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Abstract Many life-history events in aquatic inver-
tebrates are triggered by seasonal changes in water
temperature, but other ecological factors may be
important as well. To rule out the confounding effects
of changing water temperature, we studied the
seasonal dynamics of an aquatic invertebrate commu-
nity and their effect on a top fish predator in a
thermally stable freshwater spring in South Iceland.
We sampled benthic invertebrates five times over a
year and conducted a mark-recapture study on the top
predator in the system, small benthic Arctic charr,
Salvelinus alpinus (L.). We assessed variation in diet
composition and feeding preferences by calculating
the electivity and individual specialisation of each fish
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at each sampling time. There was a clear separation of
winter and summer communities for the benthic
invertebrates. The variation in prey availability was
also reflected in the fish diet, with higher feeding
selectivity in summer than in winter for the highly
abundant Chironomidae larvae. In contrast, individual
specialisation as a measure of intrapopulation niche
variation was higher in winter when prey availability
was lower. We furthermore found that groundwater
amphipods might play an important role in the winter
diet of spring-dwelling Arctic charr. In conclusion,
seasonal variation in the invertebrate community is an
important factor to consider and has the potential to
alter the phenotype (e.g. growth rates) and behaviour
(e.g. feeding preferences) of higher trophic levels.

Keywords Feeding selectivity - Individual
specialisation - Arctic charr - Salvelinus alpinus -
Phenology

Introduction

Temperature determines the metabolic demands of all
ectothermic organisms (Brown et al., 2004). Water
temperature is thus a crucial factor shaping individual
life-histories, community composition, and food webs
in freshwater ecosystems. Seasonal temperature
change is a cue that triggers life-history events in
many aquatic invertebrates (e.g. emergence and
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diapause) (Ward & Stanford, 1982). Altered temper-
atures can also lead to changes in community compo-
sition and food web structure in freshwater ecosystems
(Petchey et al., 1999; Burgmer et al., 2007; Shurin
et al., 2012; O’Gorman et al.,, 2017, 2019). For
example, increasing temperature can lead to greater
fish production, driven by behavioural changes in
feeding selectivity and altered energy flow through the
food web (O’Gorman et al., 2016).

Because temperature affects organisms on so many
different levels, it can be hard to disentangle temper-
ature effects from other variables in ecological field
studies. Here, we take advantage of a natural setting in
which temperature is independent of major seasonal
changes, a thermally stable groundwater-fed spring, to
study the seasonal variation in its invertebrate com-
munity and the diet of a fish predator. Freshwater
springs are stable environments with little seasonal
fluctuation in temperature, pH, conductivity, and
oxygen concentration (van der Kamp, 1995; Szczucin-
ska & Wasielewski, 2013). Nevertheless, there are
clear seasonal differences in the aquatic invertebrate
communities of springs (Nolte, 1991; Bottazzi et al.,
2011; Berlajolli et al., 2019). These seasonal differ-
ences are mostly driven by aquatic insects with an
aerial dispersal stage (e.g. Diptera, Trichoptera, Ple-
coptera), whose larvae dominate the invertebrate
community in spring and summer, whereas wholly
aquatic taxa (e.g. Ostracoda, Copepoda, aquatic
Coleoptera) are relatively more abundant during the
winter months. Thus, the summer and winter inverte-
brate communities in springs are notably different
(Berlajolli et al., 2019). Seasonal variation in inver-
tebrate abundance and community structure can have
implications for higher trophic levels. Prey availability
can affect a predator in various aspects and at various
life stages, for example in relation to morphology
(Kristjansson et al., 2012; Kristjansson & Leblanc,
2018), growth rates (Amundsen et al., 2007; O’Gor-
man et al.,, 2016), and feeding behaviour (Emlen,
1966; O’Gorman et al., 2016).

Optimal foraging theory predicts feeding strategies
to be a trade-off between resource quality, distribu-
tion, and abundance (Emlen, 1966; Stephens & Krebs,
1986). When prey availability in the environment is
scarce, a generalist predator could consume a broad
selection of the mixed quality prey it encounters,
minimising time spent foraging; or it may invest more
effort into searching for nutrient-rich prey,
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maximising the energy gained from a smaller quantity
consumed (Schoener, 1971). When prey availability is
high, it might be even more beneficial to actively
select prey items with the highest energetic gain
(Emlen, 1966). In that case, we would expect a
consumer to feed more selectively when prey abun-
dance is high. Selective feeding behaviour, where
consumers actively choose high quality resources over
more abundant, lower quality resources has been
documented for a wide range of animals, including
insects (Haslett, 1989; Klecka & Boukal, 2012), birds
(Zwarts & Blomert, 1990; Schaefer & Schaefer,
2006), mammals (Evans et al.,, 2006; Jones &
Norbury, 2011), and fishes (Uieda & Pinto, 2011;
Tofoli et al., 2013; O’Gorman et al., 2016).

