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Abstract

Benthic invertebrates and benthivorous White Sucker (Catostomus commersonii) were surveyed in eight stratified boreal lakes
with DOC concentrations ranging from 3.5 to 9.2 mg- L~! at the IISD Experimental Lakes Area (IISD ELA) in northwestern
Ontario, Canada. Chironomids dominated benthic invertebrate biomass and White Sucker was the dominant fish species.
Both White Sucker biomass-catch-per-unit-effort (BPUE) and chironomid biomass were positively correlated with mean light
irradiance. Higher biomasses of fish and chironomids occurred in lakes with a higher proportion of their volume in the photic
zone, which was a function of both DOC concentrations and lake basin morphometry. White Sucker BPUE was also strongly
positively correlated with chironomid biomass. A mixing model using stable isotopes indicated that allochthony increased with
DOC for both littoral benthic invertebrates and White Sucker. Greater allochthony was also correlated with lower invertebrate
biomass and White Sucker BPUE. Our results suggest that DOC suppresses benthivorous fish by reducing the availability of
critical food resources. Chironomid biomass appears to decrease with DOC because of lower light penetration that potentially

affects primary productivity and the quality of their food resources.

Key words: Catostomidae, macroinvertebrates, stable isotopes, allochthony, DOC, light

Introduction

Concentrations of dissolved organic carbon (DOC) are in-
creasing in lakes and rivers of the northern hemisphere, coin-
cident with changes in temperature, hydrological processes,
land use, water management, and reductions in acid deposi-
tion (de Wit et al. 2021). Terrestrial inputs account for up to
95% of the DOC pool of lakes (Wilkinson et al. 2013) and have
been shown to influence the productivity of all lake trophic
levels, from primary producers to fish (Solomon et al. 2015;
Creed et al. 2018). In boreal lakes, high concentrations of ter-
restrial DOC may shade the water column, altering the verti-
cal distribution of light, heat, oxygen and nutrients (Solomon
et al. 2015; Creed et al. 2018). DOC-mediated effects on light
availability can suppress benthic and pelagic primary produc-
tion (Ask et al. 2009; Godwin et al. 2014), which in turn can
limit resources for invertebrates that are key dietary items
for many fish species (Karlsson et al. 2009; Stasko et al. 2012).
Higher DOC concentrations may also decrease the foraging
efficiency of visual predators, such as fish (Stasko et al. 2012;
Solomon et al. 2015).

DOC may also affect habitat availability for consumers
through its effects on dissolved oxygen (DO) and temperature
(Jane et al. 2024). Terrestrial DOC absorbs light, concentrating
heat at the lake surface, resulting in shallower, more stable
epilimnia (reviewed by Creed et al. 2018). As a result, a greater

proportion of lake volume and sediment area may fall within
the hypolimnion, where temperatures are lower, and water
is isolated from atmospheric exchange. In lakes with high
DOC concentrations, loss of optimal oxy-thermal habitat vol-
ume for brook trout is likely to occur more frequently (Jane
et al. 2024) and benthic invertebrate productivity may be su-
pressed due to a reduction in oxygenated habitat (Craig et al.
2015).

Food web tracers such as stable isotopes and fatty acids in-
dicate that fish utilize terrestrial organic matter both directly
and indirectly as a resource and that relative utilization of
carbon derived from terrestrial sources increases with DOC
concentrations (Solomon et al. 2011; Karlsson et al. 2015).
Despite these findings, it remains unclear whether increased
terrestrial organic matter can compensate for coincident de-
creases in autochthonous primary production due to light
attenuation. Terrestrial organic matter is often considered a
low-quality resource for invertebrate and fish consumers, in
part because it lacks essential fatty acids, and has a lower
trophic transfer efficiency (Berglund et al. 2007; Brett et al.
2009). Increased utilization of terrestrial organic matter has
been found to be associated with decreased biomass produc-
tion in zooplankton and fish (e.g., Kelly et al. 2014; Karlsson
et al. 2015; Tonin et al. 2022), and others have observed
lower fish biomass and growth rates with increasing DOC
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concentrations (Benoit et al. 2016; Craig et al. 2017; Seekell
et al. 2018). In contrast, there is also evidence that inputs of
terrestrial DOC can directly subsidize lake food webs and in-
crease nutrient availability, which, in turn, may enhance pri-
mary production (reviewed by Creed et al. 2018).

The objective of our study was to investigate how the
biomass and trophic relationships of invertebrates and a com-
mon benthivorous fish, White Sucker (Catostomus commer-
sonii), varied with DOC concentration. We used a survey of
eight stratified boreal lakes to investigate relationships be-
tween DOC concentrations and the biomass of White Sucker
and their invertebrate prey. Using stable isotopes of hydro-
gen (H), carbon (C), and nitrogen (N) with a three-isotope
Bayesian mixing model, we examined how basal resource
use by White Sucker and invertebrates varied with DOC con-
centrations. This included determining whether utilization
of C derived from terrestrial organic matter (allochthony) by
White Sucker and invertebrates increased with DOC concen-
tration, potentially acting as a resource subsidy.

