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Abstract

1. A palaeolimnological study, covering the last c. 12,000 years, was conducted in a

small subalpine lake located in the Alps to study climate change impacts on car-

bon flows through food webs in small lakes. We used analysis of sedimentary

pigments and carbon stable isotopic composition of chironomid remains (d13CHC)

to reconstruct past dynamics of phytoplankton community and carbon sources

sustaining benthic consumers.

2. Chironomid biomass was sustained by a combination of allochthonous, auto-

chthonous and CH4-derived organic matters, and their relative contributions

were correlated to changes in temperature. Relatively high terrestrial contribu-

tions to chironomid biomass were observed during period of the Holocene when

in-lake production was low. Relatively high incorporation of CH4-derived carbon

to chironomid biomass was found during anoxic events co-occurring with the

Holocene thermal maximum.

3. Results were then compared with those collected in a small boreal lake in Esto-

nia. We tested the hypothesis that responses in carbon flows through benthic

food web to past climate change would be similar between these lakes. We

found a negative correlation between d13CHC values of both lakes and inferred

air temperature, suggesting that temperature was the major driver to different

food sources being incorporated into chironomid biomass.

4. Our study demonstrated that air temperature was the principal driver of the

energy flows through benthic food web in the studied small lakes. We conjec-

tured that carbon cycling in food webs of small lakes might be strongly sensitive

to climate change.
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1 | INTRODUCTION

Global warming (IPCC 2014) and increase in mean temperature are

pointed out as one of the major threats to inland aquatic ecosystems

(Goldman, Kumagai, & Robarts, 2012). While it is well-known that

temperature is the driver of many processes in lakes (Wilhelm &

Adrian, 2008), our understanding of ecosystem responses to climate

change is still limited (Keller, 2007; Mooij et al., 2005). Indeed, effects

of climate change have mainly been studied at individual level and

community level (Walther, 2010). A more integrative and holistic

approach is needed to better understand ecosystem responses to cli-

mate change, and to predict future trends during warmer climate.
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Organic matter cycling is a key variable for understanding climate

change impacts on lakes. The relative contribution between auto-

chthonous and allochthonous organic matter inputs to lakes is

strongly regulated by climatic change (Tranvik et al., 2009), affecting

the availability of food sources at the base of aquatic food webs

(Belle, Luoto, Kivil€a, & Nevalainen, 2017; van Hardenbroek et al.,

2013). Higher temperatures can also induce oxygen depletion in the

hypolimnetic zone of lakes due to longer periods of thermal stratifi-

cation (Jankowski, Livingstone, B€uhrer, Forster, & Niederhauser,

2006), and/or an increase in bacterial activity in sediments and lake

water column (Blumberg & Di Toro, 1990). Organic matter can be

degraded to methane (CH4) by methanogenic archaea (Whiticar,

1999), oxidised by methane-oxidising bacteria and used as a source

of energy by aquatic consumers (Bastviken, Ejlertsson, Sundh, &

Tranvik, 2003; Grey, 2016). Since sediments play a key role in the

recycling of organic matter in lakes (Meyers & Ishiwatari, 1993), car-

bon processing in benthic food web can be seen as an integrative

proxy for understanding of climate change impacts on the lake

ecosystems (McGowan et al., 2016). As long-term time series of car-

bon processing in benthic food web are lacking, palaeolimnological

approaches can provide valuable insights into historic lake dynamics.

Chironomidae (Diptera, Nematocera) are non-biting midges

whose larvae can grow in superficial lake sediments (Armitage, Cran-

ston, & Pinder, 1995), and are often a dominant group in the profun-

dal fauna of lakes. Furthermore, chironomid larvae contribute to the

recycling of organic matter (Nogaro et al., 2009) and form an impor-

tant trophic link between settling primary producers and fish (ben-

thic–pelagic coupling, Goedkoop & Johnson, 1996; Wagner,

Volkmann, & Dettinger- Klemm, 2012). The most sclerotised part of

their exoskeleton (the head capsules, HC) is archived in sediments

after each larval moulting (Walker, 2001). The chemical composition

of chironomid remains is well-preserved in sediments (Verbruggen

et al., 2009), allowing for the analysis of their carbon stable isotopic

composition (d13CHC; Heiri, Schilder, & van Hardenbroek, 2012). Due

to differences in isotopic fractionation by primary producers (Rou-

nick & Winterbourn, 1986) and bacteria (e.g., methanogenesis and

methanotrophy; Whiticar, 1999), food at the base of aquatic food

webs often differs in their carbon stable isotopic compositions. Anal-

ysis of carbon stable isotope ratios (d13C) of aquatic consumers is

widely used to track carbon flows through food webs (Grey, 2006).

Moreover, the trophic fractionation, that is the difference between

d13C values of a single food resource and a consumer, can be low or

negligible for chironomid larvae (Goedkoop, Akerblom, & Demandt,

2006), while the offset between larvae and head capsule is assumed

to be constant (Frossard, Belle, Verneaux, Millet, & Magny, 2013).

d13CHC values can therefore provide a reliable long-term reconstruc-

tion of past changes in carbon resources for Chironomidae (Belle,

Verneaux, Mariet, & Millet, 2017; Frossard, Verneaux, Millet, Magny,

& Perga, 2015; van Hardenbroek, van Lotter, Bastviken, Andersen, &

Heiri, 2014; Wooller et al., 2012).

The objective of this study was to determine the relationship

between temporal changes in carbon flows through benthic con-

sumers and Holocene climate change in a small subalpine lake. Using

analyses of sedimentary pigments and carbon stable isotopic compo-

sition of chironomid head capsules, we reconstructed the Holocene

dynamics of phytoplankton composition and carbon resources fuel-

ling chironomid biomass. Results were then compared with those

collected in a similarly sized lake (Lake Tollari; Estonia) to test the

hypothesis that temperature is the major driver of food availability

at the base of benthic food web in small lakes. Accordingly, we

expected that the relationship of carbon processing through benthic

food web to temperature change would be similar for both lakes.

