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Conclusions drawn from stable isotope data can be limited by an incomplete understanding of natural isotopic
variability over time and space. We quantified spatial and temporal variability in fish carbon and nitrogen stable
isotopes in Lake Hovsgol, Mongolia, a large, remote, oligotrophic lake with an unusually species-poor fish
community. The fish community demonstrated a high degree of trophic level overlap. Variability in 5'3C was
inversely related to littoral-benthic dependence, with pelagic species demonstrating more &'C variability than
littoral-benthic species. A mixed effects model suggested that space (sampling location) had a greater impact
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Lake Hovsgol than time (collection year) on both 6 °C and 6°N variability. The observed variability in Lake Hovsg6l was
Lake Khovsgol generally greater than isotopic variability documented in other large, oligotrophic lakes, similar to isotopic
Pristine shifts attributed to introduced species, and less than isotopic shifts attributed to anthropogenic chemical

Stable isotope variability changes such as eutrophication. This work complements studies on isotopic variability and changes in other

Littoral-benthic
Mongolia

lakes around the world.
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Introduction

Stable isotope analysis is a powerful tool for elucidating the effects of
humans on aquatic ecosystems, useful both for documenting change
over time due to anthropogenic impacts and for quantifying ecosystem
disturbance. Historical isotope studies have illustrated trophic shifts
resulting from the introduction of smallmouth bass and rock bass into
Canadian lakes (Vander Zanden et al., 1999), sea lamprey and rainbow
smelt into Lake Superior (Schmidt et al., 2009), and lake trout and
Mysis shrimp into Lake Tahoe (Vander Zanden et al., 2003). Carbon
stable isotope analysis has been used to illuminate a shift in Lake
Tahoe toward pelagic primary production as a result of anthropogenic
eutrophication (Chandra et al.,, 2005b). Nitrogen stable isotopes have
been used to monitor or distinguish sources of anthropogenic nitrogen
in lakes (Hoffman et al., 2012), and as indicators of habitat change or
restoration (Lake et al., 2001).

Interpretation of these stable isotope data remains limited, however,
by our incomplete understanding of natural isotopic and trophic vari-
ability in the absence of anthropogenic disturbance. For instance, what
is the significance of a trophic shift in lake trout after the introduction
of sea lamprey if we do not know how much trophic variability
lake trout might have demonstrated over time in the absence of sea
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lamprey? A number of studies have quantified temporal and spatial iso-
topic variability in a range of lakes, such as Lake Superior (Harvey and
Kitchell, 2000), Lake Winnipeg (Hobson et al., 2012), Lake Jyvdsjdrvi
(Syvdranta et al., 2006), Lake Kyoga (Mbabazi et al., 2010) and Lake
Erie (Guzzo et al.,, 2011). These studies found a range of interannual
and among-site isotopic variability in a wide variety of fish species.
But all of these study systems have been anthropogenically modified -
and in some cases, quite extensively so - by commercial fishing,
development, introduced species, and dams, making it difficult to assess
background variability without these human impacts.

Understanding natural trophic variability is critical not only for
interpreting past anthropogenic effects on ecosystems, but also for
managing current resources and planning for such effects in the future.
Ecosystem and resource management are often conducted in the
context of the “range of natural variability” (Landres et al.,, 1999), and
yet scientists and managers struggle to determine the extent of that
range, frequently relying on coarse-scale paleo-data, or long-term data
sets begun only after major anthropogenic impacts, as proxies for such
“natural variability” (Morgan et al., 1994; Smol, 1992). Increases in
variability have been shown in both laboratory and field contexts to
act as an indicator for large-scale ecological regime shifts (Carpenter
and Brock, 2006; Carpenter et al., 2011; Dakos et al., 2009) and stable
isotope ratios have been suggested as an effective early-detection
indicator for environmental change (Williams et al., 2007). But any
changes in variability may be hard to detect over background noise
without a better understanding of baseline variability.
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In this study, we quantified natural trophic variability in the near
absence of anthropogenic effects, using carbon and nitrogen stable
isotopes of a fish community in a near-pristine system. Our study lake,
Lake Hovsgol (Fig. 1), is a large, deep, oligotrophic lake in Mongolia,
one of the least densely populated countries in the world. Lake Hovsgol
is subject to minimal commercial or recreational fishing or develop-
ment, and has only ten species of fish (including the endemic and en-
dangered Hovsgol grayling (Thymallus nigrescens)) (Ocock et al., 2006;
Sideleva, 2006), offering an unusually pristine and ecologically simple
study system. In addition to describing the food web of this system,
we focused on two more general questions about isotopic variability:

1. Do we see any patterns of isotopic variability related to life history
and ecological characteristics of a species, such as size, trophic level
and trophic guild (e.g., planktivory vs. piscivory)? We might, for
example, expect to see decreased 6'>C variability among piscivores,
since any differences in 6'3C in prey fish would be integrated in
their piscivore consumers.

2. Which has greater impact on isotopic variability: collection year
(temporal or interannual variability) or collection location (spatial
variability)? In other words, are spatial and temporal variability
comparable in this system? Other work - using other metrics - has
suggested that spatial variability exceeds temporal variability
(Kratz et al., 1995, 2003; Roset et al., 2007).

Methods
Study site

Lake Hovsgol (51.0 N, 100.5 E) (also spelled Khovsgol and Khuvsgul)
is located in northern Mongolia, just south of the Russian border,
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Fig. 1. Lake Hovsgol, with collection locations. We sampled at both littoral and pelagic sites
at most collection locations (2, 6, 8, 7a, 7b, 9). Two collection locations (1, 3) included only
littoral sampling while two other collection locations (4, 5) included only pelagic
sampling.