Methods

Study sites and sample collection

We surveyed eight boreal lakes in 2017 with a range of
DOC from 3.5 to 9.2 mg L~! at the International Institute
for Sustainable Development Experimental Lakes Area (IISD
ELA) in northwestern Ontario (49.8283°N, 93.7710°W). The
lakes were all small (8.4-56 ha), dimictic, and nutrient poor
(5-9 pgL~! total phosphorus), with negligible macrophyte
growth (Tonin et al. 2022; Table SA1). The watersheds are
dominated by coniferous forest and minimally impacted by
development. All the lakes contain populations of White
Sucker, which dominate fish biomass in IISD ELA lakes
(Chalanchuk 1998), like other boreal lakes across Ontario
(Trippel and Harvey 1987). Each lake also has at least one
species of piscivore, and variable forage fish communities
that include small-bodied percids, leuciscids (North Ameri-
can minnows), coregonids, cottids and gasterosteids (Table
SA1). In IISD ELA lakes, there are no observable differences
in White Sucker growth rates among lakes with differing pis-
civore predators (Chalanchuk 1998). Where historical data
exist, mean annual DOC concentrations measured in 2017
did not vary by more than 1 mg'L~! from mean annual con-
centrations determined in the previous 10 years in any lake
or by 0.5 mg'L~! for the previous 5 years, with the sole ex-
ception of Lake 442, which varied by 1 mg L™!. Previously
published data indicate that the abundances and biomass
densities of White Sucker in ELA lakes were generally sta-
ble in the period leading up to the sampling for this study
(Kidd et al. 2014; Rennie et al. 2019), and preliminary assess-
ments suggest that this was true for the other study lakes
as well. Epilimnetic water samples were collected either bi-
weekly (four lakes) or monthly (Table SA1) for DOC, par-
ticulate and dissolved nutrients (N and P) and chlorophyll
a, with concurrent profiling for DO, temperature and light
using a model LI 192 Underwater Quantum Sensor (Tonin
et al. 2022). Water samples were collected using either a
4.5 L integrating sampler (Lakes 223, 224, 239, 373, 442, 626;

Shearer 1978) or as a 1 L grab sample collected at 0.5 m depth
(Lakes 164, 658) and were analysed in the IISD ELA Chem-
istry Laboratory using the methods of Stainton et al. (1977)
and Havens et al. (2024). Light attenuation (K4) was calculated
from the slope of a regression between the natural logarithm
of photosynthetically active radiation (PAR; umol' m~% sec™!)
and depth (m) (Fee et al. 1996). We also calculated mean light
irradiance, which represents the mean proportion of surface
PAR within the water column. Using K; and mean depth (Z,,),
mean light irradiance (I,) was estimated using the equation
of Karlsson et al. (2009):

(1) In=(1—e") /(Kq x Zp)

Fish and invertebrate biomass

We estimated White Sucker relative biomass by deploying
2-3 trap nets (Guzzo et al. 2014) in the littoral zone (<3 m
depth) of each lake for 4-6 weeks during the spawning pe-
riod of spring 2017 (May to mid-June). White Sucker congre-
gate during spawning, so nets were set at known spawning
sites. Nets were checked every 2-5 days and White Sucker
were enumerated, weighed, and measured for both total and
fork length. Mean biomass-per-unit-effort (BPUE) was calcu-
lated as the mass of White Sucker (kg) caught per net per
day. For any particular lake, all nets were set on the same date
within a few hours of each other, left to fish for 2-5 days, and
then lifted together on the same day such that they fished
for the same number of days. Occasionally, the length of sets
varied from one lake to another because of time availability.
In our experience, the maximum set time of 5 days is well be-
low the time of net saturation in these study lakes during this
time of the year. Fish were collected under permission from
the Province of Ontario (License to Collect Fish for Scientific
Purposes # 1085769) and the Canadian Council for Animal
Care (University of Manitoba Animal Use Protocol #F17-013).

