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ABSTRACT

Ecological theory predicts that the relative distribu-

tion of primary production across habitats influence

fish size structure and biomass production. In this

study, we assessed individual, population, and

community-level consequences for brown trout

(Salmo trutta) and Arctic char (Salvelinus alpinus) of

variation in estimated habitat specific (benthic and

pelagic) and total whole lake (GPPwhole) gross pri-

mary production in 27 northern oligotrophic lakes.

We found that higher contribution of benthic pri-

mary production to GPPwhole was associated with

higher community biomass and larger maximum

and mean sizes of fish. At the population level, spe-

cies-specific responses differed. Increased benthic

primary production (GPPBenthic) correlated to higher

population biomass of brown trout regardless of

being alone or in sympatry, while Arctic char re-

sponded positively to pelagic primary production

(GPPPelagic) in sympatric populations. In sympatric

lakes, the maximum size of both species was posi-

tively related to both GPPBenthic and the benthic

contribution to GPPWhole. In allopatric lakes, brown

troutmean andmaximum size andArctic charmean

sizewere positively related to the benthic proportion

of GPPWhole. Our results highlight the importance of

light-controlled benthic primary production for fish

biomass production in oligotrophic northern lakes.

Our results further suggest that consequences of

ontogenetic asymmetry and niche shifts may cause

the distribution of primary production across habi-

tats to be more important than the total ecosystem

primaryproduction for fish size, population biomass,

and production. Awareness of the relationships be-

tween light availability and asymmetric resource

production favoring large fish and fish production

may allow for cost-efficient and more informed

management actions in northern oligotrophic lakes.
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HIGHLIGHTS

� Ontogenetic development and asymmetric re-

source availability impact fish production

� Lake fish production, biomass and size vary with

habitat-specific primary production

� Light climate in lakes can be used as a proxy for

fish biomass, production and size.

INTRODUCTION

The productivity of northern lakes has been sug-

gested to be mainly controlled by light-limited

primary production in benthic habitats (Vander

Zanden and Vadeboncoeur 2002; Karlsson and

Byström 2005; Karlsson and others 2009). In those

lakes, benthic algae provide the main energy

source for the benthic invertebrate community,

which is a major resource for many fish species

(Vander Zanden and Vadeboncoeur 2002; Karlsson

and others 2009; Vander Zanden and others 2011).

However, most fish species undergo ontogenetic

niche shifts during growth, for example, from

feeding on small-sized zooplankton to larger

invertebrates, highlighting the potential impor-

tance of the pelagic resource production for juve-

nile fish growth and survival (Werner and Gilliam

1984; Persson and Greenberg 1990; Jansen and

others 2003). The spatial distribution of total re-

source production for many fish species can

therefore be conceptualized as two distinct zones,

one where the juvenile resource is mainly pro-

duced in the pelagic habitat and the other where

benthic habitat provides resources mainly for

adults.

Besides the basal productivity of an ecosystem,

the relative resource production between two

habitats has been suggested to have a major influ-

ence on fish production and population biomass

(de Roos and Persson 2013; Persson and de Roos

2013; Reichstein and others 2015). This is because

fish production and biomass depend on which

ontogenetic stage, juvenile or adult, is most re-

source limited (de Roos and Persson 2013). Small

individuals generally have an exploitative com-

petitive advantage over large, as they can avoid

starvation and maintain growth on lower resource

levels as compared to larger conspecifics (Persson

1985; Lundberg and Persson 1993; Werner 1994;

Persson and others 1998; Aljetlawi and Leo-

nardsson 2002; Byström and Andersson 2005).

Considering the case where superior juveniles

compete with adults for a single shared

resource—juveniles grow fast and mature early,

but as they reach larger sizes, resource limitation

increases, which leads to slower growth and a

population that is dominated by high densities of

slow-growing and small adults (Persson and de

Roos 2013). In such ‘stunted’ populations, adult

biomass production and reproduction is low be-

cause growth and fecundity are strongly con-

strained by resource availability and the biomass

production is limited by a bottleneck in reproduc-

tion. However, in the presence of ontogenetic

niche shifts, this competitive advantage of juveniles

can be relaxed or offset by a high production of

resources (that is, large-sized prey) that are more

exclusive to larger-sized adult fish (Persson and de

Roos 2013). In support for such a consequence of

ontogenetic niche shifts, Reichstein and others

(2015) experimentally showed that a reallocation

of resource supply from the juvenile stage to the

competitively inferior adult stage resulted in higher

reproduction and total population biomass even

though the total level of resource supply remained

constant. The same qualitative response is expected

from an increased resource supply to adults while

juvenile resource supply is held constant, but with

an even higher response in total biomass (de Roos

and Persson 2013; Reichstein and others 2015).

Transferring the above rationale developed fore-

most in de Roos and Persson (2013) and experi-

mentally confirmed by Reichstein and others

(2015) to present understanding of northern

mountain lakes, we hypothesize that the relative

resource production between pelagic and benthic

habitats and absolute levels of benthic production

determine patterns of mountain fish population

demographics and production.