To evaluate resource use at the individual level, one
can compare the diet of an individual to the food
availability in the environment, for example using
indices of feeding selectivity. Another approach is to
calculate the individual diet specialisation, which
measures the proportion of the dietary niche of the
whole population used by an individual (i.e. the
intrapopulation niche variation) (Bolnick et al., 2002).
To estimate individual diet specialisation, an individ-
ual’s diet is compared to the population’s diet, rather
than to food availability in the environment. Quanti-
fying diet with both methods gives the best overview
of individual variation in resource use. Individual diet
specialisation is common in many animal groups
(Araujo et al., 2011) and likely ubiquitous in nature.
But the levels of individual specialisation may vary
among populations of the same species (Bolnick et al.,
2003, Aragjo et al., 2011, Kristjansson & Leblanc,
2018), and depend on a variety of ecological factors
such as intra- and inter-specific competition, preda-
tion, parasitism, and diversity and availability of
resources (Darimont et al., 2007; Costa et al., 2008;
Araujo et al., 2011; Svanbidck et al., 2011; Tinker
et al., 2012; Britton & Andreou, 2016). There is
evidence that individual diet specialisation is flexible
within the same individual and varies with environ-
mental conditions (Zango et al., 2019). For example,
diet specialisation has been found to be higher when
resource availability is low (Svanbick et al., 2011).

Individual specialisation has been studied in north-
ern freshwater fishes, including Arctic charr [Salveli-
nus alpinus (Linnaeus, 1758)] (Kristjansson &
Leblanc, 2018). Arctic charr is known for its high
diversity (Klemetsen, 2013), and several discrete
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morphs often occur in sympatry, differing in mor-
phology (Skulason et al., 1989), genetics (Skiilason
et al., 1996), preferred habitat (Kristjansson et al.,
2012), and diet (Malmquist et al., 1992). One of the
morphs, the small benthic (< 15 cm adult length), is
often found in springs and spring-fed streams and
ponds (Kristjansson et al., 2012), and represents one of
the top predators in Icelandic freshwater springs.

In this study, we investigated how seasonal varia-
tion in abundance and composition of an aquatic
invertebrate community affects a top fish predator,
independent of the confounding effects of seasonal
temperature change. We hypothesised that: (1) the
benthic invertebrate community varies between sea-
sons, with distinct winter and summer communities;
(2) changes in invertebrate community composition
are reflected in the diet of Arctic charr; and (3) feeding
selectivity of Arctic charr is higher and individual
specialisation lower in seasons with high invertebrate
abundance.

Materials and methods
Sampling site

The study site was the spring of the small stream
Skardslekur (64°00.306' N 20°07.110' W, 103 m asl)
in South Iceland. Groundwater emerges from several
distinct sources and runs off as shallow streams
(depth < 0.5 m), merging into a single main channel a
few meters downstream. The substrate of the stream is
mainly comprised of lava rock near the spring sources
and smaller stones, gravel, and sand farther down-
stream. Small benthic Arctic charr are common in the
spring region and even seek shelter in the sources
(Kristjansson et al., 2012). Arctic charr are seemingly
scarce in the main channel, where the substrate is
predominated by sand. The total surface area fished at
each sampling occasion was 333 m?, subdivided into
six smaller sampling zones: a, b, c, d, e, and f (Fig. 1),
which differed in substrate characteristics and number
of spring sources. Temperature, electric conductivity,
oxygen saturation, and pH of each sampling location
were measured on each sampling occasion, using a
Hydrolab DS5 multi-probe sonde (Hach Hydromet,
Loveland, CO, USA). In addition, a HOBO temper-
ature logger (Onset Computer Corporation, Bourne,

MA, USA), measuring at 2-h intervals, was placed at
the site for 1 year to provide a detailed thermal profile.

Fish processing

We conducted a mark-recapture study between May
2017 and March 2018, visiting the site five times
during that period (in May, June, August, October
2017, and March 2018). On each sampling occasion,
fish were captured by electrofishing and processed on-
site. Fish were anesthetised with 2-phenoxyethanol
(300 ppm), and fork length and wet weight were
measured for every individual. Stomach contents were
collected for diet analysis of fish with a fork length
> 55 mm by inserting a plastic catheter attached to a
syringe through the mouth as far as the anterior part of
the stomach and flushing its content out with clear
water (Meehan & Miller, 1978). Invertebrates in the
stomach samples were preserved in 70% ethanol until
identification. Fish with a fork length > 65 mm were
then tagged by implanting a Passive Integrated
Transponder (PIT tag, 12 mm HDX, Oregon RFID,
Portland, OR, USA) through a small incision into the
abdominal cavity upon first capture. Each PIT tag has
a unique code which can be read by a handheld field
scanner (Tags4all Inc., Mitchell, Ontario). After
processing, the fish were allowed to recover before
they were released back into the spring at the location
where they were caught.