Benthic invertebrate biomass was estimated from collec-
tions conducted over a three-week period in August of 2017
using a modified version of the sampling design of Craig et al.
(2015). Samples were collected with a gravity corer (7 cm
diameter, 38.48 cm?; Aquatic Research Instruments Gravity
NLA corer, Hope, ID, USA) at 4-6 depths in each lake, along
five replicate transects. Every lake was sampled at 0.5, 1, 4,
and 8 m, except L164, where the deepest sample was collected
at 7 m (limited by maximum depth; Table A1). In deeper
lakes, samples were also taken at 12 and 18 m, except L626,
where the deepest sample was 11.2 m (Table A1l). The top
5 cm of each sediment core was retained, sieved through
a 500 um mesh, and preserved in 70% ethanol. Benthic in-
vertebrates were sorted under a dissecting microscope and
identified to genus, except Diptera, which were identified to
family. Sorting efficiency was evaluated by performing spot
checks on 10% of the samples. Less than 10% of the total num-
ber of organisms per sample were missed, indicating accept-
able sorting efficiency (Environment Canada 2012). Each indi-
vidual was photographed using a digital microscope camera
and body length or shell width measured using Image] soft-
ware (Natural Institutes of Health, U.S.A). Length measure-
ments were converted to mass using published length-weight
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relationships (Benke et al. 1999; Baumgirtner and Rothhaupt
2003). Benthos biomass was expressed in four ways: as depth-
specific means; whole-lake means weighted by the area of
each depth zone; littoral means, which were weighted by the
area of each sampling depth < 4 m; and profundal means,
which were weighted by the area of sampling depths below
the thermocline (IISD-Experimental Lakes Area 2023). Func-
tional feeding groups (FFGs) were assigned using Merritt and
Cummins (1996).

Zooplankton were collected bi-weekly or monthly by verti-
cally hauling a 50 pm net through the whole water column
during the day at the deepest point of the lake (n = 6-12 col-
lections per lake) and then counted and converted to biomass
following the methods of Tonin et al. (2022).

Samples for stable isotopes

Stable isotopes of H, C, and N were used to determine the
direct and indirect utilization of allochthonous (terrestrial)
and autochthonous resources by both White Suckers and in-
vertebrates. To estimate allochthonous end members, the sta-
ble isotopic composition of terrestrial organic matter was es-
timated from leaf samples (n = 27) collected from trees (Pi-
nus banksiana, Picea mariana, and Betula papyrifera) commonly
found near each of the eight lakes. The stable isotope signa-
tures did not statistically differ among watersheds (one-way
ANOVA; F7 16; p > 0.5 for all 3 isotopes), so results were pooled
to represent a single terrestrial end member.

To estimate autochthonous phytoplankton end members,
water and particulate organic matter (POM) were collected
monthly from the epilimnion of each lake. Water samples
collected for §°H were passed through a 0.2 um filter and
stored at 4 °C in 40 mL glass serum bottles with no headspace.
POM was collected by filtering 1-2 L of water with a pre-
combusted QM-A filter (nominal pore size = 0.7 um) and
frozen. Stable isotopes in benthic primary producers were de-
termined from periphyton growing on unglazed ceramic tiles
that were suspended at 1 m along the shore of each lake. Tiles
were initially set out in May and each month thereafter two
tiles were removed from each lake, after which periphyton
was scraped off, pooled, and frozen (n = 5 replicates per lake).
Macrophytes were excluded as potential autochthonous end
members because macrophyte growth is negligible in our
study systems.

To obtain invertebrates for isotopic analysis, littoral ben-
thic invertebrates (benthos) were sampled 2—-4 times per lake
through June-August at ~1 m depth with a D-framed net and
separated by order. Profundal invertebrates were collected us-
ing an Ekman grab on 2—4 occasions below the thermocline.
Zooplankton were collected monthly (n = 6 per lake) by verti-
cally hauling a 150 um net through the whole water column
at the deepest point in the lake. All invertebrates were picked
and frozen within 2—4 h of collection. Animals were not depu-
rated before picking.

A single pelvic fin ray was taken from collected White
Sucker for stable isotope analysis. To account for potential
intra-fin variability, only the tip of each fin ray was used for
isotope analysis (Hayden et al. 2015). All fish samples for sta-
ble isotope analyses were collected between September to
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early October to account for the assimilated diet during the
open water season based on published tissue turnover rates
(Vander Zanden et al. 2015). All White Sucker analyzed were
>150 mm in length and assumed to be adults with respect to
their feeding ontogeny (Hamilton Stewart 1926). All organic
samples were freeze dried or oven-dried at 60°C, homoge-
nized if necessary, and stored in a desiccator until analysis.

The University of Waterloo Environmental Isotope Labora-
tory analysed §'C and §'° N using a Finnegan DeltaP'*s XI-EA
mass spectrometer and the Colorado Plateau Stable Isotope
Laboratory, Northern Arizona University determined §2H fol-
lowing the methods of Doucett et al. (2007) for organic sam-
ples, using a correction for exchangeable H using bench-top
equilibrium. Water §?H was determined using cavity-ring-
down laser spectroscopy.