1645 m above sea level (Fig. 1). The lake is the nineteenth largest in
the world by volume (383 km?), 136 km long and 20-37 km wide,
with a surface area of 2760 km?, a mean depth of 138 m and maximum
depth of 262 m (Goulden et al., 2006; Herdendorf, 1982). The lake is
dimictic, ice-covered from November to June, and ultra oligotrophic,
with Secchi depths ranging from 14 to 30 m (Goulden et al., 2006;
Goulden and Boldgiv, 2002; Kozhova and Kobanova, 2006). The lake is
fed by approximately 96 tributaries and drains into the Eg River at the
south end of the lake, which joins the Selenga River and flows into
Lake Baikal (Goulden et al., 2006). Lake Hovsgol lies about 200 km
southwest of Lake Baikal and shares the same geological formation
(the Baikal rift system), but is estimated to be much younger than
Lake Baikal: 2-5 Ma old compared to Baikal's 20-65 Ma old (Goulden
et al., 2006). Furthermore, geological data suggest that primary produc-
tivity in Lake Hovsgol may have halted completely during the last glacial
maximum, so that its ecosystem may only be about 10,000 years old,
repopulated from nearby bodies of water after the glaciers receded
(Goulden et al., 2006; Karabanov et al., 2004). This event may explain
the paucity of fish species inhabiting the lake (Karabanov et al., 2004).

Ten fish species are known to inhabit the lake (Table 1), including
Baikal omul (Coregonus autumnalis migratorius), which were introduced
to the lake twice (in 1956-7 and 1980) (Dulmaa, 1999; Manchin and
Dgebuadze, 2010), but are nonetheless rare or perhaps extirpated, as
we did not encounter this species in five years of fish community
sampling.

Lake Hovsgol was established as a national park in 1995, and
remains largely free of direct human impacts. The region is half a day's
drive on unpaved roads from the nearest city (of less than 40,000)
and the total population living around the lake is about 5000
(Population and Housing Census of Mongolia, 2010). A few tourist
camps line the southwestern shore, and sparse mobile herding commu-
nities graze livestock along portions of both the eastern and western
shores. None of the tributaries are dammed, and the lake is subject to
limited fishing from shore. The region has, however, experienced un-
usually rapid warming in the last few decades (mean increase of
2.1 °C over the past 70 years) (Dagvadorj et al., 2009).

Sample collection

We collected tissue samples from six of the ten fish species known to
occupy the lake (Table 1) from one to seven littoral locations around the
lake in July 2006, 2009, 2011, 2012 and 2013 (mean n = 14 samples/
species/year, total samples analyzed = 430) (Fig. 1, Table 2, Electronic
Supplementary Material (ESM) Table S1). We were not able to collect
every species at every location in every collection year. We collected
Hovsgol grayling at nine pelagic locations in addition to the littoral loca-
tions. We also collected Baikal grayling (Thymallus arcticus baicalensis), Si-
berian stone loach (Barbatula toni) and spiny loach (Cobitis melanoleuca),
but did not include them in our analysis because the samples were not
distributed adequately across years and locations. In 2006, we differenti-
ated Hovsgol grayling from Baikal grayling using visual identification
characteristics. In all other years, we differentiated Hovsgol grayling
from Baikal grayling using gillraker counts, based on Berg (1962) and
the distribution of our samples; those with greater than 23 gillrakers
were designated Hovsgol grayling (K. Olson, unpubl., T. Krabbenhofft,
unpubl.).

Collection methods are described in greater detail by Ahrenstorff
etal. (2011). Briefly, we collected fish primarily by nearshore horizontal
gillnet (mesh size range: 12-90 mm) and supplemented with seining
and minnow traps. At pelagic locations, we used vertical gillnets
(mesh size range: 12-38 mm). Samples from all species, except Eurasian
minnow (Phoxinus phoxinus), consisted of muscle tissue plugs from be-
hind the dorsal fin. Smaller Eurasian minnows were sampled whole and
larger ones were skinned and filleted. Collection locations are numbered
to correspond with Ahrenstorff et al. (2011), with the exception of sites
7a and 7b, which Ahrenstorff et al. (2011) combined into a single site, 7.
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Table 1
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Fish species sampled in Lake Hovsgol and common prey items for those species. Hovsgol grayling are endemic and considered endangered (Ocock et al., 2006). Other fish species found in
the lake but not included in this analysis are Baikal grayling (Thymallus arcticus baicalensis), Siberian stone loach (Barbatula toni), spiny loach (Cobitis melanoleuca), and Baikal omul

(Coregonus autumnalis migratorius) (Sideleva, 2006).

Common name Scientific name

Common prey items

Burbot Lota lota

Fish, benthic invertebrates, insects, zooplankton

(Amundsen et al., 2003; Fratt et al., 2001; Jacobs et al., 2010; Polacek et al., 2006; Sideleva, 2006)

Eurasian minnow
Eurasian perch
Hovsgol grayling
Lenok

Phoxinus phoxinus
Perca fluviatilis
Thymallus nigrescens
Brachymystax lenok

Zooplankton, benthic and terrestrial invertebrates, insects, fish eggs (Frost, 1943; Sideleva, 2006)

Fish, zooplankton, insects, benthic invertebrates (Persson and Eklov, 1995; Rask, 1986; Sideleva, 2006)
Zooplankton, benthic and terrestrial invertebrates (Ahrenstorff et al., 2011; Sideleva, 2006)
Zooplankton, benthic and terrestrial invertebrates, fish and terrestrial invertebrates

(Chandra et al., 2005a; Sideleva, 2006)

Roach Rutilus rutilus

Plants, benthic invertebrates, zooplankton (Persson, 1987; Sideleva, 2006)

We collected primary consumers (snails) from the littoral zone by
hand at one to seven locations each year to establish the littoral-
benthic (periphyton and algae) end-member 6'3C signature (mean
n = 4 samples/year, total samples analyzed = 20). We removed snails
from their shells before analysis. We collected pelagic primary
consumers (zooplankton) using a 0.5-m-diameter 153-pm-mesh
zooplankton net pulled from 50-m deep to the surface in the pelagic
zone of the lake at one to three locations each year (mean n = 2
samples/year, total samples analyzed = 10) (Table 2). Snail samples
were sometimes single, large individuals and sometimes as many as
six individuals pooled. Zooplankton samples were rinsed and sorted to
remove vegetation and debris but not separated by taxonomic group.