2 | METHODS

2.1 | Study site and climate reconstruction

Lake Colbricon (46°17010″N, 11°45056″E; 1914 m a.s.l.) is located in

the subalpine vegetation belt of the Dolomites massif of the Alps

(Italy). The bedrock of its small catchment (36 ha; ratio of catchment

to lake ratios = 25.7) is composed of quartziferous porphyry and

sandstone. Sediment cores were retrieved from the deepest part of

the lake (Figure 1b), and details concerning coring and dating meth-

ods were previously reported by Leys et al. (2014). The number,

name and non-calibrated age of each radiocarbon date are sum-

marised in Table S1. The total length of the sediment core was

3.6 m and covered the last c. 12,000 years, corresponding to an

average sedimentation rate of about 0.3 mm/year (Figure 1c). All

sample depths were converted to calibrated year BP (expressed

hereafter in 1000 calibrated years before present: kyr cal. BP, with 0

cal. BP = AD 1950) according to the age-depth model (Figure 1c).

Mean July air temperature (TJul) over the Holocene period in Lake

Colbricon area was assumed to match with the climate reconstruc-

tion based on chironomid assemblage records provided by Heiri, Ilya-

shuk, Millet, Samartin, and Lotter (2015).

2.2 | Sedimentological and chironomid analyses

Sediment cores were sliced into 1 cm thick layers to characterise

temporal changes in the sediment composition. To assess overall

organic matter inputs to lake0s sediment, organic matter content in

sediments (OM) was analysed in each sediment layer using the loss-

on-ignition method and expressed as percentage of dry weight (% of

dry weight). To track temporal changes in aquatic primary produc-

tion, photosynthetic pigments were extracted, keeping samples over-

night under nitrogen, from about 1 g of fresh sediments using a

solution of acetone (90%). Samples were then centrifuged at

c. 2700 g for 10 min and filtered through a 0.45-lm pore size filter

(Guilizzoni, Marchetto, Lami, Gerli, & Musazzi, 2011). Total carote-

noids (TC) and chlorophyll derivatives (CD) were then quantified

from extracts via spectrophotometry (as described by Guilizzoni

et al., 2011). Pigment concentrations were expressed as milligrams

per gram of organic matter (mg/g of OM), and as units per gram of

organic matter (U/g OM), respectively.

The reconstruction of carbon flows through benthic consumers

was estimated by analyses of carbon stable isotopic composition of
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chironomid HC that were extracted from sediment samples collected

every 3 or 4 cm. In total, 100 sediment samples were pre-treated

using successive washings with NaOH (10%) and HCl (10%) solutions

and sieved through a 100 lm mesh following the recommendations

by Schimmelmann and DeNiro (1986) and van Hardenbroek et al.

(2009). The Chironomus anthracinus-type morphotype (based on clas-

sification provided by Brooks, Langdon, & Heiri, 2007) was selected

because it is a deposit-feeder that feeds on phytoplankton deposits,

terrestrial detritus and associated bacteria (Johnson 1985), and can

be used as an indicator of the recycling of organic matter in lake

sediments. To avoid misleading interpretations due to incomplete

carbon turnover, only HC belonging to the fourth larval instar were

selected (Frossard et al., 2013). Approximately 15 HC were packed

into tin capsules to form samples of at least 20 lg (van Hardenbroek

et al., 2009). When HC concentrations in a single sediment samples

were too low, a few consecutive samples were pooled together. The

new sample age corresponded then to the average age of the pooled

sediment layers. A total of 67 chironomid samples were analysed.

Carbon stable isotopic composition of these samples was then anal-

ysed using an isotope ratio mass spectrometer interfaced with an

elemental analyser at INRA Nancy (Champenoux; UMR INRA 1137).

Results were expressed according to the delta notation with Vienna

Pee Dee Belemnite as the standard: d13C (&) = [(Rsample/Rstandard) !
1] 9 1,000; where R = 13C/12C. Replication of sample

measurements from internal laboratory standards (with a target

weight of 20 lg) produced analytical errors (1r) of "0.2& (n = 12).

2.3 | The Lake Tollari dataset

Lake Tollari (57°4506″N, 26°20032″E; 97 m a.s.l.) is a 5.7 ha large

lake located in the Karula upland (Estonia; Figure 1a). This lake has

been studied using similar methods by Belle, Poska, Hossann, and

Tonno (2017), including carbon stable isotopic analyses of Chirono-

mus anthracinus-type morphotype head capsules. To track only the

influence of climate change on benthic food web, the uppermost

2.5 m (corresponding approximately to the last 1.5 kyrs) of the Lake

Tollari core was excluded due to strong human impacts (Belle, Poska,

et al., 2017). The comparison of the two small lakes, located at dif-

ferent altitudes and in two different climate zones, allows us to test

the hypothesis of similar responses between climate and carbon

flows through benthic consumers. For Lake Tollari, a pollen-inferred

reconstruction of the mean warm months0 (May, June, July and

August) air temperature has been provided by Poska A. (in Belle,

Poska, et al., 2017). Subfossil pollen and chironomid remains have

been widely used to reconstruct air temperature change over the

post-glacial period (Bigler, Larocque, Peglar, Birks, & Hall, 2002).

Comparative studies in the arctic/boreal area revealed strong similar-

ities between reconstructions based on pollen and chironomid
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transfer functions, respectively (Ros!en, Segerstr€om, Eriksson, & Ren-

berg, 2003).

2.4 | Statistical analysis

Since temperature and organic matter contents were expected to

have a significant, and potentially nonlinear, influence on carbon pro-

cessing by chironomids, statistical relationships between explanatory

variables (OM and TJul) and the response variable (d13CHC values)

were examined using a generalised additive model approach (GAM;

fitted using the mgcv package for R; Wood, 2011). To account for

temporal autocorrelations, a continuous-time first-order autoregres-

sive process was introduced to the model (Simpson & Anderson,

2009). A forward selection was used to add explanatory variables in

the model. Statistical significance (p-value; with a < 0.05) of each

explanatory variable was used to select terms, and Akaike informa-

tion criterion (AIC) helped to select the best model. Finally, a similar

GAM procedure was also performed on merged reconstructed air

temperature and d13CHC values from both Lake Tollari and Lake Col-

bricon. For graphical displays, main temporal trends were visually

tracked by smoothing the time series using LOESS-regression

(LOESS parameters: span = 0.2; polynomials degree = 2). All statisti-

cal tests and graphical displays were performed using R 3.4.0 statisti-

cal software (R Core Team, 2017).