Indirect methods were used to estimate the stable isotopic
composition of phytoplankton because they are difficult to
isolate from bulk POM. Phytoplankton §2H was estimated
from §2H in water using a photosynthetic fractionation factor
of —160.9 £+ 17 (Wilkinson et al. 2015). As detailed in Tonin
et al. (2022), phytoplankton §'3C and §'° N values were esti-
mated using a C:N ratio mixing model, stable isotopes in bulk
POM, and the models of Francis et al. (2011) and Yang et al.
(2014). The model of Post et al. (2007) was used to lipid correct
zooplankton §13C values.

Bayesian mixing model

A Bayesian Mixing model, MixSIAR (Stock et al. 2018; R
package “Bayesian Mixing models in R”, R v4.04), was used to
estimate the proportional use of carbon derived from pelagic
primary production, littoral benthic primary production, and
terrestrial organic matter (allochthony) by both White Sucker
and benthic invertebrates. This model uses three matrices: (1)
the consumer matrix (isotopic values of White Sucker or ben-
thic invertebrate replicates); (2) the source matrix (lake spe-
cific means + one standard deviation [SD]) of benthic (peri-
phyton) and pelagic (phytoplankton) primary producers, and
the mean of allochthonous terrestrial organic matter among
all watersheds (+SD); and (3) a matrix of mean (+SD) discrimi-
nation factors of the per trophic level enrichment of isotopes.

A trophic discrimination factor for §'3C of 0.4 & 1.3% was
used for White Sucker (Post 2002), and 0.0 + 1% for inverte-
brates (Vander Zanden and Rasmussen 2001). An enrichment
factor for §'°N of 2.98 &+ 0.97% was used for both fish and
invertebrates based on the mean of published trophic dis-
crimination factors (Vanderklift and Ponsard 2003). The en-
richment of §2H across trophic levels by dietary water was
corrected for using the model of Solomon et al. (2009):

2) or=1-(1-o)f

where wy is the proportion of H from dietary water in con-
sumer tissue, t is the trophic position of a consumer above
primary producers, and o is the per-trophic-level contribu-
tion of dietary water. A conservative o value of 0.2 (Wilkinson
et al. 2015) was used for fish and zooplankton (following a
sensitivity analysis described in Tonin et al. 2022) and a w
value of 0.39 was used for profundal chironomids, which was
the mean of values cited for this group in the review of Brett
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Table 1. Summary of benthic invertebrate, chironomid, and White Sucker relative biomass estimates among lakes.

Benthic invertebrate biomass (g'm2) Chironomid biomass (g m~2) White Sucker BPUE

Lake Littoral Profundal Whole-lake Littoral Profundal Whole-lake (kgnet~-day~! + SD)
1224 0.17 0.34 0.28 0.08 0.34 0.27 1.27 £ 1.54
L373 0.26 0.06 0.16 0.13 0.06 0.08 1.84 + 1.44
L223 0.25 0.50 0.42 0.10 0.46 0.32 1.54 £ 0.86
L1626 0.54 0.53 0.53 0.07 0.53 0.37 12.84 4+ 13.25
L442 0.31 0.14 0.20 0.03 0.14 0.05 0.23 + 0.09
L1239 1.05 0.88 0.94 0.06 0.09 0.08 0.13 £ 0.21
L1658 1.14 0.14 0.44 0.09 0.14 0.11 0.24 £+ 0.29
L164 0.54 0.49 0.50 0.10 0.49 0.30 1.00 £ 2.07

Note: Littoral means were weighted by area of each sampling depth <4 m, and profundal was weighted by the areas of sampling depths below the thermocline.

et al. (2018). Trophic position (t) was estimated from the dis-
crimination factor for §1°N, the mean §°N of consumers, and
815N in periphyton (base of the food web) using the formula
of Post (2002). Using the proportion of a consumer’s dietary
water (wwot ) and trophic position, a correction factor for di-
etary water enrichment was derived as outlined by Berggren
et al. (2014):

(3) s°Henrichment = 6*Hgample

- (52Hsample — Wrot X 82Hwater) /(1 — wot)

where §?Hyaer is the §2H of water, and §?Hgample is the sample
being corrected for.

For each model, three Markov chains were run with un-
informed Dirichlet priors for 1,000,000 iterations, with a
500,000 iteration burn-in, at a thinning rate of 500 (Stock
et al. 2018). The Gelman-Rubin test was used to assess con-
vergence, where models were considered acceptable with a
scale reduction factor < 1.1. Medians were used as point esti-
mates because posterior distributions were skewed for some
mixing models. Isotopic values were similar among littoral
benthic invertebrate orders, so we fitted a single model us-
ing a mean value for all littoral invertebrate samples within
each lake. Additional mixing models were run to estimate the
extent to which White Sucker relied on littoral benthic in-
vertebrates, profundal chironomids and zooplankton where
basal primary producers were replaced as “sources” with the
isotopic values (+£SD) of the potential prey items, adjusted
for trophic discrimination. Data used for the isotopic mix-
ing models are summarized in Table SA2 and Fig. SA1 and
Fig. SA2.