Population density, biomass, and growth rate
of Arctic charr

Population size (N) of Arctic charr was estimated
using the Petersen estimator N = mrx", with m = total
number of marked fish in the system, ¢ = number of
fish captured, and » = number of marked fish recap-
tured (Robson & Regier, 1964). Population size was
calculated for June, August, and October, and aver-
aged. We did not estimate population size for March,
due to a very low recapture rate of only four fish, and
because numbers would have been biased due to
removal of fish from the spring for behavioural studies
in the laboratory after the sampling in October.
Population density (D) in the spring was then
estimated as D = N/A, with A = surface area fished.
Population biomass (B) was calculated as B = M x D,
with M = mean body mass during sampling event.
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Fig. 1 Map of the spring region of the study stream, Skardslakur in South Iceland. Lines and letters (a, b, ¢, d, e, f) indicate division of
the site into different sampling zones. The star in the figure inset shows the location of the sampling site in South Iceland

Growth rate (G) between sampling events was calcu-

lated as G = MZ;M‘, with M; and M, as initial and final

weight of recaptured fish in grams, and ¢ = number of
days between sampling events. We calculated the
body condition of the fish according to Barnham &

Baxter (1998) as K = 1°5L§W, with W = weight in

grams and L = fork length in millimetres.

Invertebrate availability and diet composition

To study seasonal variation in the invertebrate com-
munity and estimate prey availability in the habitat, we
collected invertebrates from the benthic substrate of
the spring. Due to logistical reasons, samples were
only taken at two zones of the spring (a and d, Fig. 1)
on each sampling occasion, using a 0.093 m” Surber
sampler with 63 pm mesh. Arctic charr feed in a
variety of microhabitats in streams, such as stony
substrate, macrophytes, and near the banksides. Thus,
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one Surber sample was collected from each of these
three microhabitats and pooled, resulting in a sampled
surface area of 0.279 m® per sample. Samples were
stored in 70% ethanol until processing.

Invertebrates in the samples were counted and
pooled into nine groups to facilitate comparison
between the benthos and the diet of Arctic charr, i.e.
there would be too many zeros in the dataset if
comparisons were performed on a species-level basis
(see also O’Gorman et al., 2016). The nine prey groups
were: Chironomidae larvae, Ostracoda, Copepoda,
Acarina, Trichoptera larvae/Plecoptera nymphs,
predatory Diptera larvae [not including Chironomi-
dae, and largely consisting of Limnophora riparia
(Fallén, 1824)], Oligochaeta (including earthworms),
aerial insects (largely consisting of adult stages of
Diptera, Plecoptera, and Trichoptera), and miscella-
neous rare taxa (including Cladocera, Amphipoda,
aquatic Coleoptera larvae and adults, and
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Collembola). Note that organisms in the miscella-
neous group were occasionally found in fish stomachs,
but were absent in the benthic samples (except for
Cladocera). Since the aerial and miscellaneous groups
were not systematically sampled and only stochasti-
cally represented in the benthic samples, a comparison
between their relative abundance in the fish diet and in
the environment was not possible, and they were thus
excluded from the analysis of feeding selectivity. Fish
with empty stomachs (n = 61 out of 692) were also
excluded from further analysis.

The selectivity (S;) of Arctic charr feeding on each
of the prey groups was calculated as:

b
Yi1di/b’

where d and b were the relative abundance of each

prey group in the diet and in the benthic invertebrate
samples, respectively (Chesson, 1983). We then
calculated the Relativized electivity index E; (Van-
derploeg & Scavia, 1979; Lechowicz, 1982), as:

=5 (s,

where n = number of prey groups available. Values of
E; range from —1 to 41, with negative values
indicating avoidance of prey, positive values indicat-
ing selection, and a value of zero indicating random
feeding.

To estimate individual specialisation (i.e. the diet
overlap between an individual and the population as a
whole), we used the proportional similarity index:

PS;=1-0.5%) |pj— qj]
J

hY

where p;; is the proportion of the j-th prey group
consumed by the population which is also consumed
by individual 7, and g; is the proportion of the j-th prey
group in the population’s diet (Schoener, 1968;
Feinsinger et al., 1981; Bolnick et al., 2002). PS;
values range from O (strong specialisation) to 1
(generalisation). We then calculated the population-
wide prevalence of individual specialisation, IS, as the
average of an individual‘s PS; values for each
sampling month. §;, E;, and PS; were calculated only
for fish with prey items in their stomachs.