3 | RESULTS

Organic matter content (OM) of sediment samples ranged from 8.3%

to 46.6% for Lake Colbricon (Figure 2). Its temporal trend followed a

gradual increase from the beginning of the Holocene until c. 4.5 kyr

cal. BP, but OM then decreased up to the uppermost part of the core

(Figure 2). Chlorophyll derivatives (CD) ranged from 16 to 82.6 U/g of

OM, and TC from 0.1 to 0.6 mg/g of OM (Figure 2). The temporal

trends were characterised by dramatic increases in pigment concentra-

tions (of both CD and TC) from 12 to c. 8.5 kyr cal. BP with values

ranging from the lowest to the highest values (Figure 2). Then, pig-

ment concentrations either remained almost constant over time (CD,

Figure 2) or followed a gradual decrease interrupted by a small

increase from c. 4 to 1 kyr cal. BP (TC, Figure 2). Subfossil chironomid

d13C values (d13CHC) ranged from !39.8& to !21.8& for Lake Colbri-

con (Figure 2). The heaviest d13CHC values (or the less 13C-depleted,

ranging from !28.7 to !21.8&) occurred in the period before

10.5 kyr cal. BP, whereas lightest values (more 13C-depleted; ranging

from !39.8 to !36&) were observed between c. 9.5 and 6.4 kyr cal.

BP (Figure 2) during the warmest period of the Holocene. d13CHC val-

ues decreased during the first part of the Holocene and then followed

an increasing trend during the second part (Figure 2), matching well

with the temporal trend previously reported in Lake Tollari (Belle,

Poska, et al., 2017).

A GAM approach was applied to the d13CHC values of Lake Col-

bricon to identify controlling factors of their temporal trend. GAM

model residuals followed a normal distribution, allowing the use of a

Gaussian family distribution in our modelling approach. The final

model built on d13CHC values of Lake Colbricon (Table 1) showed

strong negative relationships with TJul (F = 16.9; edf = 1.19) and OM

content (F = 15.8; edf = 1.54), explaining 71% of the d13CHC variabil-

ity (Figure 3). Combined, d13CHC values from Lake Colbricon and

Lake Tollari were negatively correlated with reconstructed air tem-

perature (F = 57.1; edf = 1.51; Figure 4), explaining 48.5% of the

d13CHC variability, with no significant differences in slopes and inter-

sects of the two lakes (p-value > .3). However, the distribution of

reconstructed air temperature values suggested that the coldest

temperatures were likely under-sampled in our study (Figure 4).
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4 | DISCUSSION

4.1 | Past temperature change in Europe

Comparable patterns of air temperature changes for the two studied

areas have been reported for the Holocene (Figure 2, Heiri et al.,

2015; Holmstr€om, Ilvonen, Sepp€a, & Veski, 2015; Belle, Poska, et al.,

2017). These patterns can be divided into three climatic periods: (1)

from c. 11.7 to 8.2 kyr cal. BP (Early Holocene) when the Holocene

coolest temperatures were observed, followed by a rapid warming,

(2) maximal and stable temperatures during the Holocene thermal

maximum (from c. 8.2 to 4.2 kyr cal. BP) and (3) since c. 4.2 kyr cal.

BP (Late Holocene) when a slight gradual cooling was observed. Air

temperature reconstructions used in this study were inferred from

two different proxies: chironomid assemblages (Lake Colbricon area;

Heiri et al., 2015) and pollen analysis (Lake Tollari; Belle, Poska,

et al., 2017). Inter-proxy comparisons in the boreal/arctic region

have previously revealed strong similarities between temperature

reconstructions for the main temporal trends (Bigler et al., 2002;

Ros!en et al., 2003). Therefore, we assumed that the pollen-based cli-

mate reconstruction from Lake Tollari was comparable to a chirono-

mid-based inference in this area, and allowed for the comparison of

the two air temperature reconstructions. Precipitation patterns are

also an important component of climate variability (Luoto & Nevalai-

nen, 2017), and changes in precipitation patterns could affect lake

carbon cycling (Nevalainen, Kivil€a, & Luoto, 2016). Further studies

are needed to understand the impact of Holocene changes in precip-

itation patterns and its impact on carbon flows through food webs.

4.2 | Carbon processing in benthic food webs and
climate change

Climate (in particular air temperature) is known to have a strong

influence on inputs of allochthonous organic matter to lakes (Stal-

lard, 1998), on autochthonous primary productivity (Anderson et al.,

2008) and the production of CH4-derived biomass during anoxic

events (Duc, Crill, & Bastviken, 2010). Therefore, food availability for

benthic deposit-feeding invertebrates can be closely related to long-

term temperature fluctuations and were expected to be highly vari-

able over time (Belle, Luoto, et al., 2017; van Hardenbroek et al.,

2013). In this study, temporal trends in sedimentary pigments (CD

and TC) and OM records suggest an increase in the lake0s trophic

state from c. 11 kyr cal. BP, induced by a period of rapid warming

between c. 11 and 4.5 kyr cal. BP (Figure 2). During this periods, the

amount of organic matter available for chironomid larvae as well as

the aquatic organic matter proportion in lake sediments dramatically

increased during the first part of the Holocene (Figure 2), as

reflected by increased sedimentary pigments concentrations.

The comparison between d13CHC values and carbon stable iso-

topic baselines and sedimentary pigment records provided valuable

insights into carbon flows through chironomid larvae. Our results

show that chironomid biomass appeared to be sustained by a combi-

nation of allochthonous, autochthonous and CH4-derived organic

matters, and their contributions were correlated to temperature

change (Figure 4). The d13CHC values ranged from !35& to !31&

in this study (Figure 4), which was indicative of a strong reliance on

autochthonous organic matter, as d13C of pelagic primary producers

usually ranges from !36& to !25& (Vuorio, Meili, & Sarvala, 2006;

Wang, Liu, Peng, & Wang, 2013). Our study thus supports the con-

jecture that aquatic consumers are mainly fuelled by autochthonous

primary production (Holgerson, Post, & Skelly, 2016; Lau, Sundh,

Vrede, Pickova, & Goedkoop, 2014; Tanentzap et al., 2017). How-

ever, relatively heavy d13CHC values (from !28.7 to !21.8&) were

TABLE 1 Summary of statistics for the general additive model
(GAM) fitted with a Gaussian distribution to d13CHC values. The
response variables were organic matter content in sediments (OM),
and summer mean air temperature (TJul). “edf” refers to the effective
degrees of freedom