Sample analysis

Samples were dried in a solar oven at 40-80 °C for one to three days
and ground by hand. Stable isotope analysis was conducted at the
University of California — Davis (UCD) Stable Isotope Facility on a PDZ
Europa 20-20 isotope ratio mass spectrometer for samples from 2006,
2011, 2012 and 2013, and at the University of Washington (UW) IsoLab
on a ThermoFinnigan MAT 253 isotope ratio mass spectrometer for
samples from 2009. Fourteen replicate samples were analyzed, includ-
ing two baseline samples, and nine of those samples were additionally
analyzed at both UW and UCD. Mean standard error was less than
0.2%. for replicate and less than 0.3%. for triplicate samples for both
8'3C and 6'°N. The analytical error (standard deviation of replicate ref-
erence material: salmon muscle tissue, bovine liver, glutamic acid,
peach leaves) was less than 0.3%. for both §'3C and 6'°N. We excluded
four samples from analysis because their high C:N ratio led us to suspect
the muscle tissue sample had been contaminated or inadequate
amounts of tissue were analyzed to obtain reliable estimates for &'>C
and 5'°N.

Table 2

Calculations and corrections

Isotope results are expressed using delta (6) notation: parts per
thousand (%.) from a standard (Vienna PeeDee Belemite for carbon
and air for nitrogen) (see Peterson and Fry (1987) for equation).

Lipids have more depleted 6'3C values than proteins due to
enzymatic fractionation in lipid synthesis (DeNiro and Epstein, 1977)
and lipid content of muscle can vary widely, making it difficult to
compare tissues with different lipid contents. Because lipids contain
carbon but not nitrogen, the C:N ratio in muscle tissue samples is
often used as a proxy for lipid content. Based on Hoffman and Sutton
(2010), we assumed that samples with a C:N ratio greater than 3.22
(mass ratio) had increased lipid content and applied a non-linear
mass balance correction to the 8'3C values for those samples:

A613Clipid X (mean C: Nprotein_c : Nuncorrected)

~13
) Ccorrected = 813cuncorrected + C:N
+ Nuncorrected

where A813Ciipig is the lipid depletion factor, or the difference between
the protein and lipid 6!3C values. Corrected values were calculated
using Ad13Ciipia = —6.39% and mean C:Npoein = 3.22 (converted
from 3.76 in molar ratio form to mass ratio form by dividing by 1.667)
based on Hoffman and Sutton (2010)'s results (Eq. 6) and comparison
to other models (Hoffman et al., 2012; Lake et al.,, 2001; Logan et al.,
2008).

We chose to use a mathematical lipid correction rather than analyze
lipid-extracted samples for a number of reasons. Mathematically
corrected isotope values have shown strong agreement with those
from lipid-extracted samples from a wide range of fish taxa (Hoffman
and Sutton, 2010; Kiljunen et al., 2006; Logan et al., 2008; Sweeting
et al., 2006), and the errors reported in the correction model we
used were small (<0.1%.). Although the Hoffman and Sutton (2010)

Stable isotope values (5'>Cand 6'°N) (mean, SD, absolute value of CV, % littoral-benthic reliance and trophic position: mean and SD, plus sample sizes) for fish collected from Lake Hovsgél,

Mongolia over all seven collection sites and five years (2006, 2009, 2011, 2012, 2013).

5'3C Littoral-benthic 5°N Trophic position
reliance
n Mean SD cv Mean SD Mean SD cv Mean SD
Fish
Burbot 64 —213 0.9 0.0 84% 11% 8.3 0.9 0.1 34 03
Eurasian minnow 33 —224 1.8 0.1 71% 19% 7.8 1.0 0.1 32 03
Eurasian perch 47 —242 2.5 0.1 48% 31% 9.3 0.8 0.1 37 03
Hovsgol grayling 134 —23.0 1.7 0.1 63% 20% 6.6 0.6 0.1 2.9 0.2
Lenok 83 —22.0 22 0.1 75% 23% 7.8 0.9 0.1 32 03
Roach 69 —26.6 35 0.1 29% 32% 8.2 0.9 0.1 34 03
Baselines
Littoral-benthic (snail) 20 —20.1 3.6 0.2 3.8 1.0 03
Pelagic (zooplankton) 10 —28.7 1.6 0.1 3.6 0.3 0.1
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correction was based on deep-sea fish, their results were similar to
those from other works (e.g., Logan et al. (2008), Kiljunen et al.
(2006)), and we believe that Hoffman and Sutton's (2010) model was
well suited to our data because it was based on muscle tissue samples
from a large group of species and fitted to a wide range of C:N values.