Statistical analysis

All statistical analyses were performed in R 3.4.1 (R
Core Team, 2016). Multivariate analyses were
required throughout because changes in the relative
abundance of, electivity for, or individual specialisa-
tion on a particular prey group will implicitly result in
altered relative values of one or more of the other prey
groups. Differences in the benthic invertebrate com-
munity in the spring and in the diet composition of
Arctic charr between sampling months were analysed
using a permutational multivariate analysis of vari-
ance (PERMANOVA; adonis function in the vegan
package; Oksanen et al., 2017). A similarity percent-
age analysis (SIMPER; simper function in the vegan
package) based on Bray—Curtis distances was per-
formed to compare taxonomic differences in inverte-
brate community and diet composition between the
five sampling months. The effects of sampling month,
sampling zone in the spring, body length, and body
condition of fish (explanatory variables) on the
feeding electivity, E;, and individual specialisation,
PS;, (response variables) were tested with a PERMA-
NOVA and visualised with non-metric multidimen-
sional scaling (NMDS). The weighted averages of the
prey groups were calculated (wascores function in the
vegan package; Oksanen et al., 2017) and shown in the
NMDS plots to identify prey groups that were driving
electivity and individual specialisation. Dissimilarity
matrices were based on Euclidean distances, which is
appropriate when zero-values (here: no selectivity) are
relevant to the hypothesis being tested (Clarke et al.,
2006).

Results
Environmental variables

The water temperature of the spring was extremely
stable over the course of the year at 5.5 £ 0.26°C
(mean = standard deviation). The lowest temperature
measured was 4.8°C and the highest was 7.4°C. The
daily fluctuation in water temperature ranged from
0.03 £ 0.048°C in January to 0.60 £ 0.487°C in July.
Other environmental variables were also similar on the
five sampling occasions, with average oxygen satura-
tion of 75.2 £ 0.99%, pH of 7.3 £ 1.03, and conduc-
tivity of 138 4 29.7 pS cm™'. This confirms the
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environmental and thermal stability of the Skardslz-
kur spring, providing a semi-controlled experimental
setting.

Population density and growth rate of Arctic charr

Among a total of 472 tagged fish, we obtained 55
recaptures, with a few individuals recaptured multiple
times. The population size (N) of Arctic charr in the
spring region of Skardslaekur was estimated to be 1920
(£ 244) fish, resulting in a population density of 5.8
fish m~2. Fish were not captured evenly across the
sampled area but mainly close to the sources. Popu-
lation biomass (B) was highest in May at 32.48 g m ™,
and lowest in March at 22.04 g m2 (Table 1).
Average growth rates were highest between June and
August at 0.13 £ 0.103 mm d~', as opposed to
0.09 4 0.060 mm d~' between August and October,
and 0.04 £ 0.031 mm d~' between May and June.

Seasonal variation in invertebrate community

The total abundance of invertebrates in the benthic
samples varied over the year, ranging from 1306 in
May to 5967 in June (Table 1). Chironomidae larvae
were by far the most abundant group on all five
sampling occasions, reaching up to 4591 individuals in
June. The second most abundant group were Ostra-
coda, with a maximum abundance of 587 in August.
Other invertebrate groups were less abundant but still
exhibited clear seasonal changes, for example larvae
of Trichoptera/Plecoptera and predatory Diptera were
most abundant in October, while Copepoda and
Acarina peaked in June. The invertebrate community

in the spring differed between sampling months,
supporting our first hypothesis (Fp = 3.80, 1> = 0.75,
P =0.022, Dfyione = 4, DfResiduats = 5; Fig. 2a). The
highest average between-groups dissimilarities based
on the SIMPER analysis were between June and
March (65.9%) and May and June (64.8%), the lowest
between August and October (15.7%). Dissimilarities
of pairwise comparisons between the other months
ranged from 31.7% (May—March) to 45.7% (August—
March). The taxa contributing most to these differ-
ences were Chironomidae larvae, followed by Oligo-
chaeta (Fig. 2a).

Diet composition, feeding selectivity,
and individual specialisation of Arctic charr

The most abundant prey groups in the stomach
samples were Chironomidae larvae (with a total of
15 233 in 635 Arctic charr stomachs), followed by
aerial insects (1714), the miscellaneous group (150),
predatory Diptera larvae (1226), and Ostracoda (826).
As for the benthic invertebrate community, there was
seasonal variation in the abundance of prey groups in
the diet, for example the highest abundance of
Ostracoda and Acarina occurred in March (Fig. 2b).
The miscellaneous group in the diet was dominated by
groundwater amphipods in March, but consisted
mainly of Cladocera and aquatic Coleoptera in all
other sampling months. The proportion of fish caught
with empty stomachs was higher in winter and early
summer, with 12% in March and 16% in May,
compared to 6-7% in June, August, and October.
Note that these patterns mirror total invertebrate
abundance in the environment (Table 1). For fish with