Lake Colbricon Intercept t-value p

d13CHC ~ s(TJul) + s(OM) !35.4 !173.4 <.001

R2 = 0.71 Terms edf F p

s(TJul) 1.19 16.9 <.001

s(OM) 1.54 15.8 <.001
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also found during the coldest Holocene period (Figures 2 and 4), fit-

ting well with theoretical baseline of allochthonous material (with

d13C values traditionally ranging from !25& to !15&; France,

1995; Jones, Grey, Sleep, & Quarmby, 1998). Allochthonous organic

matter is a lower quality food resource than organic matter from

autochthonous sources, that is in-lake primary production (Akerblom

& Goedkoop, 2003; Crenier et al., 2017), and is often not preferen-

tially assimilated by aquatic consumers (Guo, Kainz, Sheldon, & Bunn,

2016; Lau et al., 2014). However, our study shows that allochtho-

nous organic matter made a quantitatively important contribution to

chironomid biomass during the Early Holocene. During this period,

aquatic primary productivity in Lake Colbricon was very low, as

shown by the lowest concentrations of sedimentary pigments in lake

sediments (Figure 2), and the lake was likely in an oligotrophic state.

Similar high reliance of aquatic consumers on allochthonous organic

carbon was reported for oligotrophic lakes (Carpenter et al., 2005;

Grey, Jones, & Sleep, 2000; Northington et al., 2010), leading to the

conclusion by Berggren et al. (2010) that efficient bacterial trophic

repackaging was an important process during period of high

allochthonous reliance of aquatic consumers. Since similar observa-

tions were reported for Lake Tollari (Figure 4 and Belle, Poska, et al.,

2017), these findings confirm that allochthonous organic matter can

become an important carbon source for aquatic consumers during

periods of low in-lake primary production. The complementary use

of compound-specific stable isotopes (Hayes, Freeman, Popp, &

Hoham, 1990) and mixing models (Phillips & Gregg, 2001) could

provide better insight in the long-term temporal changes in d13C

baselines in lake sediments, and quantify the contribution of food

sources (autochthonous versus allochthonous) to chironomid larvae.

In addition, the analysis of the hydrogen stable isotope as a second

isotopic tracer for chironomid remains could better highlight the

allochthonous contribution to benthic consumers (Doucett, Marks,

Blinn, Caron, & Hungate, 2007; Belle, Verneaux, Millet, Parent, &

Magny, 2015.)

Finally, very light d13CHC values (lighter than !37&) were

reported during the warmest period of the Holocene (Figures 2 and

4). Due to high fractionation by methanogens, biogenic CH4 exhibits

very light d13C values (Whiticar, 1999), leading to a characteristic
13C-depletion for aquatic consumers feeding on CH4-derived carbon

(Grey, 2016). Our study suggests that the incorporation of CH4-

derived carbon into chironomid biomass was directly and/or indi-

rectly enhanced by warm temperature as previously reported from

boreal and arctic lake records (Belle, Poska, et al., 2017; van Harden-

broek et al., 2009; Wooller et al., 2012). The CH4-based pathway

was detected during the Holocene thermal maximum of two small

lakes located at different altitudes and in two different climate zones

(Figure 4). We suggest that the dependence on CH4-derived carbon

could be a widespread phenomenon in small lakes in warm climates.

Moreover, given that a significant part of the biogenic CH4 produced

in small lakes is released into the atmosphere (Bastviken, Tranvik,

Downing, Crill, & Enrich-Prast, 2011), our study also suggests that

freshwater ecosystems were important contributors to the global

carbon budget during the warmest Holocene period.

4.3 | Functional response to long-term climate
change

Ecosystems can have alternative stable states and exhibit nonlinear

responses (known as a regime shift) when environmental conditions

change (Scheffer & Carpenter, 2003). As Jones et al. (2008) found a

nonlinear relationship between oxygen dynamics and the contribu-

tion of CH4-derived carbon to aquatic consumers, we expected a

threshold in the correlation between d13CHC values and air tempera-

ture. While our study found several changes in carbon flows through

benthic consumers (allochthonous versus autochthonous reliance,

CH4-based food web, etc.), the data did not reveal such an abrupt

change. Instead, changes were more linearly correlated to long-term

temperature fluctuations (Figure 4). Further studies of carbon pro-

cessing in aquatic food webs of small lakes are needed to better

understand the mechanisms by which climate change affects carbon

cycling in small lakes.

ACKNOWLEDGMENTS

Financial support was provided by institutional research grants IUT1-

8 and IUT21-2 from Estonian Science Agency and by Estonian

University of Life Sciences, project no. M160101, as well as from

NEXTDATA project and the Park Paneveggio-Pale di S. Martino,

Italy. The authors express their sincere thanks to W. Goedkoop for

δ13
C H

C (‰
)

Reconstructed air temperature (°C)
10 12 14 16 18

–42

–38

–34

–30

–26

Lake Tollari (n = 69)
Lake Colbricon (n = 67)

F IGURE 4 Relationship between reconstructed air temperature
and d13CHC values for Lake Colbricon and Lake Tollari. General
additive models (GAM) were fitted with a continuous-time first-order
autoregressive process to account for temporal autocorrelations.
Statistical relationship was significant (F = 57.1; edf = 1.51;
p-value < .05). Filled points refer to Lake Colbricon and open points
to Lake Tollari (from Belle, Poska, et al., 2017). On the x-axis, black
ticks show the distribution of observed values for variables

6 | BELLE ET AL.



his help with the English language. We are grateful to Christian Hos-

sann (INRA Nancy, Champenoux) for assistance in the stable isotope

analysis of carbon. The PTEF facility is supported by the French

National Research Agency through the Laboratory of Excellence

ARBRE (ANR-11-LABX-0002-01). The authors gratefully acknowl-

edge the two anonymous reviewers and Alan Steinman for their con-

structive comments on this manuscript.

ORCID

Simon Belle http://orcid.org/0000-0003-3537-4531

REFERENCES

Akerblom, N., & Goedkoop, W. (2003). Stable isotopes and fatty acids
reveal that Chironomus riparius feeds selectively on added food in
standardized toxicity tests. Environmental toxicology and chemistry, 22,
1473–1480. https://doi.org/10.1002/etc.5620220708

Anderson, N. J., Brodersen, K. P., Ryves, D. B., McGowan, S., Johansson,
L. S., Jeppesen, E., & Leng, M. J. (2008). Climate versus in-lake pro-
cesses as controls on the development of community structure in a
low-Arctic lake (South-West Greenland). Ecosystems, 11, 307–324.
https://doi.org/10.1007/s10021-007-9123-y

Armitage, P. D., Cranston, P. S., & Pinder, L. C. V. (1995). The chironomi-
dae. The biology and ecology of non-biting midges. London: Chapman &
Hall.

