes them a suitable prey item for fish displaying a wide
variety of trait configurations. This further highlights the key
role of krill within Southern Ocean food webs, indicating that
they effectively bridge the ecological niches otherwise imposed
by longer-term morphological evolution.

The density and availability of krill to shelf predators
around South Georgia varies interannually (Fielding et al.
2014) and, as noted above, availability may have been high
during sampling for the current study. Competition theory
holds that niche partitioning should increase as resources be-
come limited, with predators focusing on the prey they are best
suited to exploit, thereby promoting coexistence (Schoener
1982). The link between morphology and diet might there-
fore become clearer in periods of krill scarcity when lev-
els of dietary segregation within the groundfish community
may increase as species match their longer-term evolution-
ary niches. Continued monitoring of diets across the whole
demersal community, including over different seasons, would
provide insight into such competitive dynamics and could re-
veal temporal shifts in the importance of different prey taxa.
For example, amphipods such as T. gaudichaudii are widely
consumed by Southern Ocean fish, squid, seabirds, and ma-
rine mammals (Padovani et al. 2012, Havermans et al. 2019),
and our results highlight their role in supplementing the diets
of many demersal species around South Georgia. These am-
phipods might therefore provide an alternative resource for
demersal fish around South Georgia during periods of low
krill availability, although the extent to which they could sup-

port the total energy requirements of the groundfish commu-
nity requires further study (Kock et al. 1994).

Further studies on the links between morphological traits
and diet will help elucidate the evolutionary constraints on
prey selection. The traits used in this study represent broad
and easily measurable morphological features expected to in-
fluence feeding, but there are likely to be further fine-scale
morphological features that could be investigated in future
studies. For example, jaw length is linked to stealth and jaw
closing speed and may therefore influence prey selection (Ferry
et al. 2015), mouth position relates to feeding mode and habi-
tat association (Helfman et al. 2023), and gill raker morphol-
ogy determines feeding mode and minimum prey size (Mac-
nuson and Heitz 1971). Ultimately, predator—prey interac-
tions are determined by the combination of traits exhibited by
both predator and prey individuals, including mobility, body
size, physical and chemical defences, camouflage, visual acu-
ity, feeding method, and habitat association (Spitz et al. 2014,
Weigel and Bonsdorff 2018). It will therefore be important
to consider the traits of prey alongside those of their preda-
tors when further investigating the drivers of feeding inter-
actions. Detailed predator—prey trait matching could also fa-
cilitate analyses of the drivers of predation at the individual
level by capturing the fine-scale variation in trait space across
predator diets. By describing the distribution of traits across
the available prey assemblage, it is also possible to investi-
gate how environmental change alters the suitability of the
prey field for different predators (Weigel and Bonsdorff 2018),
which will be a powerful tool for predicting the ecological
consequences of climate change.

Conclusion

This study provides a baseline understanding of how morpho-
logical traits underlie the ecology of Southern Ocean demer-
sal fish. We identified gape size and, to a lesser degree, fin ARs
as key predictors, with individuals that feed primarily on fish
exhibiting larger gapes and ARs, while those feeding on ben-
thic invertebrates and amphipods had smaller trait values. We
also found that fish with diets dominated by krill exhibited a
variety of morphological trait combinations, highlighting the
key role that krill play in supporting the food web regardless
of predator morphology. Continued investigation of the links
between functional traits and prey selection will aid the pro-
duction of generalizable community models to answer ques-
tions regarding trophic dynamics in marine food webs and the
implications of abiotic change.
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