Table 1 Temporal distribution of invertebrates in the benthic habitat of the spring and in the stomachs of Arctic charr

Month Total invert. Total stomachs Prey items Prey groups B PS;

[g*m’]
May 1306 99 (16 empty) 34 + 445 23+ 1.12 32.48 0.71 £ 0.22
June 5967 181 (13 empty) 22 + 42,6 224122 29.00 0.69 £+ 0.16
August 3318 146 (11 empty) 44 £ 752 2.6+ 123 30.74 0.76 + 0.14
October 3000 183 (11 empty) 33 £ 509 3.0 £ 1.47 31.32 0.65 + 0.16
March 1379 83 (10 empty) 19 + 289 2.6 £ 1.28 22.04 0.44 £+ 0.16

Columns include the total number of invertebrates in the benthic samples (Total invert.), the total number of fish stomachs examined
(with number of empty stomachs in brackets), average number of prey items per fish (£ standard deviation), average number of prey
groups per fish (£ standard deviation), population biomass (B) [g*m?], and average individual specialisation (PS; + standard

deviation) in the diet. The values of PS; range from O (strong specialisation) to 1 (generalisation)
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Fig. 2 Invertebrate composition in a the benthic samples and
b Arctic charr stomachs over the five sampling months. The
number of stomachs sampled in each month is shown in Table 1.
Prey groups are abbreviated in the legend as follows: Chiro

prey in their stomachs, the average number of prey
items per individual (&4 standard deviation) was
31 £ 53.6, belonging to 2.5 £ 1.32 of the nine
invertebrate groups (Table 1). The diet composition
of Arctic charr differed between sampling months,
supporting our second hypothesis (Fp = 27.56,
= 0.16, P = 0.001, Dfyionn = 4, Dfgesiduats = 599;
Fig. 2b). The highest dissimilarities in the diet com-
position were between May and June (64.9%) and
June and March (65.9%), and the lowest between
August and October (15.7%) (SIMPER analysis).
The large number of Chironomidae larvae in the
fish stomachs reflected their abundance in the benthic
environment, and they were often proportionally
higher in the diet compared to the benthos (Fig. 3a).
Invertebrate groups such as Acarina, Trichoptera/
Plecoptera larvae, and predatory Diptera larvae, were
also proportionally high in the diet compared to the
benthic samples (Fig. 3d, e, f). On the other hand,
Ostracoda and Oligochaeta were proportionally low in
the diet on all sampling occasions (Fig. 3b,g) despite
their high abundance in the benthic samples. This
suggests selective feeding of fish, but median values of
E; were negative (indicating avoidance of prey) for all
prey groups and all sampling months, except for
Chironomidae larvae in June (Fig. 4). However, there
was large variation in E; among fish (Fig. 4), and

(Chironomidae larvae), Ost (Ostracoda), Cop (Copepoda), Aca
(Acarina), Tri.Ple (Trichoptera/Plecoptera larvae), Dip (preda-
tory Diptera larvae), Oli (Oligochaeta), aer (aerial insects), and
misc (miscellaneous)

several individuals showed feeding preferences for
Chironomidae larvae throughout the year (Fig. 4a), for
predatory Diptera larvae in August, October, and
March (Fig. 4f), and for Trichoptera/Plecoptera larvae
(Fig. 4e) in March. There was no clear general pattern
linking feeding selectivity to total invertebrate abun-
dance in the environment, in contrast to our third
hypothesis (Table 1). While fish preferred some prey
groups such as Chironomidae, Copepoda, and Oligo-
chaeta in June (when total invertebrate abundance was
high), there was a stronger preference for Ostracoda
and Trichoptera/Plecoptera in March (when total
invertebrate abundance was low).

Sampling months, sampling zone in the spring, and
body length of fish contributed to the individual
variation in relative electivity between fish (Table 2a).
Body length was positively correlated with a prefer-
ence for predatory Diptera larvae (Fig. 5a). Although
body condition was marginally non-significant in the
PERMANOVA (Table 2), it was positively correlated
with a preference for Trichoptera/Plecoptera larvae
and predatory Diptera larvae (Fig. 5a).

Average individual specialisation (PS;) was much
higher in March than during the summer, as reflected
by a low PS; value (Table 1), indicating that individ-
uals in the population became more specialised in
winter than in summer. The highest individual
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Fig. 3 Relationship between invertebrate groups in the diet of
Arctic charr and their availability in the benthic environment.
The average proportion of invertebrate groups in the stomach
samples (mean =+ standard error) are plotted against the average
proportion of those groups in the benthos for each of the five
sampling months, which are indicated with a label next to the
data point that corresponds to each sampling month. The black

specialisation in March coincided with the time of the
lowest invertebrate abundance, partially supporting
our third hypothesis (Table 1). Variation in individual
specialisation for the nine prey groups was influenced
by sampling months, sampling zone in the spring, and
body length of fish, but not by body condition
(Table 2b). Smaller fish in the population specialised
more on Ostracoda and Acarina as food items, whereas
bigger fish specialised more on Oligochaeta, particu-
larly large earthworms (Fig. 5b).