High-altitude lakes in northern Europe are

dominated by relatively small clear water lakes but

with high variability in lake depth, which implies

large variations in pelagic and benthic habitat

availability (Downing 2014; Seekell and others

2021). The fish communities in these lakes have

low species richness and typically consist of allo-

patric or sympatric populations of Arctic char

(Salvelinus alpinus) and brown trout (Salmo trutta)

(Figure 1A). Zooplankton and benthic inverte-

brates are the main resources for both species, and

their relative contribution to the diets commonly

depend on fish size (Forseth and others 1994;

Hesthagen and others 1997; Amundsen and others

2003; Saksgård and Hesthagen 2004; Eloranta and

others 2010). Arctic char is generally a more effi-

cient planktivore than brown trout, whereas brown

trout is a more efficient benthivore (Langeland and

others 1991; Hesthagen and others 1997; Saksgård
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and Hesthagen 2004). Population size structures in

these mountain lakes, even at local scales, range

from domination by stunted small-sized adults to a

domination by fast-growing large adults, and even

bimodal size distributions due to the presence of

large cannibals (Klemetsen and others 2003) or

piscivores as suggested by Sánchez-Hernández

(2020). This variation in population size structures

among lakes suggests that the intensity and out-

come of size-dependent competition is sensitive to

lake-specific environmental conditions. The large

variation in pelagic and benthic habitat availability

among lakes further suggests that the variation in

primary production between these two habitats

may potentially explain the range in population

size structure and fish production among these lake

ecosystems.

In this study, we estimated population size

structure (maximum and mean length), biomass,

and yearly production of Arctic char and brown

trout in mountain lakes in northern Sweden and

tested if they were correlated to measures of light

climate, whole ecosystem primary production, and/

or habitat-specific primary production. In addition,

we also tested if temperature and lake-specific

morphological characteristics explained our varia-

tion in measured response variables. Our main

hypotheses were (1) that biomass and production of

fish would be more dependent on benthic primary

production (GPPBenthic) thanonwhole-lake (benthic

and pelagic) primary production (GPPWhole) or pe-

lagic primary production (GPPPelagic), (2) that the

biomass and production of fish to depend on the

relative production of resources to juveniles and

adults, where a higher benthic proportion of

GPPWhole will result in larger fish and higher total

biomass, and (3) that brown trout (more efficient

benthivore) shows stronger responses to variation in

GPPBenthic compared to Arctic char (more efficient

planktivore), while Arctic char show stronger re-

sponse to variation in GPPPelagic.

METHODS

We evaluated habitat-specific primary production

as a predictor of fish production, standing stock

biomass, and population size structure in 27 small

lakes ranging in size from 4 to 40 hectares and in

water clarity (kd) from 0.19 m-1 (very clear) to

1.47 m-1 (intermediately brown colored) situated

Figure 1. Panel A depicts the two fish species that are found in the lakes either alone or in sympatry. Panel B depicts one

of the vegetation extremes, birch forest (ZF07, 649 m.a.s.l.). Panel C depicts the other vegetation extreme in our data set

(AC01, 875 m.a.s.l.) with dry heath, sparsely populated by rock fields. Photo: Jörgen Wiklund (A) and Sven Norman (B

and C).
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in or near the alpine region of Sweden (Appendix,

Table A1). They represent the range of variations

among small oligotrophic lakes in this region,

mostly differing in lake depth and catchment size.

The catchment vegetation types range with altitude

from birch forests at lower elevations (Figure 1B)

to dry heath above the tree line (that is, at inter-

mediate elevations) and to low vegetation open

rock fields with sparse dry heath patches at higher

elevations (Figure 1C). Ten of the lakes contained

both species of fish (Figure 1A) (sympatric) and 17

had either Arctic char (N = 5) or brown trout

(N = 12) (allopatric). The range of the measured

physiochemical variables are summarized in Ta-

ble 1.

Fish Biomass and Size Structure

The sampling of fish was done using gillnets. We

obtained a measure of lake-specific fish biomass

using the commonly used index catch per unit of

effort (CPUE) which provides a relative estimate of

fish biomass and abundance among lakes. We

chose to describe fish biomass in CPUE units for

three reasons, (1) it is a widely used metric of rel-

ative fish biomass and production (for example,

Kahilainen and Lehtonen 2002; Karlsson and oth-

ers 2009; Eloranta and others 2013; Svenning and

others 2015; Craig and others 2017; Vainikka and

others 2017; Morrissey-McCaffrey and others

2018), (2) it is cost-effective which enabled an

adequate sample size in a logistically challenging

mountain region, and (3) it is the standard ap-

proach within Sweden (Swedish-standards-insti-

tute 2015) and the EU which therefore facilitates

comparisons with governmental test fishing data-

bases and monitoring data. The gillnetting was

done in August 2016 and 2017, in accordance with

the Swedish standard survey gillnetting method

(Swedish-standards-institute 2015) with Nordic 12

standard survey multi-mesh gillnet (30 9 1.5 m),

with sections of mesh sizes of 5, 6.25, 8, 10, 12.5,

15.5, 19.5, 24, 29, 35, 43, and 55 mm. The number

of nets used per lake depended on lake area and

maximum depth and was set randomly within each

depth zone (0–3, 3–6, 6–12, 12–20, and 20 m) (see

Appendix Figure A3). The proportion of nets allo-

cated to each depth zone was decided by the areal

proportion of that depth zone to the whole lake

area. The nets were set in the afternoon and

emptied the following morning so that the two

periods of high fish activity, dusk and dawn, were

included (Westin and Aneer 1987). CPUE was

calculated for each depth zone as g net-1. A lake-

specific CPUE was then calculated as the average

catch per net among the depth zones weighted by

the contribution to total lake area of each respec-

tive depth zone. As such, the obtained CPUE esti-

mate reflects a relative measure of lake fish biomass

per surface area. Further, we evaluated the sensi-

tivity of the obtained CPUE estimate to this

weighting by recalculating CPUE weighted by vol-

ume above each depth zone. The results were

indistinguishable from the CPUE weighted by areal

proportion (Pearson correlation r = 1, p < 0.01).