Statistical analysis

Pearson correlations were used to evaluate hypothesized
drivers of White Sucker BPUE and invertebrate biomass, in-
cluding resource availability, resource utilization, and habi-
tat availability. To further evaluate the relationship between
the proportion of lake area with sediments above the photic
depth with DOC concentrations and lake morphometry, a
multiple regression was also conducted. Model assumptions
were assessed visually by comparing quantile-quantile plots
and histograms of residuals. White Sucker BPUE was log,
transformed to meet model assumptions.

Probabilities were not corrected for multiple comparisons.
Following Muff et al. (2022), we focus here on patterns
of statistical significance and the strength of overall evi-
dence rather than emphasizing the results of any single test.
Throughout, we give the greatest weight to statistical rela-
tionships with probabilities less than 0.01, which provide the
strongest evidence of pattern.

Results

Lake characteristics

Variations in mean DOC concentrations among lakes were
correlated with the mean of several limnological characteris-
tics during the ice-free-season (Table SA3; Tonin et al. 2022).
Light attenuation ranged from 0.35 to 1.02 m~! and was
highly positively correlated with DOC concentrations (n = 8,
r = 0.99, p < 0.001), as well as epilimnetic total phospho-
rus (n = 8, r = 091, p = 0.002), and epilimnetic chloro-
phyll a (n = 8, r = 0.93, p < 0.0001), which were positively
correlated with each other (Table SA3). Mean light irradi-
ance, which accounts for both light attenuation and lake
morphometry (mean depth), was positively correlated with
the proportion of lake area above the photic depth (depth
of 1% surface PAR; n = 8, r = 0.91, p = 0.002). Similarly,
a multiple regression model showed how mean lake depth
and DOC concentration influenced the proportion of lake
area with sediments above the photic depth (% area above
photic depth = 164.9-10.1(DOC [mg L~!])-6.1(mean depth
[m]); R?= 0.76, F, 5= 7.68, p = 0.03), where DOC concen-
tration and mean depth account for 46% and 30% of model
variance, respectively. DOC concentrations were not signifi-
cantly correlated with mean or maximum depth, lake area
or volume, or volume-weighted hypolimnetic DO (Table SA3;
n =38, all p > 0.05).

Invertebrate and white sucker biomass

The mean whole-lake depth-weighted biomass of benthic
invertebrates ranged from 0.16 to 0.94 gm™2 (Table 1), and
mean densities ranged from 1498 to 4215 individuals m—2
among lakes (Table SA4). Chironomids were the dominant
taxa in all lakes, accounting for 43% to 87% of individuals in
shallow sites (Fig. 1A), and nearly 100% of individuals at deep
sites, except for 1239, where high densities of amphipods
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Fig. 1. The relative abundance of benthic invertebrate (A) taxa and (B) functional feeding groups (FFG) in core samples collected
at shallow sites (<4 m) among lakes (arranged left to right by increasing DOC concentration).
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were encountered at 18 m. At littoral sites, functional feed-
ing groups were dominated by collector-gatherers (Fig. 1B),
and the proportion of shredders increased with DOC con-
centration (n = 8, r = 0.82, p = 0.01), from 1% to 18% of
individuals. Mean among-lake benthic biomass was not sig-
nificantly related to DOC concentration, light attenuation,
mean light climate, maximum or mean depth, area, chloro-
phyll a, or TP (Table SA5; n = 8; p > 0.05). Depth-specific
biomass estimates were also not correlated with DO or tem-
perature measured on the day of collection or means for
the open water season (Fig. SA3; n = 42; p > 0.05). Ben-
thic invertebrate biomass was variable at high DO concen-
trations but was always low at concentrations <2 mg-L~. De-
spite this, we found no statistically significant relationships
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between profundal invertebrate biomass and mean volume-
weighted hypolimnetic DO concentration (n = 8; r = 0.01;
p =0.98).

Mean whole-lake chironomid biomass ranged from 0.08 to
0.37 gm~2 and was positively correlated with mean light ir-
radiance (Table SA5; Fig. 2a; n = 8, r = 0.84, p = 0.01) and
the proportion of lake area above the photic depth (n = 8,
r = 0.78, p = 0.02). The biomass of chironomids was similar
among lakes in the littoral zone (Table SA4) and the greatest
differences in chironomid biomass occurred below the ther-
mocline (profundal zone). Zooplankton biomass ranged from
0.13 to 0.54 gm~2 and was significantly negatively related to
DOC concentration (n = 8, r = —=0.92, p = 0.001; Tonin et al.
2022).
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Fig. 2. (@) Mean whole-lake chironomid biomass in relation to mean light irradiance (n = 8; r = 0.82, p = 0.01), and (b) 1og10 White
Sucker biomass catch-per-unit-effort (BPUE) in relation to mean light irradiance (r = 0.90; p = 0.002), and (c) mean whole-lake
chironomid biomass (r = 0.74, p = 0.04). Note log scale of y-axis on panels b and c.
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White Sucker BPUE ranged from 0.13 to