Discussion

The benthic invertebrate communities in Skardslekur
in winter (March) and spring (May) were analogous to
each other, but very dissimilar from the communities
in summer (June and August) and autumn (October),
which were in turn very similar. This grouping into
winter/spring and summer/autumn communities sup-
ports our first hypothesis and is in line with the results
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line is a regression line with a slope of 1; points below the line
indicate that the item is more abundant in the environment than
in the diet; points above the line indicate that the item is more
abundant in the diet than in the environment. Note that aerial
insects and the miscellaneous group were not adequately
sampled in the environment and thus are not shown in the figure

of a study on the seasonality of invertebrate commu-
nities in mountain springs in Kosovo (Berlajolli et al.,
2019). The high dissimilarity between consecutive
months in May and June suggests a rapid transition
between spring and summer, possibly triggered by
emergence and oviposition of aquatic insects with an
aerial adult stage.

The seasonal variation in abundances seen in the
benthic invertebrates can mostly be explained by the
life-histories of the taxa. Many crustacean species (e.g.
Cladocera and Ostracoda) undergo a clear seasonal
periodicity, with very low abundances during the
winter when reproduction ceases and populations
consist mainly of resting stages (eggs and diapausing
individuals) (Pennak, 1953). Similarly, many water
mites (Hydrachnidia) are less active during winter
months and most adults are generally found in spring
and early autumn, though seasonal dynamics vary a lot
among species (Pennak, 1953; Schmidt, 1969). Many
aquatic insects with an aerial adult stage emerge in
early spring to late summer, and oviposit shortly after.
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Sampling month

Fig. 4 Distribution of relative electivity E; of Arctic charr on
five sampling occasions (May, June, August, and October 2017,
and March 2018). Boxplots show the interquartile range (box) of
the data point distribution, minimum and maximum values
(whiskers), the median (black line), and outliers (dots). A
positive value (above the dotted line) of E; indicates selectivity

for the prey group, whereas a negative value (below the dotted
line) indicates avoidance of the prey group. Note that aerial
insects and the miscellaneous group were not adequately
sampled in the environment and thus E; was not calculated for
these prey groups

Table 2 Depen.dency of Response variable Explanatory variable Df Fp r P-value
explanatory variables on
(a) relative electivity (E;) (@) E;
and (b) individual Sampling month 4 13.853 0.087 <0.001 %%
specialisation (PS;) of ) s
Arctic charr Sampling zone 5 2.387 0.019 <0.0077%*
Body length 1 5.533 0.009 <0.001%**
Body condition 1 1.970 0.003 0.082
Residuals 559 0.882
(b) PS;
Asterisks () indicate the Sampling month 4 31.139 0.178 <0.001***
level of significance for Sampling zone 5 1.653 0.018 0.043*
each P-value (where Body length 1 5.592 0.008 0.002%*
* <0.05, ** <0.01, and Body condition 1 0.527 0.001 0.727

%k <0.001)

For example, the flight and oviposition periods in
Iceland for the dominant Trichoptera in the benthic
samples, Limnephilus griseus (Linnaeus, 1758) and
Limnephilus affinis Curtis, 1834, are between late
March and October (Gislason, 1992). All larval instars

can be found during most of that time, and the October
peak in abundance of Trichoptera larvae seen in our
data marks the end of the reproductive season before
the winter mortality of larvae begins (Gislason,
1978, 1992).
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Fig. 5 Non-metric multidimensional scaling (NMDS) plots
illustrating the (a) relative electivity (E;) and (b) individual
specialisation of Arctic charr in the study stream. The five
sampling months are coded by symbols and colours (defined in
the legends of each panel), with coloured ellipses indicating the
confidence region for the centroids of each month. The weighted
averages of prey groups are indicated with black text, and their
correlations with body length and body condition of fish are
indicated with grey vectors and labels. Body condition did not
explain significant variation in individual specialisation (see

Since water temperatures were stable over the year
in the studied spring system, invertebrate life-history
events like hatching, emergence, or end of dormancy
must be triggered by other cues. Multiple variables,
both internal (e.g. sex, body size) and environmental
(e.g. photo- or hydroperiod, chemicals in the environ-
ment), can interact to determine the onset of life-
history events in invertebrates (Nylin & Gotthard,
1998; Shama & Robinson, 2006). Possible candidates
for environmental cues acting on aquatic insects are
changes in photoperiod (Lutz, 1974), primary produc-
tion, and thus food availability for primary consumers
(Anderson & Cummins, 1979).