Bastviken, D., Ejlertsson, J., Sundh, I., & Tranvik, L. (2003). Methane as a
source of carbon and energy for lake pelagic food webs. Ecology, 84,
969–981. https://doi.org/10.1890/0012-9658(2003)084[0969:MAA
SOC]2.0.CO;2

Bastviken, D., Tranvik, L. J., Downing, J. A., Crill, P. M., & Enrich-Prast, A.
(2011). Freshwater methane emissions offset the continental carbon
sink. Science, 331, 50. https://doi.org/10.1126/science.1196808

Belle, S., Luoto, T. P., Kivil€a, H. E., & Nevalainen, L. (2017). Chironomid
paleo diet as an indicator of past carbon cycle in boreal lakes: Lake
Kylm€anlampi (Kainuu province; Eastern Finland) as a case study.
Hydrobiologia, 785, 149–158. https://doi.org/10.1007/s10750-016-
2914-4

Belle, S., Poska, A., Hossann, C., & Tonno, I. (2017). 14,000 years of cli-
mate-induced changes in chironomid paleo-diet in a small boreal lake
(Lake Tollari, Estonia). Climatic change., 145, 205–219.

Belle, S., Verneaux, V., Mariet, A.-L., & Millet, L. (2017). Impact of
eutrophication on the carbon stable-isotopic baseline of benthic
invertebrates in two deep soft-water lakes. Freshwater Biology., 62,
1105–1115. https://doi.org/10.1111/fwb.12931

Belle, S., Verneaux, V., Millet, L., Parent, C., & Magny, M. (2015). A case
study of the past CH4 cycle in lakes by the combined use of dual iso-
topes (carbon and hydrogen) and ancient DNA of methane-oxidizing
bacteria: Rearing experiment and application to Lake Remoray (east-
ern France). Aquatic Ecology, 49, 279–291. https://doi.org/10.1007/
s10452-015-9523-6

Berggren, M., Str€om, L., Laudon, H., Karlsson, J., Jonsson, A., Giesler, R.,
. . . Jansson, M. (2010). Lake secondary production fueled by rapid
transfer of low molecular weight organic carbon from terrestrial
sources to aquatic consumers. Ecology Letters, 13, 870–880. https://d
oi.org/10.1111/j.1461-0248.2010.01483.x

Bigler, C., Larocque, I., Peglar, S. M., Birks, H. J. B., & Hall, R. I. (2002).
Quantitative multiproxy assessment of long-term patterns of Holo-
cene environmental change from a small lake near Abisko, northern
Sweden. The Holocene, 12, 481–496. https://doi.org/10.1191/
0959683602hl559rp

Blumberg, A. F., & Di Toro, D. M. (1990). Effects of climate warming on
dissolved oxygen concentrations in Lake Erie. Transactions of the
American Fisheries Society, 119, 210–223. https://doi.org/10.1577/
1548-8659(1990)119&lt;0210:EOCWOD&gt;2.3.CO;2

Brooks, S. J., Langdon, P. G., & Heiri, O. (2007). The identification and use
of palaearctic chironomidae larvae in palaeoecology (276 pp.). London:
Quaternary Research Association.

Carpenter, S. R., Cole, J. J., Pace, M. L., Van de Bogert, M., Bade, D. L.,
Bastviken, D., . . . Kritzberg, E. S. (2005). Ecosystem subsidies: Terres-
trial support of aquatic food webs from 13C addition to contrasting
lakes. Ecology, 86, 2737–2750. https://doi.org/10.1890/04-1282

Crenier, C., Arce-Funck, J., Bec, A., Billoir, E., Perri"ere, F., Leflaive, J., . . .
Danger, M. (2017). Minor food sources can play a major role in sec-
ondary production in detritus-based ecosystems. Freshwater Biology,
62, 1155–1167. https://doi.org/10.1111/fwb.12933

Doucett, R. R., Marks, J. C., Blinn, D. W., Caron, M., & Hungate, B. A.
(2007). Measuring terrestrial subsidies to aquatic food webs using
stable isotopes of hydrogen. Ecology, 88, 1587–1592. https://doi.org/
10.1890/06-1184

Duc, N. T., Crill, P., & Bastviken, D. (2010). Implications of temperature
and sediment characteristics on methane formation and oxidation in
lake sediments. Biogeochemistry, 100, 185–196. https://doi.org/10.
1007/s10533-010-9415-8

France, R. (1995). Critical examination of stable isotope analysis as a
means for tracing carbon pathways in stream ecosystems. Canadian
Journal of Fisheries and Aquatic Sciences, 52, 651–656. https://doi.
org/10.1139/f95-065

Frossard, V., Belle, S., Verneaux, V., Millet, L., & Magny, M. (2013). A
study of the d13C offset between chironomid larvae and their exuvial
head capsules: Implications for palaeoecology. Journal of Paleolimnol-
ogy, 50, 379–386. https://doi.org/10.1007/s10933-013-9732-8

Frossard, V., Verneaux, V., Millet, L., Magny, M., & Perga, M.-E. (2015).
Changes in carbon sources fueling benthic secondary production over
depth and time: Coupling Chironomidae stable carbon isotopes to lar-
val abundance. Oecologia, 178, 603–614. https://doi.org/10.1007/
s00442-015-3225-6

Goedkoop, W., Akerblom, N., & Demandt, M. H. (2006). Trophic fraction-
ation of carbon and nitrogen stable isotopes in Chironomus riparius
reared on food of aquatic and terrestrial origin. Freshwater Biology,
51, 878–886. https://doi.org/10.1111/j.1365-2427.2006.01539.x

Goedkoop, W., & Johnson, R. K. (1996). Pelagic-benthic coupling: Profun-
dal benthic community response to spring diatom deposition in
mesotrophic Lake Erken. Limnology and Oceanography, 41, 636–647.
https://doi.org/10.4319/lo.1996.41.4.0636

Goldman, C. R., Kumagai, M., & Robarts, R. D. (2012). Climatic change
and global warming of inland waters: Impacts and mitigation for ecosys-
tems and societies (596 pp.). Hoboken, NJ: John Wiley & Sons.
https://doi.org/10.1002/9781118470596

Grey, J. (2006). The use of stable isotope analyses in freshwater ecology:
Current awareness. Polish Journal of Ecology, 54, 563–584.