We used a two end-member mixing model to estimate percent
reliance on littoral-benthic prey (namely, the difference between the
6'3C value of the fish and that of the pelagic baseline over the total
difference between the 6'3C values of the littoral-benthic and pelagic
baselines) (Post, 2002; Vander Zanden et al., 2011):

13 13
o Cﬁsh_8 Cpelagic

3 3 x 100
o Cbenthic—littoral_8 Cpelagic

percent benthic =

with zooplankton as the pelagic end-member and snails as the littoral-

benthic end-member. End-member values were averaged for each year

and used to calculate percent littoral-benthic reliance for all the fish

collected in that year. We assumed 0%, trophic fractionation of carbon.
We calculated trophic level as follows:

15 <15
o Nﬁsh —b Nbaseline

34 +2

trophiclevel =

where the trophic level of a fish is the difference between the 5'°N value
of the fish and the average of all baseline primary consumers (pelagic
and littoral-benthic) for that year, divided by the increment equivalent
to a single trophic level (3.4%.), plus 2 (= the trophic level of the prima-
ry consumer) (Vander Zanden et al., 1997). We used this simpler model
in favor of the two-source model described in Post (2002) because the
differences between the trophic positions calculated by each model
were negligible.

Data analysis

Patterns of trophic variability

We expressed variability using coefficient of variation (CV =
standard deviation / mean). Calculated CV values for §'3C values were
negative (because 8'3C values are negative and SDs are not) but were
converted to absolute values for more intuitive interpretation.

We examined the relationship between isotopic variability and life
history and ecological characteristics in a number of ways. We conduct-
ed linear regressions on both §'C and 6'°N CV, first using littoral-
benthic dependence and then trophic level as a predictor. We used
Welch's t to test for differences in 6'>C and 6'°N variability between
piscivores (burbot, Eurasian perch, lenok) and planktivores (Eurasian
minnow, grayling, roach) (Table 1) (Sokal and Braumann, 1980). To de-
termine the relationship between length and 6'3C and 5'°N value, we
conducted linear regressions on both §'3C and 6'°N values and fish
total length for all species. We excluded Eurasian minnow from the
length analyses because we did not have enough size measurements.

We also used a power analysis to determine the minimum detect-
able effect size (MDES) over a range of sample sizes given our observed
variability. Effect size is directly related to variability and inversely to
sample size. As sample size increases, MDES decreases. We used our ob-
served standard deviations in a t test power analysis on both §'3C and
6'°N data for each species over a range of sample sizes, with o (or signif-
icance level) = 0.05 and (3 (or power) = 0.8 (Murphy and Myors, 2004;
Peterman, 1990; Thomas and Juanes, 1996).

Variability across time and space: mixed effects models

We used mixed effects models to assess the effects of year and loca-
tion on isotopic variability for burbot, Hévsgol grayling, lenok, Eurasian
perch and roach. We excluded Hovsgol grayling collected by pelagic gill-
net from the model because those fish demonstrated distinct §'3C
values from those collected by littoral gillnet, supporting Ahrenstorff

et al.'s (2011) hypothesis that the pelagic and littoral populations are
distinct in this lake (Olson, 2014, T. Krabbenhoft, unpubl.).

We considered three mixed effects models that predicted the 6'3C
and §'°N for each species (fit using maximum likelihood with the
1me4 package in R (Bates et al,, 2013)).

(a) Full model: year + location (+ length)
(b) Year model (without location): year (+ length)
(c) Location model (without year): location (+ length)

We treated both year and sampling location as categorical random in-
tercept effects in all models, because we considered both year and
location to be random samples of many possible years or locations, re-
spectively (Bennington and Thayne, 1994; Searle, 1971). We included
length as a continuous fixed effect in the models for burbot, Hovsgol
grayling and lenok, but not for perch and roach because we were missing
more than a third of length measurements for perch and roach, and re-
gressions on length suggested that length was not a significant factor
for 6!°N for those two species (Fig. 3). (Note: the models for perch and
roach were actually random effects models and not mixed effects models
because both year and location were both random effects.) To assess the
effect of location, we used AIC to compare model (a) and model (b). To
assess the effect of year, we compared model (a) and model (c).

Unless specifically noted, we used the R base stats package to
conduct statistical analyses (R Core Team, 2013).

Results
Overview

Fish showed a wide range of 6'3C values, with burbot relying most
heavily on littoral-benthic carbon sources and roach the most reliant
on pelagic carbon sources. Perch were the top predators in the system,
and Hovsgol grayling occupied the lowest trophic level. All fish demon-
strated 5'°N values well within a single trophic level (Table 2, Fig. 2, ESM
Table S1).

12 Fish species
roach
Eurasian minnow
Eurasian perch
lenok

burbot

Hoévsgdl grayling

10
~ 8
*
Z
w
)
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2
-30 -28 -26 -24 -22 -20 -18

8'3C (%o)

Fig. 2. Stable isotope food web biplot (6'3C vs. 5'°N) of six fish species in Lake Hovsgdl,
Mongolia over all years and locations. Animal shapes indicate grand means over all
collection years and ellipses are standard ellipses, indicating approximately 40% of points
(Batschelet, 1981). Shaded regions indicate 6'>C range of annual baseline means (pelagic:
zooplankton, littoral-benthic: snails) and year numbers indicate mean values for that year.
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Table 3

Sample sizes (n) and model performance metrics of mixed effects models for each species.
Model performance metrics included AIC values of the full model and AAIC between the
full model and the location model or year model. The full model for each species included
5'3C or 5'°N as the response variable, location and year as random intercept effects and
length as a continuous fixed effect. The location model included only location and length,
and the year model included only year and length. Gray highlighting indicates instances
where either the location or year models were a poorer fit (AAIC > 2) than the full model.
*We did not include length in the models for perch and roach.

n AIC A AIC
Location Year
model model
Full model (without  (without
year) location)

Model structure

Location
+ Location Year
Year + +
+ Length* Length*
Length*
Carbon
Burbot 64 145.18 -1.46 4.38
Eurasian perch* 47 206.16 -2.00 14.00
Hovsgol grayling 102 387.97 0.03 10.17
Lenok 79 298.61 -1.98 0.28
Roach* 69 359.46 5.05 12.35
Nitrogen
Burbot 64 129.30 -1.37 -1.31
Eurasian perch* 47 112.11 0.34 3.75
Hovsgol grayling 102 175.93 -1.66 -1.80
Lenok 79 203.86 7.48 -0.77
Roach* 69 176.58 -2.00 6.95

All species analyzed for length (burbot, Hovsgol grayling, lenok,
perch and roach) showed a highly significant relationship between
6'3C and total length, with length accounting for 15-43% of variation.
In contrast, only burbot showed a highly (and positive) significant
relationship between 6'°N value and length (p < 0.01, R> = 0.55)
(Fig. 3, Table 3).