Consequently, we used our proportional depth-

dependent surface area corrected CPUE as a den-

sity-related estimate of fish biomass in our analysis.

All captured fish were deep-frozen separately per

gillnet for later analysis. Fish length and weight

were measured in the laboratory and the otoliths of

a size representative subsample (n = 30) of each

population were removed (on all fish if less than 30

were captured) for age determination and subse-

quent growth and production estimates. Otolith

Table 1. Range of Physical and Nutrient Parameters in the Sampled Lakes

Parameter Median Range

Mean depth (m) 3.5 0.5–10.9

Max depth (m) 10.8 2.2–31.2

Area (hectare) 9.75 4–40

Light climate (Im) 0.38 0.19–0.89

Light attenuation coefficient (Kd, m
-1) 0.64 0.19–1.47

Temperature (�C) 8.8 7.35–10.93

DOC (mg L-1) 2.95 0.46–7.52

TDN (lg L-1) 101.6 32.7–189.2

TN (lg L-1) 134.5 67.8–199.3

TP (lg L-1) 4.8 3.72–8.06

The temperature, DOC and nutrient parameters are the average over the open water season. Detailed per lake descriptions of these parameters are provided in Appendix,
Table A1.
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readings were done under a microscope with the

otoliths submerged in glycerol to improve the

contrast between the annual rings. The lack of an

asymptote in length and age relationships in most

lakes made growth parameter estimates based on

von Bertalanffy curves unattainable. For method-

ological consistency, we fitted linear, power, and

sigmoidal models describing age at length and

weight at length in each lake and used the Akaike

information criterion corrected for small sample

sizes to select the best model for each lake. There

was little difference in the model fits across the

ranges of length and age in our study, and model

uncertainty is unlikely to have any impact on our

analyses (Appendix, Figure A6 and A7). Using the

selected models, we then estimated the average

lake specific weight of a 150 mm (small) and

300 mm (large) fish, and then estimated the weight

of these at year + 1 using the selected model to

establish the specific growth rate of small and large

fish, respectively, as:

Specific growth rate ¼ ðlnðWtþ1Þ � lnðWtÞÞ � 100

where W is the fish weight at time t and t + 1

(year). To estimate the yearly fish production we

summed up the estimated yearly growth of each

captured individual based on individual length and

estimated yearly weight increase from the growth

rate functions (Karlsson and others 2009).

Physical and Chemical Parameters

Lake bathymetry was determined from integrated

GPS and echo-sounding depth measurements

(transects were roughly 10–15 m apart). We mea-

sured lake physical and chemical parameters (Ta-

ble 1) either continuously (surface light and air

temperature) or at approximately monthly inter-

vals [dissolved organic carbon (DOC), total phos-

phorus (TP), total nitrogen (TN), and

photosynthetically active radiation (PAR)] during

the ice-free period. Air temperature was measured

every 10 s and logged every 10 min using HOBO

U30-NRC weather stations installed 1.9–2.5 m

above ground. Oxygen loggers were deployed near

the surface and near the bottom (see below and

Appendix for detailed methodology for use in the

free-water diel oxygen technique for determining

GPP). Due to the remoteness of four lakes (ZF01,

ZF05, ZF06, and ZF07, see Table A1 in Appendix)

we could not set up weather stations to measure air

temperature. Modeled grid data (4 km2) was in-

stead acquired and corrected for elevation, for these

lakes from the Swedish Meteorological and

Hydrological Institute, (SMHI), https://www.smhi.

se/data/meteorologi/temperatur, accessed: 2019-

04-08).

A composite water sample (at 1, 2, 4, 8, 16 m or

down to value closest to maximum depth) for

chemical parameters was taken at the deepest point

of the lake on each sampling occasion. For DOC,

water was passed through a preignited (400 �C for

3 h) Whatman GF/F filter, and the filtrate was

acidified and stored cold before analysis. DOC was

analyzed with an IL550 TOC/TDN analyzer (Hach-

Lange GmbH, Dusseldorf, Germany). PAR was

measured every 0.5 m of the water column using a

LI-193 spherical quantum sensor (LI-COR Bio-

sciences, Lincoln, Nebraska, USA). TN and TP were

analyzed according to methods described in Berg-

ström and others (2013).

The mean light climate (Im) of the whole lake

volume, expressed as a fraction of light entering the

lake, was calculated as described in Karlsson and

others (2009):

Im ¼ ð1� e�kd�ZmÞ
�
ðkd � ZmÞ

where kd is the vertical light attenuation coefficient

and Zm is the mean depth. Low values (close to 0)

of Im represent lakes that are either very deep and/

or very colored, while high values (close to 1) de-

scribe shallow and/or very clear lakes.

Gross Primary Production and Habitat-
Specific Proportion

We estimated gross primary production (GPPWhole)

for the whole lake volume, including both pelagic

and benthic GPP, using the free-water diel oxygen

technique (Staehr and others 2010). We used an

inverse modeling approach to describe the daily

fluctuations in dissolved oxygen concentrations

measured at a given depth. For each day, the model

solves for the most likely values of gross primary

production and ecosystem respiration, minimizing

the difference between modeled and measured

oxygen concentrations. The model scales gross

primary production by incoming light and ecosys-

tem respiration by water temperature and also ac-

counts for atmospheric gas exchange. To yield

GPPWhole we integrated daily depth-specific esti-

mates of gross primary production over the whole

lake volume and sampling season weighted by

estimated model uncertainty for specific days (for

further details, see Appendix). GPPWhole therefore

represents the estimated gross primary production

in the whole lake over the entire season expressed

per liter and day which is common practice using

the free-water diel oxygen technique (Hanson and

others 2008; Staehr and others 2010; Solomon and

Habitat Specific GPP and Lake Fish Production 1559
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others 2013). Thus, both our estimates of GPP and

CPUE are standardized by lake size which ensures

their analytical compatibility.