Grey, J. (2016). The incredible lightness of being methane-fuelled: Stable
isotopes reveal alternative energy pathways in aquatic ecosystems
and beyond. Frontiers in Ecology and Evolution, 4, 1–8.

Grey, J., Jones, R. I., & Sleep, D. (2000). Stable isotope analysis of the
origins of zooplankton carbon in lakes of differing trophic
state. Oecologia, 123, 232–240. https://doi.org/10.1007/s004420
051010

Guilizzoni, P., Marchetto, A., Lami, A., Gerli, S., & Musazzi, S. (2011). Use
of sedimentary pigments to infer past phosphorus concentration in
lakes. Journal of Paleolimnology, 45, 433–445. https://doi.org/10.
1007/s10933-010-9421-9

Guo, F., Kainz, M. J., Sheldon, F., & Bunn, S. E. (2016). The importance of
high-quality algal food sources in stream food webs – Current status
and future perspectives. Freshwater Biology, 61, 815–831. https://doi.
org/10.1111/fwb.12755

BELLE ET AL. | 7

http://orcid.org/0000-0003-3537-4531
http://orcid.org/0000-0003-3537-4531
http://orcid.org/0000-0003-3537-4531
https://doi.org/10.1002/etc.5620220708
https://doi.org/10.1007/s10021-007-9123-y
https://doi.org/10.1890/0012-9658(2003)084%5B0969:MAASOC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5B0969:MAASOC%5D2.0.CO;2
https://doi.org/10.1126/science.1196808
https://doi.org/10.1007/s10750-016-2914-4
https://doi.org/10.1007/s10750-016-2914-4
https://doi.org/10.1111/fwb.12931
https://doi.org/10.1007/s10452-015-9523-6
https://doi.org/10.1007/s10452-015-9523-6
https://doi.org/10.1111/j.1461-0248.2010.01483.x
https://doi.org/10.1111/j.1461-0248.2010.01483.x
https://doi.org/10.1191/0959683602hl559rp
https://doi.org/10.1191/0959683602hl559rp
https://doi.org/10.1890/04-1282
https://doi.org/10.1111/fwb.12933
https://doi.org/10.1890/06-1184
https://doi.org/10.1890/06-1184
https://doi.org/10.1007/s10533-010-9415-8
https://doi.org/10.1007/s10533-010-9415-8
https://doi.org/10.1139/f95-065
https://doi.org/10.1139/f95-065
https://doi.org/10.1007/s10933-013-9732-8
https://doi.org/10.1007/s00442-015-3225-6
https://doi.org/10.1007/s00442-015-3225-6
https://doi.org/10.1111/j.1365-2427.2006.01539.x
https://doi.org/10.4319/lo.1996.41.4.0636
https://doi.org/10.1002/9781118470596
https://doi.org/10.1007/s004420051010
https://doi.org/10.1007/s004420051010
https://doi.org/10.1007/s10933-010-9421-9
https://doi.org/10.1007/s10933-010-9421-9
https://doi.org/10.1111/fwb.12755
https://doi.org/10.1111/fwb.12755


van Hardenbroek, M., Heiri, O., Grey, J., Bodelier, P. L. E., Verbruggen, F.,
& Lotter, A. F. (2009). Fossil chironomid d13C as a proxy for past
methanogenic contribution to benthic food webs in lakes? Journal of
Paleolimnology, 43, 235–245.

van Hardenbroek, M., Heiri, O., Parmentier, F. J. W., Bastviken, D., Ilya-
shuk, B. P., Wiklund, J. A., . . . Lotter, A. F. (2013). Evidence for past
variations in methane availability in a Siberian thermokarst lake based
on d13C of chitinous invertebrate remains. Quaternary Science
Reviews, 66, 74–84. https://doi.org/10.1016/j.quascirev.2012.04.009

van Hardenbroek, M., van Lotter, A. F., Bastviken, D., Andersen, T. J., &
Heiri, O. (2014). Taxon-specific d13C analysis of chitinous inverte-
brate remains in sediments from Strandsj€on, Sweden. Journal of Pale-
olimnology, 52, 95–105. https://doi.org/10.1007/s10933-014-9780-8

Hayes, J. M., Freeman, K. H., Popp, B. N., & Hoham, C. H. (1990). Pro-
ceedings of the 14th International Meeting on organic geochemistry
compound-specific isotopic analyses: A novel tool for reconstruction
of ancient biogeochemical processes. Organic Geochemistry, 16,
1115–1128. https://doi.org/10.1016/0146-6380(90)90147-R

Heiri, O., Ilyashuk, B., Millet, L., Samartin, S., & Lotter, A. F. (2015). Stack-
ing of discontinuous regional palaeoclimate records: Chironomid-
based summer temperatures from the Alpine region. The Holocene,
25, 137–149. https://doi.org/10.1177/0959683614556382

Heiri, O., Schilder, J., & van Hardenbroek, M. (2012). Stable isotopic anal-
ysis of fossil chironomids as an approach to environmental recon-
struction: State of development and future challenges. Fauna
norvegica, 31, 7.

Holgerson, M. A., Post, D. M., & Skelly, D. K. (2016). Reconciling the role
of terrestrial leaves in pond food webs: A whole-ecosystem experi-
ment. Ecology, 97, 1771–1782. https://doi.org/10.1890/15-1848.1

Holmstr€om, L., Ilvonen, L., Sepp€a, H., & Veski, S. (2015). A Bayesian spa-
tiotemporal model for reconstructing climate from multiple pollen
records. The Annals of Applied Statistics, 9, 1194–1225. https://doi.
org/10.1214/15-AOAS832

IPCC. (2014). Climate change 2013: The physical science basis: Working
Group I contribution to the fifth assessment report of the intergovernmen-
tal panel on climate change. Cambridge: Cambridge University Press.

Jankowski, T., Livingstone, D. M., B€uhrer, H., Forster, R., & Niederhauser,
P. (2006). Consequences of the 2003 European heat wave for lake
temperature profiles, thermal stability, and hypolimnetic oxygen
depletion: Implications for a warmer world. Limnology and oceanogra-
phy, 51, 815–819. https://doi.org/10.4319/lo.2006.51.2.0815

Johnson, R. K. (1985). Feeding efficiencies of Chironomus plumosus (L.)
and C. anthracinus Zett. (Diptera: Chironomidae) in mesotrophic Lake
Erken. Freshwater Biology, 15, 605–612.