12.8 kgnet~'day~'. Although White Sucker BPUE was not
significantly correlated with DOC concentrations (Table SAS5;
n=8,r = —0.56, p = 0.15), it was positively related to mean
light irradiance (Fig. 2b; n = 8, r = 0.90, p = 0.002), the pro-
portion of lake area above the photic depth (n = 8, r = 0.89,
p = 0.004) and mean whole-lake chironomid biomass (Fig.
2¢c;n = 8, r = 0.75, p = 0.03). Total phosphorus, epilimnetic
chlorophyll a, mean depth, and mean benthic invertebrate
biomass or zooplankton biomass were not significantly
correlated with White Sucker BPUE (n = 8, p > 0.05).

Resource use

Terrestrial organic matter (t-OM) §2H values were higher
than periphyton by 22%0 (£3.6%0) and phytoplankton by 46%
(£4.3%0), on average (£SD) (Fig. SA1). There was also strong
isotopic separation among end members using §'°N signa-
tures, with t-OM being most depleted on average (-5.5% +
1.6%0 versus 1.1%c £ 1.3 §°N for periphyton, and 1.9%c +
1.5 §'°N for phytoplankton). Terrestrial organic matter and
epilimnetic phytoplankton had similar §3C values on aver-
age, but both were more negative than periphyton by 4-8%o
within each lake.

Median littoral benthic invertebrate allochthony ranged
from 27% to 45% (median of posterior estimate) among lakes
(Table SA6) and was positively correlated with DOC concen-
tration (Fig. 3a; n = 8, r = 0.83, p = 0.01) and light attenua-
tion (n = 8, r = 0.80, p = 0.02). In most lakes, profundal chi-
ronomids were more depleted in §'3C than epilimnetic phy-
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toplankton and terrestrial organic matter (Table SA2), as well
as metalimnetic POM (Tonin et al. 2022). As a result, profun-
dal chironomid stable isotope ratios fell outside of the mixing
polygons based on terrestrial organic matter, phytoplankton,
and periphyton and meaningful model results could not be
generated. This implies that an important resource used by
profundal chironomids was missed in our sampling. Profun-
dal chironomid §'3C values ranged from -30.4%. to —41.9%
(Table SA2), suggesting possible contributions from methan-
otrophic bacteria (Supplement B).

White Sucker allochthony ranged from 26% to 48% (medi-
ans of posterior distribution; Table SA7) and like littoral ben-
thic invertebrates, was positively related with DOC concen-
tration (Fig. 3b; n = 8, r = 0.86, p = 0.007) and light attenu-
ation (n = 8, r = 0.88, p = 0.004), but also negatively corre-
lated with mean light irradiance (n = 8, r = -0.79, p = 0.02).
Correspondingly, White Sucker allochthony was also posi-
tively related to littoral benthic invertebrate allochthony (Fig.
SA4; r = 0.83, p = 0.01). Utilization of littoral primary pro-
ducers by White Suckers ranged from 9% to 55% but was
not related to DOC concentration or light attenuation (Ta-
ble SA7; n = 8; p > 0.1). The main dietary items support-
ing White Suckers as indicated from mixing models were
benthic invertebrates (profundal + littoral), which accounted
for 56% to 88% of White Sucker diet (Table SAS8). Although
chironomid biomass was a strong predictor of White Sucker
BPUE, we found no relationship between BPUE and reliance
on benthic invertebrates (n = 8, r = 0.52, p = 0.19; profun-
dal + littoral) or between BPUE and reliance on profundal
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Fig. 3. Patterns of allochthony for (a) littoral benthic invertebrates and (b) White Sucker in relation to DOC concentration.
Boxplots represent the 5th, 25th, 50th, 75th, and 95th percentiles of the posterior distribution from MixSIAR models.
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Fig. 4. The relationship between White Sucker biomass-catch-per-unit-effort (BPUE) and allochthony (r = -0.82, p = 0.01).
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chironomids (n = 8, r = 0.56, p = 0.15). White Sucker re-
liance on benthic invertebrates, which include chironomids,
was also not related to mean whole-lake chironomid biomass
(Fig. SA5; n = 8, r = 0.33, p = 0.42). However, BPUE was nega-
tively correlated with White Sucker allochthony (Fig. 4;n =8,
r=-0.82, p =0.01). Based on mixing model results, zooplank-
ton accounted for 12% to 44% of White Sucker diet, but the
proportion of zooplankton in White Sucker diet was not sig-
nificantly correlated with DOC concentration (n = 8, r = 0.60,
p=0.12).