The free-water diel oxygen technique incorpo-

rates both pelagic and benthic GPP but cannot

differentiate between them. The habitat-specific

contributions to estimated GPPWhole were therefore

calculated using a modified version of the primary

production model by Vadeboncoeur and others

(2008) named the autotrophic structure model in

Devlin and others (2016) also used in Vander

Zanden and others (2011) to estimate benthic

contribution to whole lake primary production.

The model accounts here for the measured lake

morphometry, light attenuation in the water col-

umn, and predefined maximum productivity of

algae in different habitats and results in estimates of

epipelic, epilithic (benthic algae), and phytoplank-

ton GPP. The maximum productivity (parameters

BPmaxs and PPmax, Appendix Table A3) that we

used in our model runs was obtained from studies

in four lakes where benthic and pelagic production

had been measured in detail at multiple depths

(Ask and others 2009). These lakes can be consid-

ered representative of our study lakes in terms of

size, nutrient status, and surrounding vegetation

(see Appendix, Table A3 for parameterization and

further details). Because the autotrophic structure

model does not account for between-lake differ-

ences in factors such as seasonal temperature

development that may have effects on the magni-

tude of primary production (O’Connor and others

2009; Hamdan and others 2021), we only used the

model results to obtain an estimate of the relative

contribution of habitat-specific production to

GPPWhole. We applied the benthic proportion of

GPP from the autotrophic structure model to the

measured GPPWhole from the free-water diel oxy-

gen technique to estimate the habitat specific pro-

duction (GPPPelagic and GPPBenthic). The rationale

for combining the methods for habitat-specific

estimations is that the free-water diel oxygen

technique uses in situ measures of GPPWhole that

incorporate habitat specific productivities and lake

specific environmental conditions (for example,

temperature) that are not included in the modeled

estimates.

Statistics

All data handling and statistical tests were done

using R (R Core Team 2021). The R-packages that

we used are listed in Appendix (Table A9). We

analyzed fish biomass and production and its rela-

tion to whole-lake and habitat-specific GPP, light

climate, and the benthic proportion of GPPWhole

using linear regression models. At the fish com-

munity level, we first ran linear mixed-effects

models with the main explanatory variables

(whole-lake and habitat-specific GPP, light climate,

and the benthic proportion of GPPWhole) as fixed

factors and included temperature as a random

factor to account for possible climate influences on

our response variables. None of the models that

included temperature was significantly better than

models with only the main explanatory variable

(ANOVA: p > 0.05 in all cases). For species-level

data, the relatively low sample size did not allow us

to test for the influence of temperature on the main

explanatory variables. We therefore excluded

temperature as a random effect from all statistical

models and report only results from our univariate

linear model runs (Table 3). We are not able to

discern effects of air temperature on habitat-speci-

fic GPP estimates because a potential temperature

effect in any of the habitats would be included in

the GPPWhole measurement, and our modeling ap-

proach would therefore misallocate the effect onto

both habitats according to their respective contri-

bution to GPPWhole.

We tested for community and species-specific

differences in mean and maximum fish size using a

one-way ANOVA and Tukey’s post hoc test for

differences between the groups. We further ana-

lyzed the effects of the benthic proportion of

GPPWhole, temperature, and lake type (allopatric

and sympatric populations) on growth variables

(specific growth rates and ratio of specific growth

rates of small and large fish). The explanatory

variables used in each model were chosen based on

Akaike information criterion. The results from the

best models are presented in the results sec-

tion. (The retained variables are listed in Appendix,

Table A4.)

Table 2. P-values of Regression Coefficients and
Direction of Effects (Positive/Negative Sign) from
Univariate Regression Models of GPP (Total and by
Habitat) as Functions of Physiochemical Factors

GPPwhole GPPpelagic GPPbenthic

Im < 0.01 + 0.38 < 0.01 +

DOC 0.42 < 0.01 + 0.31

TN 0.71 < 0.01 + 0.59

TP 0.27 0.47 0.24

Significant correlations at p < 0.05 are highlighted in bold. Detailed regression
model summaries are given in Appendix, Table A5.
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Im is by definition correlated to mean lake depth

and kd and we therefore only used Im as explana-

tory variable for light effects on our GPP measures.

In addition, Im and the benthic proportion of

GPPWhole are naturally collinear (in our data set

(r2 = 0.77) as they both depend on lake depth and

the vertical light attenuation through the water

column. However, we retain both, because Im has

previously been used to describe patterns of fish

production in lakes where it is implicitly assumed

to be a proxy for primary production (Karlsson and

others 2009; Seekell and others 2015) while the

benthic proportion of GPPWhole is the relevant

measure to quantify the effects of ontogenetic

asymmetry and habitat-specific resource produc-

tion for fish population size structure and biomass

(Reichstein and others 2015). Allopatric fish pop-

ulations are functionally different from multi-

species fish communities as intra- and interspecific

competition and predation/cannibalism are likely

to differ in strength and importance. Therefore, we

analyze correlations for all types of fish communi-

ties, that is, allopatric or sympatric of either species

as well as the combined whole community (al-

lopatric and sympatric) (see Table 3).