Jones, R. I., Carter, C. E., Kelly, A., Ward, S., Kelly, D. J., & Grey, J.
(2008). Widespread contribution of methane-cycle bacteria to the
diets of lake profundal chironomid larvae. Ecology, 89, 857–864.
https://doi.org/10.1890/06-2010.1

Jones, R. I., Grey, J., Sleep, D., & Quarmby, C. (1998). An assessment,
using stable isotopes, of the importance of allochthonous organic car-
bon sources to the pelagic food web in Loch Ness. Proceedings of the
Royal Society B: Biological Sciences, 265, 105–110. https://doi.org/10.
1098/rspb.1998.0270

Keller, W. (2007). Implications of climate warming for Boreal Shield lakes:
A review and synthesis. Environmental Reviews, 15, 99–112. https://d
oi.org/10.1139/A07-002

Lau, D. C. P., Sundh, I., Vrede, T., Pickova, J., & Goedkoop, W. (2014).
Autochthonous resources are the main driver of consumer produc-
tion in dystrophic boreal lakes. Ecology, 95, 1506–1519. https://doi.
org/10.1890/13-1141.1

Leys, B., Carcaillet, C., Blarquez, O., Lami, A., Musazzi, S., & Trevisan, R.
(2014). Resistance of mixed subalpine forest to fire frequency
changes: The ecological function of dwarf pine (Pinus mugo ssp.
mugo). Quaternary Science Reviews, 90, 60–68. https://doi.org/10.
1016/j.quascirev.2014.02.023

Luoto, T. P., & Nevalainen, L. (2017). Temperature-precipitation relation-
ship of the common era in northern Europe. Theoretical and Applied
Climatology, 1–6.

McGowan, S., Anderson, N. J., Edwards, M. E., Langdon, P. G., Jones, V. J.,
Turner, S., . . . Wiik, E. (2016). Long-term perspectives on terrestrial and
aquatic carbon cycling from palaeolimnology. Wiley Interdisciplinary
Reviews: Water, 3, 211–234. https://doi.org/10.1002/wat2.1130

Meyers, P. A., & Ishiwatari, R. (1993). Lacustrine organic geochemistry—
An overview of indicators of organic matter sources and diagenesis
in lake sediments. Organic Geochemistry, 20, 867–900. https://doi.
org/10.1016/0146-6380(93)90100-P

Mooij, W. M., H€ulsmann, S., Domis, L. N. D. S., Nolet, B. A., Bodelier, P.
L., Boers, P. C., . . . Portielje, R. (2005). The impact of climate change
on lakes in the Netherlands: A review. Aquatic Ecology, 39, 381–400.
https://doi.org/10.1007/s10452-005-9008-0

Nevalainen, L., Kivil€a, E. H., & Luoto, T. P. (2016). Biogeochemical shifts
in hydrologically divergent taiga lakes in response to late Holocene
climate fluctuations. Biogeochemistry, 128, 201–215. https://doi.org/
10.1007/s10533-016-0203-y

Nogaro, G., Mermillod-Blondin, F., Valett, M. H., Franc!ois-Carcaillet, F.,
Gaudet, J.-P., Lafont, M., & Gibert, J. (2009). Ecosystem engineering
at the sediment–water interface: Bioturbation and consumer-sub-
strate interaction. Oecologia, 161, 125–138. https://doi.org/10.1007/
s00442-009-1365-2

Northington, R. M., Keyse, M. D., Beaty, S. R., Whalen, S. C., Sokol, E. R.,
& Hershey, A. E. (2010). Benthic secondary production in eight olig-
otrophic arctic Alaskan lakes. Journal of the North American Bentholog-
ical Society, 29, 465–479. https://doi.org/10.1899/09-026.1

Phillips, D. L., & Gregg, J. W. (2001). Uncertainty in source partitioning
using stable isotopes. Oecologia, 127, 171–179. https://doi.org/10.
1007/s004420000578

R Core Team. (2017). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from http://www.R-project.org

Ros!en, P., Segerstr€om, U., Eriksson, L., & Renberg, I. (2003). Do diatom,
chironomid, and pollen records consistently infer holocene July air
temperature? A comparison using sediment cores from four Alpine
Lakes in Northern Sweden. Arctic, Antarctic, and Alpine Research, 35,
279–290. https://doi.org/10.1657/1523-0430(2003)035[0279:
DDCAPR]2.0.CO;2

Rounick, J. S., & Winterbourn, M. J. (1986). Stable carbon isotopes and
carbon flow in ecosystems. BioScience, 36, 171–177. https://doi.org/
10.2307/1310304

Scheffer, M., & Carpenter, S. R. (2003). Catastrophic regime shifts in
ecosystems: Linking theory to observation. Trends in Ecology & Evolu-
tion, 18, 648–656. https://doi.org/10.1016/j.tree.2003.09.002

Schimmelmann, A., & DeNiro, M. J. (1986). Stable isotopic studies on
chitin. III. The D/H and 18O/16O ratios in arthropod chitin. Geochim-
ica et Cosmochimica Acta, 50, 1485–1496. https://doi.org/10.1016/
0016-7037(86)90322-4

Simpson, G. L., & Anderson, N. J. (2009). Deciphering the effect of cli-
mate change and separating the influence of confounding factors in
sediment core records using additive models. Limnology and Oceanog-
raphy, 54, 2529–2541. https://doi.org/10.4319/lo.2009.54.6_part_2.
2529

Stallard, R. F. (1998). Terrestrial sedimentation and the carbon cycle:
Coupling weathering and erosion to carbon burial. Global Biogeochem-
ical Cycles, 12, 231–257. https://doi.org/10.1029/98GB00741

Tanentzap, A. J., Kielstra, B. W., Wilkinson, G. M., Berggren, M., Craig,
N., del Giorgio, P. A., . . . Solomon, C. T. (2017). Terrestrial support of
lake food webs: Synthesis reveals controls over cross-ecosystem
resource use. Science Advances, 3, e1601765. https://doi.org/10.
1126/sciadv.1601765

Tranvik, L. J., Downing, J. A., Cotner, J. B., Loiselle, S. A., Striegl, R. G.,
Ballatore, T. J., . . . Kortelainen, P. L. (2009). Lakes and reservoirs as