Discussion

Our results highlight how mean light irradiance, which
is a function of both DOC concentration and lake depth,

may affect variation in White Sucker relative biomass in
eight nutrient-poor, boreal lakes by influencing the avail-
ability of benthic invertebrate resources. Our results sup-
port other among-lake surveys that have demonstrated neg-
ative relationships between fish biomass and light attenua-
tion and DOC concentrations (Karlsson et al. 2009; Finstad
et al. 2014; Karlsson et al. 2015; Benoit et al. 2016; Horppila
et al. 2025). The relative biomass of White Sucker was not
significantly correlated with DOC concentrations alone likely
because the effect of DOC on mean light irradiance is moder-
ated by lake depth and basin morphometry. Deeper lakes are
comparatively more vulnerable to increased DOC loading be-
cause a greater proportion of lake area falls below the photic
depth, relative to shallower lakes of the same DOC concentra-
tion (Finstad et al. 2014). In our study, White Sucker relative
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biomass was lowest in lakes with a high proportion of their
volume outside of the photic zone.

Our study identifies two potential mechanisms behind our
observed negative relationship between mean light irradi-
ance and fish relative biomass. First, White Sucker and ben-
thic invertebrate usage of t-OM, increased in low light (high
DOC) lakes. Although t-OM contributed a considerable pro-
portion of the overall resource use of benthic invertebrates,
it is generally considered to be a poor-quality resource com-
pared to autochthonous production (Brett et al. 2017), po-
tentially affecting benthic invertebrate productivity. Based
on mixing models, benthic invertebrates were the primary
prey of White Sucker, suggesting indirect utilization of ter-
restrial carbon through invertebrate consumption. Although
White Sucker may also consume terrestrial organic matter
directly, this is only observed when invertebrate prey are
scarce (Ahlgren 1990). Second, chironomid biomass was posi-
tively correlated with mean light irradiance, suggesting that
resource limitation of benthivorous fish may be greater in
low light (high DOC) lakes. Similar to the findings of Karlsson
et al. (2015), we observed declines in White Sucker BPUE
with increasing allochthony, suggesting that terrestrial or-
ganic matter is not a sufficient resource subsidy to offset the
effects of decreased light penetration on primary production.

Methane-oxidizing bacteria (MOB) were not included as
a potential energy pathway in our mixing models, which
could artificially bias our allochthony estimates towards rel-
atively higher phytoplankton use. To examine this possibil-
ity, we explored the potential contribution of MOB using a
series of hypothetical models (Supplement B). These models
indicate that the potential contribution of methane oxidiz-
ing bacteria to White Sucker biomass via profundal chirono-
mids was likely less than 11% (Table SB3), suggesting that any
bias due to methanotrophs is probably minimal. Instead, the
comparatively high usage of phytoplankton-based carbon by
White Suckers in our lakes as compared to other studies (e.g.,
Karlsson et al. 2009) may be related to greater predation upon
profundal chironomids (between 10% to 57% of White Sucker
diets; Table SA7) that likely rely more on pelagic energy path-
ways.

Across our study lakes, the decline in White Sucker BPUE
with decreasing light availability occurred with concomitant
decreases in chironomid densities, which are favoured prey
of White Suckers (Hamilton Stewart 1926; Trippel and Har-
vey 1987). Lakes with higher DOC concentrations often have
lower benthic invertebrate biomass because DOC-mediated
light limitation may suppress benthic primary production
(Karlsson et al. 2009; Godwin et al. 2014; Norman et al. 2022).
White Sucker are strongly linked to the benthic food web
and other studies also suggest that variation in benthic in-
vertebrate biomass and chironomid density can affect White
Sucker biomass and growth (Trippel and Harvey 1987). In our
study lakes, resource limitation may have been further exac-
erbated by decreases in pelagic primary production and zoo-
plankton due to the influence of DOC on light penetration in
these lakes (Tonin et al. 2022; Sherbo et al. 2023).

While DOC affects stratification and the vertical distribu-
tion of oxygen and temperature, potentially affecting the
availability of suitable oxythermal habitat (Craig et al. 2015),

this does not appear to be the case in our study. In our lakes,
depth-specific benthic biomass was not correlated with tem-
perature or dissolved oxygen concentration (Fig. SA3). In gen-
eral, benthic invertebrate biomass decreased with increasing
depth within our study lakes, and biomass was consistently
low at DO concentrations below 2 mg O," L~!. Chironomid
biomass was variable at higher DO concentrations (Fig. SA3a),
suggesting that DO concentration may influence invertebrate
biomass, but other factors are also important. Chironomid
biomass in our study lakes tended to be greater at deep sites
relative to shallow sites, and we found no statistical relation-
ship between profundal chironomid biomass and volume-
weighted hypolimnetic oxygen. Because chironomids can tol-
erate periods of anoxia and may have lower oxygen thresh-
olds than many fish species, it is possible that low dissolved
oxygen concentrations may provide a refuge to chironomids
from predation (Jénasson 1984). Lower chironomid densities
at shallower sites may also reflect higher inshore predation
by minnows and other taxa.