Ethical Considerations

The sampling and sacrifice of fish in this study were

done in accordance with current laws of Sweden

and approved by the local ethics committee of the

Swedish National Board for Laboratory Animals in

Umeå (CFN, license no. A-20-2014 to Pär By-

ström).

RESULTS

Primary Production

The benthic proportion of GPPWhole was high,

ranging from 79 to 95%, and was positively cor-

related to light climate (Im) (OLS regression on lo-

git-transformed benthic proportion as a function of

Im, F(1, 25), p < 0.01, adjusted R2 = 0.82, Fig-

ure 2). The benthic proportion of GPPWhole was

positively correlated to GPPWhole (Pearson,

r = 0.77, p < 0.01). The benthic proportion of GPP

was not correlated to lake volume (Pearson, r -

0.19, p = 0.33). GPPWhole and GPPBenthic were

positively related to Im (Table 2). GPPPelagic was

positively related to the light attenuation coeffi-

cient (kd) (Pearson, r = 0.72, p < 0.01) and kd was

positively correlated to DOC concentration (Pear-

son, r = 0.95, p < 0.01). GPPBenthic was negatively

related to average depth of the lakes (Pearson,

r = - 0.67, p < 0.01), while no correlation was

found with kd nor DOC concentration. Average air

temperature over the season did not correlate with

GPPWhole (p > 0.05), while relationships between

GPP estimates and nutrients were only found for

GPPPelagic which was positively correlated with TN

and DOC (Table 2).

Fish Biomass and Production

Total fish biomass and production were not signif-

icantly related to GPPWhole (Table 3, Figure 3),

habitat-specific GPP, or air temperature (although

there was a tendency to a positive relationship,

p = 0.06–0.09 (GPPWhole), Table 3). Instead, fish

biomass and production increased with increasing

Im and the benthic proportion of GPPWhole (Table 3,

Figure 3B). Air temperature did not affect total fish

biomass and production (Table 3).

The biomass of brown trout increased with

increasing GPPWhole and GPPBenthic in both allopa-

tric and sympatric populations (Figure 4), whereas

Figure 2. A Whole lake primary production (GPPWhole)

and the estimated contribution to (GPPWhole) from the

pelagic (GPPPelagic) and benthic (GPPBenthic) habitat. B

The benthic proportion of GPPWhole as a function of light

climate (Im). Solid lines denote significant correlations

(p < 0.05). The solid line in panel B is the back-

transformed prediction from a regression model

describing the logit-transformed benthic proportion of

GPPWhole as a function of Im.
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the production of brown trout only increased in

allopatric lakes with both increasing GPPWhole and

GPPBenthic (Table 3). The biomass of brown trout

increased with increasing Im in both allopatric and

sympatric populations (Table 3). The biomass and

production of sympatric Arctic char populations

increased with increasing temperature as well as

GPPPelagic (Table 3, biomass: Figure 4B).

Population Size Structure and Growth

The maximum length of brown trout increased

with the benthic proportion of GPPWhole in allo-

patric populations (Figure 5A) and increased for

both species in sympatric populations (Figure 5B).

Similarly, the mean length of both species in allo-

patric populations increased with the benthic pro-

portion of GPPWhole (Figure 5C), whereas no

Figure 4. Fish population biomass in allopatric (A, C) and sympatric populations (B, D) as a function of GPPpelagic (A, B)

and GPPBenthic (C, D). Solid lines denote significant correlations (p < 0.05) and dashed lines describe nonsignificant

trends (p > 0.05). Note that one data point for sympatric Arctic char is excluded from analysis and the figure because only

one Arctic char was caught (AC08, see Appendix Table A1).

Figure 3. A Fish community biomass and production as a function of whole lake primary production (GPPWhole) and B

fish community biomass and production as a function of the benthic proportion of GPPWhole. Solid lines denote significant

correlations (p < 0.05), and dashed lines describe nonsignificant trends (p > 0.05).
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correlation could be found regarding mean lengths

in sympatric populations (Figure 5D). In sympatric

lakes, brown trout maximum and mean size

(Pearson, max: r = 0.91, p < 0.05, mean: r = 0.94,

p < 0.01) as well as the maximum size of Arctic

char increased with GPPBenthic (Pearson, r = 0.90,

p < 0.05). In allopatric populations, no correla-

tions of max and mean length were found with the

GPPBenthic for either species. In addition, the mean

and maximum lengths differ between the popula-

tions in allopatric and sympatric lakes (mean

length—ANOVA: f(3,32) = 8.2, p < 0.01, maxi-

mum length—ANOVA: f(3,32) = 6.8, p < 0.01,

Figure 5). Arctic char mean and maximum length

were larger in allopatric populations relative to

sympatric (Tukey: p < 0.01 in both cases) and al-

lopatric Arctic char maximum length was larger

than that for allopatric brown trout (Tukey:

p < 0.01). Brown trout mean length was larger

than for Arctic char in sympatric lakes in (Tukey:

p < 0.01), while maximum length was close to

significant (Tukey: p = 0.052). Brown trout mean

length was also larger in sympatric compared to

allopatric populations (Tukey: p < 0.05).