Littoral-benthic (snail) and pelagic (zooplankton) baseline 8'3C
values were significantly different (Welch's t test: t = 9.0, df = 27.9,
p < 0.01). Littoral-benthic baseline !°N values were similar to those
of the pelagic baseline samples over all four sampling years (Welch's
ttest: t = 0.9, df = 23.6, p = 0.37) (Fig. 2, Table 2). Neither 6'C nor
65N littoral-benthic baseline values varied significantly by location
(8'3C ANOVA: F(7,12) = 0.2, p = 0.89; !N ANOVA: F(7,11) = 1.5,
p=027).

Patterns of trophic variability

Variability in 6!3C was negatively and significantly correlated with
littoral-benthic dependence, with littoral-benthic species (e.g., burbot)
demonstrating lower variability in all years than pelagic species (e.g.,
roach) (linear regression of 8'3C CV on littoral-benthic dependency;
R? = 0.21, p < 0.01, Fig. 1, ESM Fig. S2). Variability in 6'3C showed no
relationship, however, with trophic level or trophic guild. Variability in
6'°N showed no relationship with littoral-benthic dependence, trophic
level or feeding category.

Variability across time and space

Intraannual 6'3C variability for any given species, as indicated by
613C CV, ranged from substantially less than 0.1 for many species in
many years to 0.2 (lenok, 2009, n = 17). Within-location variability in

5'3C was similar, ranging from less than 0.1 (Eurasian minnow, location
7a,n = 3) to 0.2 (roach, location 3, n = 3). The range in &!°N variability
was similar to that of 6'3C, with CV values ranging from less than 0.1
(Eurasian minnow, 2012, n = 4) to 0.2 (lenok, 2006, n = 9) by year
and from less than 0.1 (Eurasian minnow, location 9, n = 2) to 0.2
(lenok, location 8, n = 13) by location (ESM Table S1).

The mixed (and random) effects models suggested that while both
collection year and location had significant effects on 8'3C and 8'°N var-
iability for some species, location had a significant effect for more spe-
cies than did year on both 6'3C and 6'°N variability. Based on AIC
values, the year models without location as a predictor were a poorer
fit than the full model for all species except lenok for 6'3C, and for
both perch and roach for 6'°N, suggesting a significant effect of location
in all of those cases. In contrast, the location models without year as a
predictor were a poorer fit only for roach (for '3C) and for lenok
(for 8'°N), suggesting a significant effect of year only in those cases
(Table 3).

The MDES (minimum detectable effect size) for 'C at n = 10 was
smallest for burbot (1.2%), the species with the smallest 5'3C variance,
and largest for roach (4.6%.), the species with the greatest variance. The
MDES for 8'°N at n = 10 ranged from 0.9% for Hévsgél grayling to 1.3%o
for Eurasian minnow. The MDES shrank considerably for all species
between n = 5 and n = 20, especially for species with high variability,
such as roach for 8'3C and Eurasian minnow for 8'°N. The MDES contin-
ued to decrease gradually for all species until n ~ 100, beyond which
increased sample size had limited effect (ESM Fig. S1).

Discussion

The food web in this simple, near-pristine system demonstrated a
host of interesting features, including a high degree of trophic level
overlap. Variability in 6'3C in fish in this system was inversely related
to littoral-benthic dependence. Space and time both appeared to have
significant effects on isotopic variability, with space having a slightly
greater effect than time. The observed variability in this system was
higher than that reported in other large, oligotrophic lakes (Harvey
and Kitchell, 2000; Vander Zanden et al., 2003; Yoshii, 1999) compara-
ble to that attributed in other systems to the introduction of non-native
species (Schmidt et al., 2009; Vander Zanden et al., 1999), but less than
that ascribed to eutrophication and nitrogen loading (Cabana and
Rasmussen, 1996; Lake et al., 2001).

Trophic level overlap and omnivory

Lake Hovsgol's food web was characterized by a high degree of tro-
phic level overlap. The difference in mean trophic level between the
lowest (Hovsgol grayling) and highest (perch) trophic level species con-
sumers was only 0.8 (Table 2). This trophic overlap suggests that many
of the fish in the system are consuming prey on similar trophic levels,
and, in particular, that piscivorous fish in this system are likely engaging
in vertical omnivory (sensu Vadeboncoeur et al., 2005) and consuming
some quantity of lower-trophic level prey in addition to fish. These re-
sults corroborate the diet habits documented in this system: Sideleva
(2006) and Ahrenstorffet al. (2011) reported that a wide range of inver-
tebrates figured prominently in the diets of all fish species in the lake.
Chandra et al. (2005a) also reported generalist diets in lenok and Baikal
grayling in downstream tributaries. This degree of trophic level overlap
falls within the range reported in other oligotrophic lakes (for example,
mean trophic level range for Arctic lakes: 0.4 (Sierszen et al., 2003), Lake
Superior: 1.2 (Schmidt et al., 2009), Lake Winnipeg: 0.59 in South Basin
and 1.78 over entire lake (Hobson et al., 2012)).