8 | BELLE ET AL.

https://doi.org/10.1016/j.quascirev.2012.04.009
https://doi.org/10.1007/s10933-014-9780-8
https://doi.org/10.1016/0146-6380(90)90147-R
https://doi.org/10.1177/0959683614556382
https://doi.org/10.1890/15-1848.1
https://doi.org/10.1214/15-AOAS832
https://doi.org/10.1214/15-AOAS832
https://doi.org/10.4319/lo.2006.51.2.0815
https://doi.org/10.1890/06-2010.1
https://doi.org/10.1098/rspb.1998.0270
https://doi.org/10.1098/rspb.1998.0270
https://doi.org/10.1139/A07-002
https://doi.org/10.1139/A07-002
https://doi.org/10.1890/13-1141.1
https://doi.org/10.1890/13-1141.1
https://doi.org/10.1016/j.quascirev.2014.02.023
https://doi.org/10.1016/j.quascirev.2014.02.023
https://doi.org/10.1002/wat2.1130
https://doi.org/10.1016/0146-6380(93)90100-P
https://doi.org/10.1016/0146-6380(93)90100-P
https://doi.org/10.1007/s10452-005-9008-0
https://doi.org/10.1007/s10533-016-0203-y
https://doi.org/10.1007/s10533-016-0203-y
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1899/09-026.1
https://doi.org/10.1007/s004420000578
https://doi.org/10.1007/s004420000578
http://www.R-project.org
https://doi.org/10.1657/1523-0430(2003)035%5B0279:DDCAPR%5D2.0.CO;2
https://doi.org/10.1657/1523-0430(2003)035%5B0279:DDCAPR%5D2.0.CO;2
https://doi.org/10.2307/1310304
https://doi.org/10.2307/1310304
https://doi.org/10.1016/j.tree.2003.09.002
https://doi.org/10.1016/0016-7037(86)90322-4
https://doi.org/10.1016/0016-7037(86)90322-4
https://doi.org/10.4319/lo.2009.54.6_part_2.2529
https://doi.org/10.4319/lo.2009.54.6_part_2.2529
https://doi.org/10.1029/98GB00741
https://doi.org/10.1126/sciadv.1601765
https://doi.org/10.1126/sciadv.1601765


regulators of carbon cycling and climate. Limnology and Oceanography,
54, 2298–2314. https://doi.org/10.4319/lo.2009.54.6_part_2.2298

Verbruggen, F., Heiri, O., Reichart, G.-J., Leeuw, J. W. D., Nierop, K. G. J.,
& Lotter, A. F. (2009). Effects of chemical pretreatments on d18O
measurements, chemical composition, and morphology of chironomid
head capsules. Journal of Paleolimnology, 43, 857–872.

Vuorio, K., Meili, M., & Sarvala, J. (2006). Taxon-specific variation in the
stable isotopic signatures (d13C and d15N) of lake phytoplankton.
Freshwater Biology, 51, 807–822. https://doi.org/10.1111/j.1365-
2427.2006.01529.x

Wagner, A., Volkmann, S., & Dettinger- Klemm, P. M. A. (2012). Benthic–
pelagic coupling in lake ecosystems: The key role of chironomid
pupae as prey of pelagic fish. Ecosphere, 3, art14.

Walker, I. R. (2001). Midges: Chironomidae and related diptera. In J. P.
Smol, H. J. B. Birks, & W. M. Last (Eds.), Tracking environmental
change using lake sediments (pp. 43–66). Dordrecht, The Netherlands:
Springer. https://doi.org/10.1007/0-306-47671-1

Walther, G. R. (2010). Community and ecosystem responses to recent cli-
mate change. Philosophical Transactions of the Royal Society B: Biologi-
cal Sciences, 365, 2019–2024. https://doi.org/10.1098/rstb.2010.
0021

Wang, B., Liu, C.-Q., Peng, X., & Wang, F. (2013). Mechanisms controlling
the carbon stable isotope composition of phytoplankton in karst
reservoirs. Journal of Limnology, 72, 11. https://doi.org/10.4081/jlim
nol.2013.e11

Whiticar, M. J. (1999). Carbon and hydrogen isotope systematics of bac-
terial formation and oxidation of methane. Chemical Geology, 161,
291–314. https://doi.org/10.1016/S0009-2541(99)00092-3

Wilhelm, S., & Adrian, R. (2008). Impact of summer warming on the ther-
mal characteristics of a polymictic lake and consequences for oxygen,
nutrients and phytoplankton. Freshwater Biology, 53, 226–237.

Wood, S. N. (2011). Fast stable restricted maximum likelihood and marginal
likelihood estimation of semiparametric generalized linear models.
Journal of the Royal Statistical Society: Series B (Statistical Methodology),
73, 3–36. https://doi.org/10.1111/j.1467-9868.2010.00749.x

Wooller, M. J., Pohlman, J. W., Gaglioti, B. V., Langdon, P., Jones, M.,
Anthony, K. M. W., . . . Elvert, M. (2012). Reconstruction of past
methane availability in an Arctic Alaska wetland indicates climate influ-
enced methane release during the past ~12,000 years. Journal of Pale-
olimnology, 48, 27–42. https://doi.org/10.1007/s10933-012-9591-8

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Belle S, Musazzi S, T~onno I, Poska A,

Leys B, Lami A. Long-term effects of climate change on

carbon flows through benthic secondary production in small

lakes. Freshwater Biol. 2018;00:1–9. https://doi.org/10.1111/

fwb.13090

BELLE ET AL. | 9

View publication statsView publication stats

https://doi.org/10.4319/lo.2009.54.6_part_2.2298
https://doi.org/10.1111/j.1365-2427.2006.01529.x
https://doi.org/10.1111/j.1365-2427.2006.01529.x
https://doi.org/10.1007/0-306-47671-1
https://doi.org/10.1098/rstb.2010.0021
https://doi.org/10.1098/rstb.2010.0021
https://doi.org/10.4081/jlimnol.2013.e11
https://doi.org/10.4081/jlimnol.2013.e11
https://doi.org/10.1016/S0009-2541(99)00092-3
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1007/s10933-012-9591-8
https://doi.org/10.1111/fwb.13090
https://doi.org/10.1111/fwb.13090
https://www.researchgate.net/publication/323259159

