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Abstract:

Surface water browning affects boreal lakes in the Northern Hemisphere. This process is
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expected to increase with global warming. Boreal lakes are the most numerous lakes on Earth.
These ecosystems are particularly sensitive to disturbances due to their low biodiversity
compared to other aquatic environments. The recent darkening of surface water is expected to
hinder key ecosystem processes, particularly through lower primary productivity and loss of
biodiversity. However, studies based on long-term data collections have rarely been conducted
on the ecological consequences of water browning on aquatic food webs, especially concerning
its impacts on invertebrate communities.

For the first time, our analysis based on two decades of data collection in Finnish lakes
highlighted a relation between water browning and a decline in aquatic macroinvertebrate
abundances. Aquatic invertebrates are the main food resource for many secondary predators such
as fish and waterbirds, hence such effect on their populations may have major consequences for

boreal ecosystem functioning.

Keywords: aquatic invertebrates, brownification, abundance, richness, ecosystem functioning,

water color.



1. Introduction

During the last decades, temperate surface waters have become browner throughout the
Northern Hemisphere (Monteith et al., 2007). This is known as the ‘brownification’ process.
While the drivers of this change are not fully understood, concurrent increases in dissolved
organic carbon and iron concentrations have been observed (Kritzberg & Ekstrom, 2012). The
transfer of dissolved organic matter into water is particularly strong in areas that have suffered
most from acid rain in the past (Gavin et al., 2011). Changes in acid deposition modify soil
chemistry, favoring a release of organic matter into water, especially under high precipitation
regimes (De Wit et al., 2016). The European boreal area has been particularly affected by lake
acidification. Climate change predictions project wetter and extreme weather events in this zone
(De Wit et al., 2016). Hence, the browning of boreal and subarctic rivers and lakes is expected to
progress over the entire Fennoscandian peninsula (the area that encompasses Norway, Finland
and Sweden, along with the Murmansk province and the Republic of Karelia in Russia)
(Jennings et al., 2010; Naden et al., 2010).

Boreal wetland ecosystems host few species compared to temperate and tropical ecosystems
(Schindler, 1998), which makes their biodiversity particularly vulnerable to disturbances
(Schindler, 1998). Brownification is expected to negatively impact the composition, structure,
and function of aquatic food webs, as light conditions govern processes such as photosynthesis,
system productivity (Karlsson et al., 2009), and predator-prey interactions (Ranaker et al., 2012;
Lehtovaara et al., 2014). However, ecological consequences of brownification, especially its
effects on aquatic food webs, have not been fully understood yet (but see Leech et al., 2018).

Invertebrates are a key element of terrestrial and aquatic food webs. Recent studies have

shown a drastic decrease of terrestrial insects in Europe (Hallman et al., 2017) and at the global



scale (Dirzo et al., 2014). These studies have raised concerns about the functioning of the whole
terrestrial ecosystem. In contrast, there is a lack of long-term data on freshwater invertebrates
(Jackson & Fureder, 2006; Gozlan et al., 2018). In particular, the status of aquatic macro-
invertebrate populations in lakes has rarely been assessed for large scale processes linked to
global changes. A recent exception from the European boreal area is Fried-Petersen et al. (2020)
who studied long-term stability of invertebrate communities in Swedish lakes in relation to
environmental (alkalinity and total phosphorous) and physical (lake size and latitude) variables.
Agquatic invertebrates are a food resource for many organisms such as fish, amphibians, and
waterbirds. Thus, changes in their populations may have major consequences at the lake or
wetland scale but also at a larger scale. Fennoscandian lakes are the most important waterbird
breeding areas in Europe (e.g. Hagemeijer & Blair, 1997). Invertebrates are the main food
resource for many waterbird species during reproduction. They constitute the main part of
juvenile waterbird diets, especially during their first weeks of life (Sugden, 1973; Nummi et al.,
2013). Changes in food availability may have dramatic consequences for the survival and
breeding outcome of waterbirds.

Light penetration in the water column decreases due to the browning of surface water
(Kritzberg et al., 2020). It directly affects primary production. Many aquatic invertebrate species
are herbivorous and rely on plant cover to hide from predators. Decreased light penetration may
affect zooplankton community compositions and dynamics (Lehtovaara et al., 2014; Estlander et
al., 2017), the search efficiency of visual feeders, and thereby their consumption rates (Horppila
et al., 2011, Estlander et al., 2012; Jonsson et al., 2013). Surface water browning causes stronger
temperature stratification leading to lower oxygen concentrations in the hypolimnion with a

reduction in the oxythermal habitat of aquatic biota (Couture et al., 2015). Although Urrutia-



Cordero et al. (2017) documented a decline in phytoplankton along a gradient of water browning,
no studies on the effects of brownification on macroinvertebrate abundance and richness have
been conducted yet.