613C variability and littoral-benthic dependence

Species that demonstrated greater dependence on pelagic pathways,
such as perch and roach, displayed significantly greater 6'>C variability
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than species that demonstrated greater dependence on littoral-benthic
pathways, such as burbot (Fig. 1, ESM Fig. S2). This pattern can be at
least in part attributed to interspecies differences in ontogenetic habitat
and diet shifts. The four species with more pelagic 6'2C values (roach,
Eurasian perch, lenok and Hovsgol grayling) demonstrated a significant
increase in 6'>C (from more pelagic to more littoral-benthic values)
with increasing fish length (Fig. 3). These ontogenetic shifts are likely
mediated by a host of competitive and predator-prey interactions. A
number of studies have documented ontogenetic diet shifts in perch
from zooplankton, to benthic invertebrates, and then to fish, especially
in the presence of roach (Amundsen et al., 2003; Persson, 1986;
Persson and Greenberg, 1990). Roach are known to be more efficient
zooplankton feeders than perch are, and therefore effective competitors
with perch for zooplankton (Persson, 1987), which may encourage
perch to feed on other (more benthic) prey. The shift from pelagic to
littoral-benthic resources in perch with increasing size here may be me-
diated by similar perch-roach competitive interactions. Ahrenstorff
et al. (2011) observed a similar ontogenetic diet shift in Hovsgol gray-
ling from zooplankton to benthic invertebrates with increasing length
and hypothesized that this pattern is likely a result of juvenile grayling
seeking out the pelagic zone as a predation refuge and then moving to
forage inshore as they grow larger and less vulnerable to predation (as
described by Werner and Hall (1988) for bluegill). Ahrenstorff et al.
(2011) also found intermediate-sized Hovsol grayling in both pelagic
and littoral zones of the lake (and substantially different diets between
fish of the same size found it different habitats), suggesting variability in
behavior which likely contributes to the isotopic variability we ob-
served. Tradeoffs between predator refugia and foraging efficiency
may also explain some of the wide range of 6'3C values in roach; in
the presence of predatory perch, roach have been shown to alternate
between littoral habitats (which provide better refuge) and pelagic hab-
itats (which provide superior zooplankton foraging) (Eklév and
VanKooten, 2001; Persson and Eklov, 1995).

In contrast to these species, burbot - the species with the most
enriched 8'3C values and lowest 6'>C variability (Fig. 2, Table 2, ESM
Fig. S2) — demonstrated a significant decrease, rather than an increase,
in 6'C with increasing size (Fig. 3). Burbot have been shown to undergo
ontogenetic diet shifts from benthic invertebrates (with enriched §'3C
values) to fish (with more intermediate or depleted 6'>C values, espe-
cially in smaller individuals) (Amundsen et al., 2003), which could in
part explain this pattern. The significant and substantial increase we ob-
served in 6'°N in larger burbot, further corroborates such an ontogenet-
ic shift in Lake H6vsg6l burbot.

This high degree of 6'C variability in pelagic species - suggesting
a substantial littoral-benthic contribution even to pelagic foragers —
contributes to the extensive body of literature emphasizing the im-
portance of benthic and littoral primary production to overall lake
productivity (Hecky and Hesslein, 1995; Schindler and Scheuerell,
2002; Vander Zanden and Vadeboncoeur, 2002), even in large,
deep lakes (Hampton et al.,, 2011; Vadeboncoeur et al., 2011;
Vander Zanden et al., 2011), and especially in highly oligotrophic
lakes (Loeb et al., 1983; McIntyre et al., 2006; Sierszen et al., 2003),
but adds yet another twist. Previous work has focused on piscivorous
fish as critical links between littoral-benthic and pelagic food webs;
in this system it is not just piscivorous, but also fish species at lower
trophic levels, that appear to be linking the two food webs. Our
results reinforce Bertolo et al. (2005)'s argument that the “paradigm
of piscivorous fish as integrators of pelagic and littoral food webs...
needs to integrate the role of functional fish diversity to fully explain
the food-web dynamics in oligotrophic systems.”

It is worth noting that this relationship between 6'>C variability and
littoral-benthic dependence is discernable only because we are examin-
ing isotopic variability as well as isotopic values. Mean values alone
would not have uncovered this pattern; we suggest that analysis of
isotopic variability may be a useful addition to future trophic ecology
studies.

We also point out that the differences in isotopic variability among
the species we studied here substantially affect sample sizes required
to detect a given degree of isotopic change. For example, in order to
detect a difference of 4%. (half the distance between our pelagic and
littoral-benthic baselines) with a t test, a sample size of n <5 in each
group would suffice for a low-variability species such as burbot, but a
high-variability species such as roach would require n > 12 in each
group. Determination of sample size is best informed by the degree of
variability in isotopic values anticipated in the study population.

Variability across time and space

A central question for this study is whether time or space had a
greater influence on isotopic variability in this system. Work across
other systems has found that spatial variability exceeds temporal
variability — though primarily using measures other than stable isotope
values. Some examples of this work include Kratz et al.'s (1995, 2003)
analyses of a wide range of metrics across twelve LTER sites and Roset
etal.'s (2007) review of indices of biotic integrity. Our results support
this trend; on the whole in this system, space had a bigger impact
than time on isotopic variability, and that impact was seen more strong-
ly on 6'3C variability than on 6'°N variability (Table 3).