The SIMPER analysis revealed the same pattern of
pairwise dissimilarities between the diet composition
of Arctic charr in different months as for the benthic
invertebrate communities in those months, supporting
our second hypothesis. The diet composition of Arctic
charr was similar during winter/spring (March and
May) and during summer/autumn (June, August, and
October), but differed between these two periods.
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Table 2), so no vector is shown. Note that the direction of a
vector indicates whether prey groups are positively (or
negatively) correlated with it and the further the centroid of a
group is along (or in the opposite direction to) the vector, the
stronger the correlation. Prey groups are abbreviated as follows:
Chiro (Chironomidae larvae), Ost (Ostracoda), Cop (Cope-
poda), Aca (Acarina), Tri.Ple (Trichoptera/Plecoptera larvae),
Dip (predatory Diptera larvae), Oli (Oligochaeta), aer (aerial
insects), and misc (miscellaneous)

Dominant prey groups in the fish stomachs, such as
Chironomidae larvae and Copepoda, partly reflected
invertebrate availability in the environment (Fig. 3).
The high proportion of aerial insects in the fish diet in
June (Fig. 2b) coincided with emergence and ovipo-
sition of most aquatic insects (Hannesdottir et al.,
2013), during which fish can easily pick them off from
the water surface. Mass emergences of Chironomidae
are known to be a critical energy subsidy for fish and
ducks (Einarsson & Gardarsson, 2004; Einarsson
et al., 2004).

There was no clear evidence that Arctic charr
exhibited stronger feeding selectivity for invertebrate
groups when their availability in the environment was
high, in contrast to our third hypothesis. One clear
exception to this was for Chironomidae in June,
coinciding with their highest absolute abundance in
the environment (Fig. 4a). Note that many species of
Chironomidae larvae are in their last and largest larval
stage before pupation around this time of year
(Hannesdottir et al., 2013), and thus are potentially
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more attractive prey items. In contrast, the feeding
preference of fish for Trichoptera/Plecoptera larvae
was highest in March, when general invertebrate
availability was low (Figs. 3e,4e). Arctic charr also
tended to prefer predatory Diptera larvae in August
and October (Figs. 3f,4f), even though they were
among the rarest invertebrate groups in the environ-
ment (Fig. 2). The protein-rich diet of predatory
Diptera larvae may make them a more profitable food
source than primary consumers (Cummins & Klug,
1979; O’Gorman et al., 2016). In support of this, fish
with a better body condition were found to prefer
predatory Diptera larvae, whereas fish with a feeding
preference for Chironomidae larvae were associated
with a poorer body condition (Fig. 5a). It seems that
fish are not achieving the best body condition if they
feed on the small, abundant prey in the system, but
rather when they feed selectively on large, rare, and
more energetically valuable resources. Similarly,
brown trout (Salmo trutta Linnaeus, 1758) has been
shown to invest more time in finding large, rare prey in
energetically demanding environments (O’Gorman
et al., 2016). Body condition could thus be a direct
result of the choice of prey, or the choice of prey may
be dictated by constraints imposed by body condition,
mediated for example through competition as dis-
cussed below.

Seasonal variation in the abundance of the miscel-
laneous group in the fish diet was likely due to
differences in the ecology (e.g. timing of reproduction,
microhabitat use) or phenotype (e.g. body size)
between the constituent taxa. Cladocera and aquatic
Coleoptera were prevalent in the fish diet in October
and groundwater amphipods in March. All amphipods
found in the stomach samples belonged to Crangonyx
islandicus Svavarsson & Kristjansson, 2006, with the
exception of a single Crymostigius thingvallensis
Kristjansson & Svavarsson, 2004. Both amphipod
species are endemic to Iceland, but whereas the former
is relatively common in cold springs across the
country (Kristjansson & Svavarsson, 2007), the latter
is rare. This is only the second time C. thingvallensis
has been recorded outside of the lake Pingvallavatn
(Kristjansson & Svavarsson, 2007). The dietary shift
to groundwater amphipods during the winter might
imply that spring-dwelling small benthic Arctic charr
moves deeper into the groundwater during that time of
year. This could either be due to a food shortage in the
surface stream, or the more favourable stable thermal

conditions in the groundwater, which is unaffected by
snowfall and wind. The higher preference for Ostra-
coda, Trichoptera larvae, and Plecoptera nymphs in
winter also indicates a shift towards benthic prey.
Similar results have been shown for brown trout in
Minnesota streams, which rely more on benthic prey
than on drift during the winter (Anderson et al., 2016),
but mostly consume drifting prey in summer (Bach-
man, 1984).