Here, we assessed the change in water color over time in 20 lakes for which data have been
collected over three decades. We evaluated the role of precipitation as a driver of water color
change over time in our study area. We tested the effect of water color change on the
macroinvertebrate abundance and richness of five lakes where both water color and invertebrate
surveys had been conducted in the area. We predicted an increase in water color over time

related to a decline of invertebrates both in terms of abundance and richness.

2. Material and Methods

2.1.Study area and surveys

The study area is located in southern Finland, in the Evo Natura 2000 area (61°120N,
25°070E, Fig. 1). Its 7854 km? of surface encompasses 136 lakes of varying sizes (from 0.01 to —
50.3 hectares) covering 2% of the area. Boreal coniferous and mixed forests, mostly in
commercial use for timber harvesting, cover respectively 56% and 40%. Transitional wood shrub
accounts for 2% of the surface of the whole studied zone. Agriculture (<1%) only occurs in the
vicinity of a few lakes. The Evo area is sparsely populated. The area has a long history of forest
and environmental monitoring. Since four decades, several research projects in aquatic sciences
have been carried out there.

The surface water color of the Evo lakes has been monitored as part of water quality surveys
conducted at the Lammi Biological Station and by the Finnish Natural Resources Institute since

the early 1990s. Data on water color were analyzed for 20 lakes during surveys ranging from



nine to 31 years (mean + SD = 27.4 + 6.3 years; Table S1; Fig. 1). These lakes have been
sampled each year at the end of October or during the first week of November, which
corresponds to the autumnal turnover of the lakes before freezing (Salonen et al., 1984).
Sampling campaigns are carried out during a one-week period at most, including all the lakes.
The samples are kept cold, in the dark, and transported to the Lammi Biological Station
laboratory immediately after sampling. The laboratory is located 20 km from the study area.
Thus, the analyses are performed on fresh samples. Water color is expressed in milligrams of
platinum per liter (mg Pt/L). Precipitation is recorded monthly at Lammi Biological Station since
the 1990s. The average annual precipitation is the mean of monthly precipitation from November
year t-1 to October year t, i.e. covering 12 months before the yearly fall water color survey in
November.

Our analysis linking invertebrate parameters and water color focused on five typical
oligotrophic boreal lakes, out of the 20 studied lakes. These five lakes had available data for the
period from 1990 to 2008 (Fig. 1). All five lakes are surface water-fed lakes. Data available for
each lake are detailed in the supplementary material (Table S1). When present, the emergent
vegetation zone surrounding the lakes is narrow and mainly consists of Carex sp. and
Phragmitesaustralis.

Invertebrate trapping was conducted at the beginning of June each year from 1989 to 2008, in
the frame of a study concerning the availability of food resources for Anas spp. ducks at the early
brood stage. Activity traps (see Murkin et al., 1983) were used to capture free-swimming aquatic
invertebrates. An activity trap consists of a 4-liter glass jar and a white plastic funnel with a 140-
mm opening at the largest end and a 20-mm opening at the narrowest end. Activity traps were

horizontally suspended at a water depth of 20-40 cm close to the shoreline. This position allows
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assessing food availability at a reachable depth for duck species occurring in these environments.
Activity traps allow catching both benthic and pelagic invertebrates (EImberg et al., 1992,
Hyvonen and Nummi, 2000; Table S2). Four activity traps per lake allowed to collect
invertebrates during one week. Following the protocol of Nummi & Pdysa (1993), traps were
emptied onto a 1-mm mesh size sieve then remaining invertebrates were sorted, identified, and
counted. The total number of individuals (hereafter “invertebrate abundance”) was calculated as
the sum of individuals collected in the four traps for each year and lake. Invertebrates were
identified up to the order, family, or genus (Table S2); hence, “invertebrate richness” is the total

number of taxa identified in the four traps for each year and lake.

2.2.Statistical analyses:

All statistical analyses were performed using program R (R version 3.6.2 (2019-04-26), R Core
Team, 2019). R package ‘lattice’ (Sarkar, 2008) was used for graphical edition. ‘Ime4’ (Bates et
al., 2015) was used for generalized mixed model analyses. Year was included as a co-variate in
some of the following models (specified below), in order to control for potential temporal
correlation in the models. Lake ID was used as a random effect in all models to account for the
non-independence of samples within lakes. Predictor variables were scaled and centered prior to
analyses.