We expected that we might see some spatial variability correlated
with land use. For example, we suspected that individuals found in loca-
tions with more human settlement or grazing might have elevated 5'°N
ratios because nitrate from animal waste tends to be enriched compared
to nitrate from other sources (Hoffman et al., 2012; Kendall et al., 2007).
We did not, however, see elevated §'°N in fish or in littoral-benthic
baseline samples from locations with human settlement or grazing
(locations 2, 6, 9) compared with those from forested or wetland
locations with no grazing or settlement (locations 3, 7a, 7b, 8).

An important factor to consider in our assessment of isotopic differ-
ences across space is potential temporal and spatial variability in our
baseline samples. Values of 6'3C and 6'°N baselines are known to vary
across both time and space (Graham et al., 2009). Solomon et al.
(2008) showed significant changes in both 6'C and §'°N baselines
over time, and Hobson et al. (2012) showed a clear spatial pattern -
or isoscape — in 8'3C of dissolved organic carbon and 6'°N of nitrate in
Lake Winnipeg which were reflected in the isotopic values of the fish
collected at different locations in the lake. We did not collect separate
baseline samples at each location, so it is possible that the spatial
variability we detected in fish may actually have been a function of un-
detected variability in baseline values. We did not, however, see signif-
icant differences between locations or between years in 8'>C or 6'°N in
the baseline samples we did collect, so we suspect that the temporal and
spatial variability we observed reflected variability in fish diets rather
than differences in baseline values.

Our analysis also captured only horizontal, and not vertical (or
depth-related), variability in this system. Benthic organisms and their
fish predators in other oligotrophic lakes have been shown to demon-
strate increasing 6'°N and decreasing 6'3C values with increasing
depth (Sierszen et al., 2006, 2014; Yoshii, 1999), likely due to a shift in
diet from primarily benthic algae in the littoral zone to more phyto-
plankton in deeper water (Sierszen et al., 2006) and/or less discriminant
fractionation of carbon in shallow water (characterized by high light,
high photosynthetic rates and a carbon-depleted boundary layer) than
in deeper water (Cummings and Schindler, 2013). We collected our
littoral-benthic baseline (snails) only in the littoral zone, so our
littoral-benthic baseline signature did not capture any depth gradient.
Such depth-related isotopic variability is almost certainly relevant to
fish in Lake Hovsgol. Hovsgol grayling (Ahrenstorff et al., 2011) in this
system and burbot (Harrison et al., 2013) and perch (Eckmann and
Imbrock, 1996) in other systems have all demonstrated diel vertical
migration patterns. Our use of only littoral-benthic baseline samples
to calculate trophic position may have resulted in slightly elevated
estimates of trophic level for those species.
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Our sampling regime also did not capture any seasonal variability in
fish diets, which is reported in Sideleva (2006). The values we report
likely reflect integrated diet from late spring through early summer.
Fish have been shown to integrate isotopes into muscle tissue over a
scale of weeks to months (Buchheister and Latour, 2010; Weidel et al.,
2011), and food consumed in winter months (a time of little somatic
growth) is generally not reflected in muscle isotopic values (Perga and
Gerdeaux, 2005).

These results suggest that in Lake Hovsgol, and perhaps other large
lakes, sampling must be both spatially and temporally extensive to
capture the full range of isotopic variability, as work has suggested in
other systems (Kratz et al., 1995; Roset et al., 2007). If one has to choose,
however, sampling at multiple locations may be more illuminative than
sampling in multiple years. Furthermore, space-for-time substitutions
must be conducted with care (Kratz et al., 2003).

Variability in other systems

The interannual intraspecies variability that we observed in Lake
Hovsgol was higher than that reported in other large oligotrophic
lakes for both 6'3C and 6'°N. In Lake Baikal, H6vsg6l's giant and ancient
near neighbor, Yoshii et al. (1999) found much lower variability in 6'>C
and 8'°N in five species of fish. In Lake Tahoe, which is smaller in volume
but much deeper than Lake Hovsgol, Vander Zanden et al. (2003) also
found lower 6'3C and 6'°N variability. And in Lake Superior, which is
much larger and deeper than Hovsgol, though with a longer history of
fishing, development and invasive species, Harvey and Kitchell (2000)
found lower 6'3C and &'°N variability in eleven species of fish (ESM
Table S2a-c).

These differences in variability cannot be attributed to temporal and/
or spatial scopes of sampling, which occurred over a range of scales in
these studies. Harvey and Kitchell (2000) sampled only in the western
arm of the lake for only two sampling years. However, the Lake Baikal
study (Yoshii et al., 1999) sampled more than 30 locations throughout
the lake (as well as from commercial fishermen) over three years. We
expected that larger lakes — with more area for habitats, refuges, sub-
populations and environmental conditions - might demonstrate greater
variability than smaller lakes. However, lake size did not appear to have
a definitive impact on isotopic variability, because both Lake Baikal
(Yoshii et al.,, 1999) (much larger than Hovsgol) and Lake Tahoe
(Vander Zanden et al., 2003) (smaller than Hovsgdl) exhibited much
lower variability than did Hovsgol (ESM Table S2a-c).

We suspected that Lake Hovsgol's relative ecological youth com-
pared to other systems might also be a factor in its demonstrated vari-
ability; with less time for evolution and specialization, younger lakes
are more likely than older lakes to contain low-diversity fish communi-
ties comprised of generalists (Doi et al., 2012). And indeed, Lake Baikal,
the oldest lake in the world (27.5 Ma) (Doi et al., 2012), demonstrated
extremely low 6'3C and 6'°N variability (Yoshii et al., 1999), and some
other younger lakes, such as Lake Washington (13,000 years)
(Edmondson, 1994) demonstrated higher 6'3C and 6'°N variability
(MclIntyre et al., 2006), similar to that of H6vsgol. But Lake Superior,
similar in age to Hovgol (9000 years) (Doi et al., 2012), as mentioned
above, demonstrated low 6'>C and §'°N variability, and other old
lakes, such as Lake Malawi (10 Ma) and Lake Albert (4 Ma) (Doi et al.,
2012) demonstrated 6'3C and 6'°N variability comparable or higher to
that in Lake Hovsgol (Campbell et al., 2005; Kidd et al., 2004), suggest-
ing that the degree of variability observed in this lake also cannot be
attributed primarily to age (ESM Table S2a-c).