The specific growth rate of large brown trout

(estimated for size 300 mm) increased with the

benthic proportion of GPPWhole (linear regression

model, p = 0.05, R2 = 0.18) while no relationships

were present for small brown trout (150 mm) or in

either of the size two size classes of Arctic char. The

ratio of specific growth rates of large and small

brown trout (300 and 150 mm, respectively) in-

creased with the benthic proportion of GPPWhole

(OLS linear regression model, p = 0.01, R2 = 0.29)

while no correlation could be found for Arctic char

(Figure 6). No relationships with temperature on

Figure 5. Fish maximum (A, B) and mean (C, D) length as a function of the benthic proportion of GPPWhole in allopatric

(A, C) and sympatric (B, D) populations. Solid lines denote significant correlations (p < 0.05), and dashed lines describe

nonsignificant trends (p > 0.05). Note that one data point for sympatric Arctic char is missing because only one Arctic

char was caught (AC08, see Appendix Table A1).

Figure 6. The ratio of specific growth rates between

small (150 mm) and large (300 mm) fish as a function of

the benthic proportion of GPPWhole. The solid line

denotes the significant correlation (p < 0.05) of brown

trout, and the dashed line describes the nonsignificant

trend (p > 0.05) for Arctic char.
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the above growth variables were present (Ap-

pendix, Table A4).

DISCUSSION

The productivity of oligotrophic northern lakes

depends strongly on light-controlled benthic pri-

mary production (Vander Zanden and Vadebon-

coeur 2002; Karlsson and others 2009; Seekell and

others 2015). In our study, benthic primary pro-

duction (GPPBenthic) accounted for 79–95% of the

whole ecosystem primary production (GPPWhole)

and was strongly dependent on the light climate

(Im) (Figure 2, Table 2), which is an integrated

measure of light availability accounting for both

light attenuation (water color) and lake depth.

Correspondingly, we found that fish biomass and

production measures were mainly controlled by

GPPBenthic (Figure 4, Table 3) and the benthic

proportion of GPPWhole (Figure 3, Table 3). We

found little evidence for any major temperature

effects on GPP and fish community, population,

and individual level responses, despite a relatively

large latitudinal and altitudinal range and from a

climate change relevant variation in temperature

(Appendix, Table A1) among the lakes. In aquatic

systems, primary production and consumer vital

rates are strongly dependent on temperature, and

temperature has been shown to impact fish indi-

vidual growth, population size structure, and pop-

ulation biomass and production (Lindmark and

others 2018; Huss and others 2019; van Dorst and

others 2019). In our study, only air temperature

was correlated with the production of sympatric

Arctic char while no other significant associations

were found on fish or GPP response variables (Ta-

ble 3). Karlsson and others (2009) found strong

relationships between light climate and fish com-

munity production over a substantially larger gra-

dient in air temperature, with high and similar fish

production both in clear oligotrophic warm boreal

and cold mountain lakes, suggesting that fish pro-

duction may be less dependent on temperature

within the narrower scope of relatively clear olig-

otrophic northern lakes.

Fish Community Biomass
and Production

Fish community biomass and production were not

related to GPPWhole and GPPBenthic (Figure 3A, Ta-

ble 3). Instead, benthic contribution to GPPWhole

explained fish community biomass and production

(Figure 3B, Table 3), which we argue highlights the

important role of ontogeny for population biomass

production. We base this conclusion on recent

experimental and theoretical studies on the con-

sequences of ontogenetic niche shifts in size-

structured populations, which have suggested that,

with increasing proportion of adult resources (in

this case benthic), fish population biomass in-

creases even if total resource availability does not

change (Persson and de Roos 2013; Reichstein and

others 2015). In mountain lakes with salmonids,

increasing relative contribution of benthic re-

sources will reduce competition in the adult stage,

with subsequent increases in total biomass and

production. Theory further predicts that, in popu-

lations where adults are more limited by their re-

sources than juveniles, an increase in productivity

in juvenile resources will not cause an increase in

population biomass. If anything, it will instead re-

sult in increased competition and reduced growth

of adults with a subsequent decreased biomass of

fish (de Roos and Persson 2013; Reichstein and

others 2015). Hence, general theory for size-struc-

tured populations with ontogenetic niche shifts

suggests that changes in productivity of a specific

resource will affect fish biomass production differ-

ently depending on which stage—juvenile or

adult—is more dependent on that specific resource.

The stronger positive relationships of fish biomass

and production to the benthic contribution to

GPPWhole, rather than to GPPWhole (Figure 3), fur-

ther emphasize the importance of benthic primary

production for adult fish and subsequently fish

biomass production in clear oligotrophic lakes (cf.

Karlsson and others 2009). Interestingly, these re-

sults also indicate that, independent of total lake

productivity, the relative share of pelagic and

benthic resource production for small juveniles and

large adults is important for fish biomass produc-

tion.

Ontogenetic niche shifts are rarely discrete in

nature and depend on the relative profitability of

the resources and mortality risks in each habitat

(Werner and Gilliam 1984). A discrete separation of

resources to either ‘juvenile’ or ‘adult’ is therefore

not as strictly categorical as implied above. Both

Arctic char and brown trout are able to feed on

benthic invertebrates even at small sizes, and adults

may also include zooplankton in their diets

(Klemetsen and others 2003). However, at least

four mechanisms may alone or in combination

promote a continuous niche shift with increasing

size in these species. First, gape limitation makes

large invertebrate prey initially inaccessible for

small individuals (Schmitt and Holbrook 1984;

Sánchez-Hernández and others 2011). Second, the

scaling of foraging capacity and metabolic demand
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with fish size causes small juveniles to be sub-

stantially more efficient foragers on zooplankton

than adults (Jansen and others 2003; Byström and

Andersson 2005). Third, the ability of large fish to

exert interference competition and exclude small

fish from the benthic resources (Hindar and Jon-

sson 1982; Kaspersson and others 2013) makes

benthic invertebrates more exclusive to large fish.