Water color changes of the 20 lakes, and of the five lakes, over time were assessed by linear
mixed models with lake as a random effect. The effect of precipitation on the water color of the
20 lakes over time was tested with a linear mixed model with year as a co-variate and lake as a
random effect. In these three models the water color response variable was square root

transformed to meet the criteria of residual normality.



The effect of water color on invertebrate abundance over time, was tested with a generalized
mixed Poisson model with year as a co-variate and lake as a random effect. The Poisson GLMM
was slightly overdispersed with an overdispersion value of 1.26. Other tested modeling
approaches, such as the addition of a correction term to take into account the potential temporal
autocorrelation, and other distribution families, lead to greater overdispersion and did not
improve the model specification.

The effect of water color on invertebrate richness over time was tested with a linear mixed model
with year as a co-variate and lake as a random effect.

The variance inflation factor (VIF) allowed estimating the multicollinearity between the
predictor variables (Zuur et al. 2013) in the mixed models. The calculated VIF value ranged from
2.306 to 2.632, so all predictors were kept in the models (Montgomery & Peck 1992). Model
assumptions (normal distribution of the residuals and homoscedasticity of the models) were
visually confirmed (supplementary material S1-5, Zuur et al., 2009). For the mixed models, we
provide both the Marginal R? (R%_wm(m)), which is the variance explained by fixed factors, and
conditional R? (R%.mw(c)), which is the variance explained by both fixed and random factors

(Nakagawa & Schielzeth 2013).

3. Results

Lake water color has increased in the 20 lakes since the early 1990s (intercept = -374.686 +
23.738, slope = 0.194 + 0.012, p<2e-16, Table 1, Fig. 2). The yearly average precipitation affects
the water browning of the 20 lakes (intercept = 14.368+ 0.650, slope = 0.929 + 0.091, p<2e-16, ,
Table 1). Nevertheless, it explains only a small share of the water color change (R%.ym(m) =

0.223, R%.um(c) = 0.719).



A similar trend towards surface water browning was observed in the five lakes for which
invertebrate data were available (intercept = - 477.046 + 38.587, slope = 0.246 + 0.019, p < 2e-
16, Table 1, Fig. 2). The water color increased by a factor of 1.8 at the five lakes during the
invertebrate survey: from an average of 152.6 + 57.3 (mean + SD) mgPt/L during the first decade
of the invertebrate survey (1990-1998) to an average of 272.9 + 85.7 mgPt/L during the second
decade (1999-2008) (Fig. 2). Water color has kept increasing during the last decade, reaching an
average of 300 + 75.6 mgPt/L in these five lakes.

A total of twenty-six invertebrate taxa, including both benthic and nektonic invertebrates,
were identified in our samples (Table S2). The decline in invertebrate abundance was associated
with an increase of water color (intercept = 3.331 + 0.215, slope = -0.443 + 0.039, p<2e-16,
Table 1, Fig. 3a) but not with year (slope = -0.058 + 0.033, p = NS, Table 1). However, our
models did not support a negative impact of water color on invertebrate richness (intercept =
4.349 + 0.303, slope =-0.101 + 0.260, p = NS, Table 1, Fig. 3b) or year (slope = -0.359 + 0.243,

p = NS, Table 1).

4. Discussion

Invertebrates are crucial to ecosystem functioning, yet their rapid declines in the terrestrial
environment (Dirzo et al., 2014; Hallman et al., 2017) has occurred nearly unnoticed, raising
concern about potential invertebrate declines in various ecosystem types (Eisenhauer et al.,
2019). Here, we document a clear decrease in aquatic invertebrate abundances in the studied
boreal lakes during 1989-2008 associated with an increase in water browning. Boreal wetlands
are particularly sensitive to perturbation (Schindler et al., 1998). The change in water color in the

study lakes over the last 30 years is remarkable: all the surveyed lakes became browner. The
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change in water color is consistent with earlier observations made in the boreal zone (Evans,
Monteith & Cooper, 2005; Vuorenmaa, Forsius & Mannio, 2006; Arvola et al., 2010; Kritzberg
& Ekstrom, 2012). Boreal lakes are the most numerous of any lake types on Earth (Schindler,
1998), thus the impact of browning will have large-scale consequences for boreal aquatic
ecosystems and for global biodiversity and ecosystem functioning.