The trophic variability we observed also does not appear to be corre-
lated with disturbance level. “Disturbance” is challenging to assess, but
other lakes subject to greater disturbance than Lake Hévsgdl by any
measure (nearby urban development, heavy fishing pressure, or num-
ber of introduced species) demonstrated both comparable and lower
variability than Lake Hévsgél. Observed 6!3C and 6'°N variability in
Lake Washington, in downtown Seattle (McIntyre et al., 2006), was

similar to that in Lake Hévsgol. But observed 6'3C and 6'°N variability
was lower than that in Lake Hovsgdl in many other lakes subject to
more human impacts than Lake Hovsgol, including Lake Erie (Guzzo
et al,, 2011), and Lake Ontario (Kiriluk et al., 1995) (both prone to
algal blooms and invaded by zebra mussels) as well as Lake Superior
(Harvey and Kitchell, 2000) and Lake Baikal (Yoshii et al., 1999)
(both with low nutrient loading but subject to commercial fishing)
(ESM Table S2a-c). In the end, Lake Hovsgol's high isotopic variability
may be the result of a combination of a range of factors: ecological
youth, paucity of species, relative size and low level of disturbance.

Isotopic shifts attributable to specific anthropogenic changes

One of the goals of this study was to provide context for isotopic
shifts attributed in other systems to specific anthropogenic changes,
not just overall level of disturbance. Interestingly, if we compare mean
5'3C and 6"°N values observed in Lake Hovsgdl between years, the dif-
ferences are comparable to or greater than shifts in other systems asso-
ciated with introduced or invasive species. For example, the difference
in mean 6'3C and 6'°N in lake trout documented by Vander Zanden
et al. (1999) in North American lakes with and without invasive bass
was well within the range of the interannual and between-site differ-
ences in means that we observed in Lake Hévsgol (ESM Table S3). The
shift in 6'°N in lake trout in Lake Superior in the early part of the 20th
century (Schmidt et al., 2009), a time period that included the introduc-
tion of sea lamprey, was also comparable to (or slightly higher than)
variability in 6'°N we observed in Lake Hovsgol (ESM Table S3).

In contrast, isotopic shifts in other systems attributed to cultural eu-
trophication and anthropogenic nitrogen loading were substantially
larger than any interannual or spatial shifts we observed in Lake
Hovsgol. Cabana and Rasmussen (1996) reported a range of ~11.5%.
in 5'°N values in primary producers across a gradient of human popula-
tion density, and Lake et al. (2001) reported ranges of ~5-6%. 6'°N in
yellow perch and smallmouth bass along a gradient of increasing
residential land use.

We do not mean to imply that the reported differences cited in these
studies are a function of natural variability rather than the anthropogen-
ic changes with which they were correlated; the differences in all cases
were clearly highly significant. Our results do suggest, however, that
many other changes in food webs - especially those that are biological-
ly, as opposed to chemically, mediated — may be obscured or swamped
by the scale of natural variability.

This study also suggests that the range of “natural” variability can be
quite high even in the absence of major anthropogenic impacts. In addi-
tion, these results suggest that the absence of fishing may not always be
correlated with lower variability (or increased stability). Hsieh et al.
(2006) and Anderson et al. (2008)'s work demonstrated increased pop-
ulation variability (and reduced stability) associated with fishing as the
result of truncation of population age structure. While we were looking
at isotopic rather than population variability, population variability is
likely to be associated with food web changes, and our results suggest
that high variability may occur even in a system with little or no fishing.

We note that Lake Hovsgol is not an entirely “pristine” system; as
discussed above, there is some development and grazing, especially in
the southwest region of the lake, and preliminary data suggest limited
poaching using nearshore gillnets (C. Free, unpubl.). Lake Hovsgol also
has higher levels of microplastic pollution than some of the Laurentian
Great Lakes (Free et al., 2014). We feel confident, however, that both
the degree of development and the level of fishing are significantly
lower than in comparable systems.

Conclusions

The isotopic food web of Lake Hévsgol demonstrated extensive tro-
phic level overlap and an inverse relationship between 6'3C variability
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and littoral-benthic dependence. The latter pattern can be attributed to
interspecies differences in ontogenetic diet shifts.

Isotopic values in this system varied more over space than time. The
interannual isotopic variability observed in Lake Hovsgdl was greater
than natural variability reported in other systems, similar to isotopic
changes attributed in other systems to introductions of non-native spe-
cies, and less than isotopic changes attributed to anthropogenic chemi-
cal changes such as eutrophication. This degree of natural variability
may obscure many changes in food webs, anthropogenically mediated
or otherwise. These data on the spatial and temporal extent of isotopic
variability in this near-pristine lake complement studies on isotopic var-
iability in other lakes discussed in the introduction (Guzzo et al., 2011;
Harvey and Kitchell, 2000; Hobson et al., 2012; Mbabazi et al., 2010;
Syvdranta et al,, 2006), as well as the extensive body of work on spatial
and temporal variability in fish and zooplankton abundance and
community composition in a wide range of North American lakes
(Brind'Amour et al., 2005; Kratz et al., 1987; Magnuson et al., 1994;
Olden et al., 2006; Rusak et al., 2002).
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