Finally, predation risk may cause juveniles to avoid

the structurally homogenous soft bottom benthic

habitats (Magnhagen and Borcherding 2008),

which is often the main habitat contributing to

benthic primary production in clear water lakes

(Ask and others 2009). Theoretical analysis further

shows that, in reasonably broad parameter space,

the population dynamics and demographical pop-

ulation effects of continuous ontogenetic niche

shifts compared to a discrete shift is minor (de Roos

and others 2002). Thus, the qualitative effects are

likely to prevail without regard to whether the

ontogenetic shift from one resource to the other is

discrete or continuous.

Species-Specific and Community Type
Effects

Although we above focused on the general effects

and importance of primary production in the ben-

thic habitat on fish community biomass and pro-

duction, our results also highlight both species- and

community-specific differences (that is, allopatric

vs. sympatric) in response to variation in habitat-

specific measures of primary production (Figure 4,

Table 3).

We tested if an increased benthic contribution to

whole lake GPP would benefit larger individuals

more than small individuals, that is, to cause an

increase in the ratio of specific growth rates for

large (300 mm) and small fish (150 mm). Although

there was no overall evidence when the two spe-

cies were combined, we found that for brown trout

the ratio of specific growth rates increased with

increasing benthic proportion of GPPWhole (Fig-

ure 6). This was mainly driven by an increase in

the specific growth of large brown trout rather than

a decline in specific growth of small fish, consistent

with theory (De Roos and Persson 2013). Based on

life-history characteristics, the presence of such an

effect should also be more evident for brown trout

than it is for Arctic char, because especially larger

brown trout need larger sized benthic resources to

have high growth rates while Arctic char is the

more efficient planktivore compared to brown

trout (Hesthagen and others 1997; Jansen and

others 2002). Nevertheless, our results indicate that

benthic resource production was important also for

larger Arctic char, as the maximum length of Arctic

char increased similarly as it did for brown trout

with an increasing benthic contribution to

GPPWhole (Figure 5), as well as with GPPBenthic in

sympatric populations.

Allopatric brown trout biomass and production

were positively related to both GPPBenthic and

GPPWhole due to the strong covariation between the

two GPP estimates (Table 3). This covariation is not

surprising because much of GPPWhole is contributed

by GPPBenthic (79–95%). These responses in bio-

mass and production were apparent in brown trout

populations but not in Arctic char populations

(Table 3). This may be related to species-specific

foraging efficiency traits as Arctic char feed on

zooplankton more efficiently even as adults com-

pared to brown trout (Hesthagen and others 1997;

Jansen and others 2002; Saksgård and Hesthagen

2004). However, our data set only included five

allopatric Arctic char lakes. Thus, the lack of rela-

tionships here may also be explained by low sta-

tistical power.

In sympatric lakes, the population biomasses of

brown trout were higher than for Arctic char and

the difference increased with increasing GPPBenthic
(Figure 4D). Moreover, brown trout biomass and

production in sympatric populations were similar

to allopatric populations and showed similar re-

sponses to increasing GPPBenthic (Figure 4). In

contrast, Arctic char biomass and production were

substantially lower in sympatric lakes than in al-

lopatric lakes (Figure 4). Overall, our results from

the sympatric lakes corroborate previous findings

that Arctic char is more limited by interspecific

competition from brown trout, while brown trout

is more limited by intraspecific competition (Lan-

geland and others 1991; Jansen and others 2002),

as suggested by the clear positive population re-

sponses to increasing GPPBenthic (Figure 4). The

switch in maximum and mean size depending on

community type (Figure 5) could reflect the ability

of brown trout to exclude Arctic char from the lit-

toral habitat. Specifically, in allopatric populations,

Arctic char reach larger sizes than brown trout over

the whole range of increased benthic proportions of

GPPWhole, whereas in sympatric communities,

brown trout reach sizes larger than the Arctic char

over the range of benthic proportions of GPPWhole

(Figure 5). Furthermore, brown trout reached lar-

ger maximum sizes in sympatric populations when

compared to allopatric populations (Figure 5),

which may be due to a positive effect on growth

from predation on juvenile Arctic char (Persson

and others 2007). Apart from a direct predation
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effect on growth, the resulting reduced interspecific

competition from the consumption of Arctic char

may potentially promote brown trout growth even

further (Persson and others 2007).

At the individual level and independent of spe-

cies, the benthic proportion of GPPWhole was

strongly associated with fish size in both allopatric

and sympatric populations. The maximum size of

brown trout increased in both community types,

and the maximum size of Arctic char increased in

sympatric populations with the benthic proportion

of GPPWhole (Figure 5A, B). The mean size of both

species increased over the range of benthic pro-

portion of GPPWhole in allopatric populations, while

a tendency for mean size increase was evident for

brown trout in sympatric populations (Figure 5C,

D). Hence, the species-specific responses followed

the theoretical predictions based on effects of

ontogenetic asymmetry, development, and niche

shifts, with stronger responses at both population

and individual level when adults are relatively

more efficient feeders on the benthic rather than

on the pelagic resource (de Roos and Persson 2013;

Reichstein and others 2015).