In accordance with our third hypothesis, the
population-wide prevalence of individual specialisa-
tion was highest in March when total invertebrate
abundance was low (Table 1). It could be advanta-
geous for an individual to specialise on a prey group
that its conspecifics do not feed on at times when food
availability is low to avoid intrapopulation competi-
tion. In a study on benthic isopods, the degree of diet
specialisation was negatively correlated with resource
abundance, not forager densities, suggesting that
exploitative competition is the driver behind diet
specialisation (Svanbick et al., 2011). Competition for
resources could be mediated by body size, as larger
fish in our study showed stronger individual special-
isation (Table 2b). A good example here was the
preference of larger fish for Oligochaeta (see Fig. 5b),
which were dominated by larger earthworms in our
study. Earthworms are likely to be too large a prey
item for smaller fish, which specialised instead on tiny
Ostracoda and Acarina. The importance of Oligo-
chaeta is often overlooked in the diet of freshwater
fish, even though their energy content per unit of dry
mass is almost as high as for insects (Brey et al., 1988).
Oligochaeta of both aquatic and terrestrial origin
(washed into streams following heavy rainfall) have
also been shown to play a potentially important role in
the diet of salmonids during summer months (Aare-
fjord et al., 1973).

Another explanation for greater differences in diet
among individuals at times of lower prey abundance
could be the higher stochasticity in the resources that
individuals encounter, and diet differences would thus
be driven more by prey availability rather than
individual choice.

Kristjansson & Leblanc (2018) found that spring
type influenced individual specialisation of Arctic
charr, with higher diet similarity among individuals of
a population in streams than in ponds. The more
variable diet of fish in ponds was due to a higher
diversity of crustaceans associated with that habitat,
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although their study did not take seasonal changes in
community composition into account (Kristjansson &
Leblanc, 2018). Our results show that crustaceans are
also important food for Arctic charr in stream-
associated springs during the winter, which might
contribute to the stronger individual specialisation in
March. This implies that both habitat variability and
temporal variability of individual specialisation could
be driven by similar mechanisms (i.e. composition of
invertebrate prey).

The growth rates of recaptured fish were much
lower between May—June than between June—August
and August-October. This was not surprising, since the
invertebrate abundance in the benthic substrate of the
spring was highest between June and October
(Table 1), and fish had plenty to feed on. Somatic
growth rate is positively correlated with quantitative
food intake in Arctic charr, and influenced by
intraspecific competition for limited resources
(Amundsen et al., 2007).

The patchy distribution of fish in the sampled area
was striking. Most fish were caught in or near the
spring sources, a few from under the overhanging
stream bank, but almost none were found in the open
area of the stream. The main channel of the stream,
which does not have spring sources, contained a lot
less Arctic charr than the other, source-rich sampling
zones (Fig. 1), indicating that the fish prefer the spring
sources as habitat. This may be due to the
stable groundwater temperature and/or a higher abun-
dance and diversity of invertebrate prey (e.g. ground-
water amphipods make an important contribution to
the winter diet of Arctic charr). The variety of
microhabitats around the sources (e.g. mosses, macro-
phytes, lava rock) may also offer protection from
predators such as brown trout, which occurs in the
stream and feeds on small benthic Arctic charr. During
early summer, a colony of Arctic tern (Sterna
paradisaea Pontoppidan, 1763) uses the meadows
around the spring as a nesting site, and terns have been
observed feeding on Arctic charr in the open stream
during the June sampling. High predation pressure in
the summer months could also contribute to the lower
individual specialisation during that time of the year
(Araujo et al., 2011). Under high predation pressure,
prey might seek shelter in the same protected micro-
habitat and thus use a similar dietary niche (Werner
et al., 1983).

@ Springer

Conclusion

The observed division into a winter and summer
community, even though water temperature remained
constant, emphasises the need for repeated sampling
over more than one season for a complete character-
isation of spring invertebrate communities. This
seasonal variation in invertebrate availability also
affected the diet, feeding selectivity, individual spe-
cialisation, growth rates, and biomass of Arctic charr.
Feeding preferences for the dominant Chironomidae
larvae indicated that the population preferred the most
abundant prey during summer, which resulted in a
narrower population niche width. The proportion of
individual specialisation within the population, on the
other hand, was higher in winter, which could be a
strategy to relax intra-species competition at times
when food resources are less abundant. This resulted
in a broader population niche width, but a narrower
individual niche width during winter, highlighting the
value of studying both population-level selectivity and
individual-level specialisation in studies on fish diet.
Overall, we have demonstrated that seasonal variation
in invertebrate communities can affect higher trophic
levels, which should be considered when interpreting
the behaviour (e.g. feeding ecology) and phenotype
(e.g. growth rates) of fish in field studies.
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