Reasons behind the increasing browning trends seen in most region’s lakes are not fully
understood. Arvola et al. (2010) highlighted the relation between hydrology, pH, sulfate
deposition, and water color. Although precipitation has not dramatically changed in the long run,
exceptionally high summer-autumn precipitation distinctly enhances color values (Arvola et al.,
2006). Nevertheless, while an increase in precipitation contributes significantly to the increase in
water color at the 20 studied lakes, it only partly explains the observed increase in water color. A
strong decrease in sulfur deposition since the late 1980s, and changes in land-use and forestry
practices in catchment areas may also have contributed to the increase in water color in the area
(Arvola et al. 2010). Forestry activities are taking place at all catchment areas around the studied
lakes, which may also affect the water color of the lakes (Arvola et al., 2010; Kritzberg, 2017).
Further studies are needed to identify human practices promoting the release of organic matter
into the aquatic system and to identify methods to remediate the negative impact of these
practices.

Our study demonstrated an important impact of brownification on all aquatic
macroinvertebrates. Water browning was not associated with a change in invertebrate taxonomic
richness in our study. The data set did not allow us to estimate changes at the species level. Thus,
we cannot exclude that brownification affects species differently. Nevertheless, the sharp decline

of invertebrate numbers observed in our study may have tremendous impacts on the functioning
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of the entire ecosystem and call for further research on other levels of the food chain.

Brownification appears to negatively impact primary and secondary invertebrate consumers
by altering their behavior (Estlander et al., 2017) but also by affecting their food resources
(Vasconcelos et al. 2018), oxythermal and vegetative habitat, predator-prey relationships
(Estlander et al., 2009, 2012), and biodiversity (Urrutia-Cordero et al., 2017). Certain changes in
vegetation have been observed in our study area during the study: the major visible changes
being the narrowing of emergent vegetation belts (mainly Carex) and the decline of horsetail
Equisetum fluviatile (Suhonen et al., 2011; Poysa et al., 2017). The reasons for these changes are
unknown. Nevertheless, brownification and concurrent water warming are known to cause
declines in macrophytes (Reitsema et al., 2018; Choudhury et al., 2019). Littoral zones are the
most productive areas of boreal humic lakes and provide important basal food resource for lake
biota (Kairesalo 1980, Vesterinen et al.,, 2017). Thus, changes in lake stratification and
vegetation decline may have increased the predation pressure by fish in the littoral zone.
Unfortunately, data on fish populations were only available for two of our five studied lakes and
for a very limited time period, preventing us from drawing any firm conclusions on the potential
effect of fish populations on invertebrates. Nevertheless, fish surveys from other lakes in the
study area reveal that neither fish biomass nor abundance varied with water color change (Arzel
et al. in prep.). Further research is needed to assess the current state of submerged vegetation and
potential decline as consequences of brownification in our study area. The continuous increase of
water color, even after the last invertebrate surveys in 2008, calls for an urgent assessment of the
status of aquatic macroinvertebrate community change in the lakes of this study area and
elsewhere in boreal regions.

The decline of invertebrate abundance observed here is likely to affect the whole ecosystem,
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as invertebrates are the main food resource of organisms such as many fish species and ducks. A
decline of invertivore duck species has occurred in boreal lakes during the period as our study
(POysé et al., 2019; Elmberg et al., 2020). Our results call for further investigation of biodiversity
loss in boreal lakes. In particular, biodiversity loss from boreal aquatic ecosystems deserves

much more attention than it has so far received in the context of browning.
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Table 1 Results of the Linear and Generalized mixed models (LMM and GLMM). Lake was set
as random effect to account for spatial autocorrelation. Nobs stands for Number of observations
and Nlake for Number of lakes included in the analysis. Water color was square root transformed
prior to analysis when used as a response variable. “m” stands for marginal and “c” for

conditional when referring to the coefficient of determination R? from LMM and GLMM (see

methods).
Model N obs & Response variable Model results
type N lake
LMM  Nobs =547  Sqrt(water color) Fixed effects: Estimate SE P
Nlake = 20 Intercept -374.686 23.738 <2e-16
Year 0.194 0.012 <2e-16
Random effects: ~ Variance SD
Lake 8.171 2.859
R um marginal ¢
0.170 0.663
LMM  Nobs =547  Sqrt(water color) Fixed effects: Estimate SE P
Nlake = 20 Intercept 14.368 0.650 4.8e-15
Precipitation 0.929 0.091 <2e-16
Year 1.783 0.098 <2e-16

Random effects:  Variance SD

Lake 8.244 2.871
R%Lvm m c
0.223 0.719
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LMM  Nobs=142 Sqrt(water color) Fixed effects: Estimate SE P
Nlake =5 Intercept -477.046 38.587 <2e-16
Year 0.246 0.019 <2e-16