Significant associations of temperature with fish

population (Table 3) or individual response vari-

ables were only found on Arctic char in sympatric

lakes. When in sympatry with brown trout, Arctic

char are commonly excluded to a large extent from

the littoral habitats and are thereby forced to rely

more on pelagic resource production (Langeland

and others 1991; Hesthagen and others 1997). As

pelagic primary production may be more respon-

sive to temperature variation than benthic pro-

duction (Hamdan and others 2021), a tentative

explanation behind this effect may be that, in

warmer lakes, pelagic primary production is stim-

ulated by warmer temperatures with positive effect

on the small pelagic feeding Arctic char in sym-

patric lakes. However, we cannot test for the effect

of temperature on habitat-specific primary pro-

duction due to our approach and the assumptions

behind the model output of each habitats contri-

bution to GPPWhole. If the pelagic production is

more dependent on temperature than the benthic

production, any increase in pelagic GPP with tem-

perature would only be reflected into our GPPWhole

measurement and not assigned directly to the pe-

lagic habitat in our temperature-independent

model estimates of proportion of GPPWhole.

Estimates of whole lake and habitat-
specific GPP and assumptions
and implications for fish resource
production

Our study is, to our knowledge, the first study that

relates fish biomass and GPP in lakes to in situ

continuous measures of levels of GPP over large

gradients in lake morphology and water color. Our

measures of whole ecosystem GPP based on con-

tinuous free-water diel oxygen concentration

measures are the daily estimates weighted by

model uncertainty (see methods and Appendix).

This approach may introduce a bias in the estimates

towards sunny clear sky days because this is when

the model tend to perform best, which in turn

would lead to an overestimation of GPPWhole (Rose

and others 2014). Although possibly counterintu-

itive, this effect would reduce the between-lake

differences due to variation in weather conditions.

We sampled the lakes in two consecutive years and

over a large geographical range. So, in effect, by

allowing for larger influence on our average esti-

mates from clear sky days, we reduce the undesired

dependency of between-site and temporal varia-

tions in weather at the cost of overestimating pro-

duction over the season. We argue that this

approach provides more accurate estimates of the

Figure 7. Fish community biomass A and maximum

length B of fish in the lakes as a function of light climate

(Im). Brown trout (yellow) and Arctic char (red)

represent the species in allopatric lakes while the

category ‘‘both’’ represents sympatric lakes. Note that

the largest fish in the sympatric lakes was in all cases a

brown trout. Solid lines denote significant correlations

(p < 0.05).
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variation in GPP between lakes compared to the

situation where all days are given equal weight

regardless of weather.

We further implicitly assume that the production

of algae transfers to the production of primary

consumers (fish resource) to the same extent in

both habitats, that is, first level trophic transfer

efficiencies are equal in both habitats. However,

Vadeboncoeur and Power (2017) hypothesize that

the trophic transfer efficiency may be higher in

benthic habitats because of potentially lower con-

sumption costs for grazers on benthic algae com-

pared to zooplankton feeding on pelagic

phytoplankton. Still, as our analysis in this study

relies on between-lakes comparisons in estimates

obtained by the same approach, the suggested

mechanisms behind the results obtained and con-

clusions drawn would still hold even with asym-

metric transfer efficiencies to primary consumers.

CONCLUSIONS

Our results show that increasing benthic propor-

tion of GPPWhole correlates with both higher fish

community biomass and yearly fish production.

Our results also indicate that lakes with high fish

biomass production are also lakes with higher

specific growth rates of large relative to small fish

and/or with larger sized individuals. Both of these

results are in line with theoretical predictions based

on population effects of ontogenetic asymmetry,

development, and niche shifts when large adults

have access to more resources than juveniles.

Hence, our results highlight the importance of such

interactions and suggest that, in oligotrophic high

latitude lakes, the relative contribution of the

benthic habitat to whole ecosystem GPP is more

important for fish biomass production than the

absolute levels of whole ecosystem primary pro-

duction. Our results, therefore, convey the impor-

tance of stage-specific resource availability in these

ecosystems and offers mechanistic details grounded

in ecological theory that previous studies relating

fish production to measures of light climate lack.

Implications for Management

Our study contributes to understanding the

mechanisms behind variation in fish size and pro-

duction in oligotrophic lakes, specifically linking

the importance of light climate to the theory of the

asymmetric effects of ontogenetic niche shifts and

habitat-specific resource production. Mountain

lakes are numerous and often remote, making

efficient monitoring difficult and increasing the

cost of active management and decision-making

based on knowledge of the natural population

structure and abundance of the fish populations. At

the same time, because fish population responses to

harvesting or habitat alterations are expected to

differ depending on which stage, juveniles or adults

are the most limited by their respective main re-

source (Reichstein and others 2015), information

on expected lake-specific fish size structure and

production would assist in diversifying and better

targeting of possible management actions to lakes

where the benefits are highest. Moreover, our

study suggests that the predictive power of light

climate, despite the lack of direct mechanistic

understanding, for fish size and biomass can be a

useful proxy for likely population size structure and

abundance (Figure 7). Although estimating a lake’s

light climate still requires information on water

color and lake bathymetry such information are

substantially less costly to obtain than information

of fish population demographics attained by large

scale field surveys of fish abundance. We foresee

that remote sensing, particularly airborne LIDAR

techniques for lake bathymetry (Paine and others

2013), and satellite image analysis for water color

(Al-Kharusi and others 2020) are likely methods

that can be used even now or in the near future to

provide cost-efficient information on light climate

in lakes. We therefore suggest that, in lakes in re-

gions where data gathering is otherwise costly and

difficult to obtain management agencies can use

measures of light climate as cost-efficient proxies to

obtain measures of natural fish population struc-

ture and biomass production.

ACKNOWLEDGEMENTS

We thank Shuntaro Koizumi, André M de Roos,
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