At littoral sites, utilization of benthic primary production
by invertebrates declined with increasing DOC concentra-
tions, but littoral benthic invertebrate biomass was not re-
lated to utilization of this resource or DOC concentration.
The lack of a relationship between these two variables may
reflect changes in benthic invertebrate community compo-
sition with increasing DOC concentration. Benthic inverte-
brates are a diverse group with various feeding strategies;
the loss of benthic primary production with increasing DOC
concentrations may drive changes in community composi-
tion that favour detrital, or other feeding strategies while
maintaining total invertebrate biomass. In support of this ob-
servation, the proportion of benthic invertebrates at littoral
sites belonging to the functional feeding group “shredders”
increased with DOC concentration in our lakes, from 1-18%
of individuals.

Given changes in light penetration with increasing DOC
concentrations observed here and elsewhere, declines in fish
and benthic invertebrate biomass may be related to decreases
in whole-lake primary production (both benthic and pelagic).
Whole-lake energy mobilization per m? or m? typically de-
clines with increasing light attenuation and increasing lake
depth, because a greater proportion of lake area and vol-
ume falls below the photic depth in deep lakes relative to
shallow lakes with similar light attenuation (Ask et al. 2009;
Finstad et al. 2014). In our lakes, whole-lake mean chirono-
mid biomass and White Sucker BPUE were both positively
correlated with the proportion of lake area with light >1%
surface PAR (compensation depth), which was related to both
DOC and mean depth.

Though our findings are based on a limited number of
small, dimictic boreal lakes and focus on a single species
of fish, White Sucker, they are broadly consistent with the
results of studies of other fish species, including Perch and
Roach (Karlsson et al. 2015; Seekell et al. 2018; Horppila et al.
2025), Bluegill (Craig et al. 2017), Walleye, and Trout (Finstad
et al. 2014; Benoit et al. 2016). Lakes of different sizes, mixing
patterns, and fish species may respond differently to inputs of
terrestrial organic matter. White Sucker are a species that is
tightly linked to benthic food webs and other fish species that
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are more flexible in their feeding ecology may not respond
in a similar manner to declines in benthic prey. For example,
Johnston et al. (2019) found that the §3C signatures of White
Sucker became more littoral (less negative) in clearer lakes
whereas the §13C signatures of Lake Trout were unaffected.
However, the consistency of our results with other species
that feed more broadly suggests that DOC impacts on energy
transfer to fish are broader than just the feeding mode of the
species under study.

While our benthic invertebrate biomass estimates were de-
termined from a single annual survey and do not account for
temporal variations, other work in the boreal ecozone region
has shown that benthic invertebrate densities are relatively
stable seasonally (Shchapov and Ozersky 2024). Further, our
main method of quantitative benthic sampling (i.e., sediment
coring) arguably did not efficiently collect larger mobile in-
vertebrate taxa. However, chironomids that are not highly
mobile numerically dominate the benthic communities of
IISD ELA lakes (Hamilton 1971) and are the primary prey for
White Sucker (Hamilton Stewart 1926; Trippel and Harvey
1987). This suggests that the potential bias against large taxa
in our benthic surveys likely had little impact on our results.

Our results support a growing body of literature indicating
that DOC-mediated light limitation results in reductions in
standing biomass in several ecosystem components (Karlsson
et al. 2009; Finstad et al. 2014; Seekell et al. 2018; Norman
et al. 2022; Horppila et al. 2025), and provides evidence for
two, non-mutually exclusive mechanisms that link declines
in fish biomass with DOC-mediated light limitation. First,
we found support for the conceptual model that changes
in mean light irradiance and its effects on primary produc-
tion influence the availability of benthic invertebrate prey,
thereby affecting fish biomass (Karlsson et al. 2009; Craig
et al. 2015). Second, White Sucker biomass declined with in-
creasing allochthony (Karlsson et al. 2015), suggesting that
terrestrial organic matter is not a resource subsidy relative
to losses of benthic and pelagic primary production in high
DOC environments. Given the similarity of our results with
surveys of other fish populations that utilize a wide variety of
different habitats and feeding strategies (Finstad et al. 2014;
Karlsson et al. 2015; Benoit et al. 2016; Craig et al. 2017;
Seekell et al. 2018; Horppila et al. 2025), our results suggest
that increases of DOC concentrations are likely to lead to re-
ductions in fish productivity.
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