Random effects:  Variance SD

Lake 2.648 1.627
R%Lvm m c
0.399 0.656
Poisson Nobs =91 Invertebrate Fixed effects: Estimate SE P
GLMM Nlake =5 abundance (Intercept) 3.331 0.215 <2e-16
Water color -0.443 0.039 <2e-16
Year -0.058  0.033 0.077

Random effects:  Variance SD

Lake 0.229 0.478
RGLmm m c
0.470 0.470
LMM  Nobs =91 Invertebrate Fixed effects: Estimate SE P
Nlake =5 richness (Intercept) 4.349 0.303 <2e-04
Water color -0.101 0.260 0.700
Year -0.359 0.243 0.143

Random effects:  Variance SD

Lake 0.341 0.584
R%Lvm m c
0.067 0.196
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Figure legend
Figure 1 Location of the study sites. A) Location of the Evo Natura 2000 area within Finland. B)

Location of the 20 studied lakes within the study area.

Figure 2. Changes in average water color (mean £+ SD) from 1988 to 2018 in the 20 lakes for
which the main water color analysis was conducted (gray circle) (see main text) and in the five
lakes for which invertebrate data were available (black circle). The period during which
invertebrate abundance and richness were recorded is delimited by the dashed lines. Note that
only lake “Nimeton” was sampled in 1979, 1980 and 1983, two lakes were sampled in 1987,
nine lakes in 1988, four in 1989, 10 in 1990, and 17 to 20 lakes per year for the following years

(See Table S1).

Figure 3. Annual average a) invertebrate abundance and b) invertebrate richness in relation to

water color for the five lakes studied.
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Figure 1 Location of the study sites. A) Location of the Evo Natura 2000 area within Finland. B)

Location of the 20 studied lakes within the study area.
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Figure 2. Changes in average water color (mean + SD) from 1988 to 2018 in the 20 lakes for
which the main water color analysis was conducted (gray circle) (see main text) and in the five
lakes for which invertebrate data were available (black circle). The period during which
invertebrate abundance and richness were recorded is delimited by the dashed lines. Note that
only lake “Nimeton” was sampled in 1979, 1980 and 1983, two lakes were sampled in 1987,
nine lakes in 1988, four in 1989, 10 in 1990, and 17 to 20 lakes per year for the following years

(See Table S1).
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Figure 3. Annual average a) invertebrate abundance and b) invertebrate richness in relation to

water color for the five lakes studied.
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Table 1 Results of the Linear and Generalized mixed models (LMM and GLMM). Lake was set
as random effect to account for spatial autocorrelation. Nobs stands for Number of observations
and Nlake for Number of lakes included in the analysis. Water color was square root transformed
prior to analysis when used as a response variable. “m” stands for marginal and “c” for

conditional when referring to the coefficient of determination R? from LMM and GLMM (see

methods).
Model N obs & Response variable Model results
type N lake
LMM  Nobs =547  Sqrt(water color) Fixed effects: Estimate SE P
Nlake = 20 Intercept -374.686 23.738 <2e-16
Year 0.194 0.012 <2e-16
Random effects: ~ Variance SD
Lake 8.171 2.859
R um marginal ¢
0.170 0.663
LMM  Nobs =547  Sqrt(water color) Fixed effects: Estimate SE P
Nlake = 20 Intercept 14.368 0.650 4.8e-15
Precipitation 0.929 0.091 <2e-16
Year 1.783 0.098 <2e-16

Random effects:  Variance SD

Lake 8.244 2.871
R%Lvm m c
0.223 0.719
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LMM  Nobs=142 Sqrt(water color) Fixed effects: Estimate SE P
Nlake =5 Intercept -477.046 38.587 <2e-16
Year 0.246 0.019 <2e-16

Random effects:  Variance SD

Lake 2.648 1.627
R%Lvm m c
0.399 0.656
Poisson Nobs =91 Invertebrate Fixed effects: Estimate SE P
GLMM Nlake =5 abundance (Intercept) 3.331 0.215 <2e-16
Water color -0.443 0.039 <2e-16
Year -0.058  0.033 0.077

Random effects:  Variance SD

Lake 0.229 0.478
RGLmm m c
0.470 0.470
LMM  Nobs =91 Invertebrate Fixed effects: Estimate SE P
Nlake =5 richness (Intercept) 4.349 0.303 <2e-04
Water color -0.101 0.260 0.700
Year -0.359 0.243 0.143

Random effects:  Variance SD

Lake 0.341 0.584
R%Lvm m c
0.067 0.196
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Highlights

e Water became browner in all studied lakes within 3 decades.
e Increased precipitation explains only partly the increase in water color.
¢ No significant change of invertebrate richness was linked to water color increase.

e Aquatic macroinvertebrate abundance declined with water color increase.
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