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ARTICLE INFO ABSTRACT
Keywords: Many boreal freshwaters have become browner in the past decades, underscoring the need for
Brownification long-term assessments of brownification drivers. Here, we examined long-term changes in water
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color (mg Pt/L), beaver activity, climate, acidifying ions concentration in precipitation, and
forestry in two small boreal lakes and their catchment in 1994-2018; one lake being occupied by
beavers (L. Majajarvi) and one never colonized (L. Horkkajarvi). During the study period, average
annual air temperature increased (+0.049 °C per year) while average annual acidifying ion
concentrations declined (—0.286 peq SO3/L and —0.046 peq NO3/L per year); annual precipi-
tation showed no trend. Both lakes exhibited browning over time (+3.30-3.42 mg Pt/L per year).
Precipitation positively influenced water color in both lakes, while annual SO concentration had
a negative effect. In L. Majajarvi, water color was browner during beaver floods and afterflood
phases, with precipitation and beaver activity explaining a similar share of water color variability,
thus underlining their similar role in mobilizing DOC from the riparian zone. In contrast, the
effects of annual SO3” concentration on water color will likely subside as other factors will drive
lake browning. Forestry and air temperature showed no direct effect, potentially masked by other
factors. Our results highlight beavers as ecosystem engineers able to drive water browning locally.
This study demonstrates the multifaceted and complex nature of water browning and emphasizes
the need for broader-scale assessments integrating both local and global drivers.

1. Introduction

The browning or brownification of many freshwaters has been studied in the past three decades in the Nordic countries. This
phenomenon is the result of a combination of — changes in — climate, atmospheric acid deposition, and anthropogenic activities (see
Monteith et al., 2007; de Wit et al., 2016; Kritzberg et al., 2020; Blanchet et al., 2022). Browning is defined as an increase of the color of
surface waters towards yellow-brown hues over time (Graneli, 2012). The transport of terrestrial dissolved organic matter (DOM) or
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carbon (DOC) and dissolved iron (Fe) to water bodies through runoff largely contribute to the browning process (Hongve et al., 2004;
Erlandsson et al., 2008; Kritzberg and Ekstrom, 2012; Xiao and Riise, 2021). This change of water color affects key environmental
factors such as light, water temperature, and oxygen availability, which in turn strongly affect aquatic food webs, e.g. phytoplankton,
biofilm, macrophytes, fish, aquatic invertebrates, host-parasite and prey-predator relationships, and pathogens (Blanchet et al., 2022).
Although browning has not occurred in all boreal freshwaters and has slowed down in several regions (Eklof et al., 2021), this phe-
nomenon is still occurring in many lakes and streams of diverse climatic zones and freshwater habitats (see in Blanchet et al., 2022).
Thus, there is an urgent need to understand the causes and consequences of browning to protect freshwater ecosystem functioning and
freshwater quality.

The recovery from acidification following the decrease in atmospheric acid (sulfur and nitrogen) deposition is a well-recognized
factor driving the browning of waters (Evans et al., 2005; Ekstrom et al., 2011; Meyer-Jacob et al., 2020). Acidification recovery
enhanced the solubility and mobility of soil colored DOM, which facilitated its transport to freshwaters, potentially bringing Fe as well
due to DOM-Fe complexes (Monteith et al., 2007; Neal et al., 2008; Bjorneras et al., 2017; LoRusso et al., 2020; Redden et al., 2021).
Climate change also contributes to the browning of waters; first by increasing soil DOM production through changes in temperature
(Christ and David, 1996; Moore and Dalva, 2001; Catalan et al., 2016) and vegetation cover (Finstad et al., 2016), second by enhancing
DOM leaching to surface waters through changes in precipitation amount and runoffs (Sarkkola et al., 2013; de Wit et al., 2016;
Bjorneras et al., 2017).

Forest management enhances the transport of DOM from terrestrial to aquatic systems (Finér et al., 2021; Nieminen et al., 2021;
Holopainen and Lehikoinen, 2022), which contributes to the long-term observed browning in the boreal region (Kritzberg, 2017;
Skerlep et al., 2020; Harkonen et al., 2023). Clearcutting and site preparation have received the most attention. Clearcutting increases
the leaching of DOC to surface waters through a combination of raised groundwater level (due to reduced evapotranspiration; Sarkkola
etal., 2010), increase of loose organic matter (Piirainen et al., 2007), and increase of soil temperature that promotes the decomposition
of organic matter (Schelker et al., 2012). Site or soil preparation is often associated with clearcutting as it is performed after a clearcut
to facilitate tree establishment before replanting, and is known to enhance the leaching of DOC to surface waters (e.g. (Piirainen et al.,
2007; Schelker et al., 2012). There is a lack of knowledge on the impact of thinning practices (i.e. selective removal of trees) on water
color, although such practices are expected to influence water DOC in the same way as clearcutting and site preparation (Baumler and
Zech, 1999; Yang et al., 2021). Also, studies in ditched peatland landscapes highlighted the contribution of forestry practices to the
browning of waters (Nieminen et al., 2017; Harkonen et al., 2023).

Most studies on the causes of water browning pointed out anthropogenic activities and their consequences (e.g. climate and land-
use changes) as drivers of browning (see in Creed et al., 2018; Kritzberg et al., 2020). Some “natural” drivers such as land cover can
control the browning level of lakes and rivers through DOC and Fe levels (Arvola et al., 2016; Bjorneras et al., 2017). Additionally,
beavers (Castor sp.) as ecosystem engineers might promote water browning as a result of their damming activity (Vehkaoja et al., 2015;
Catalan et al., 2017). Depending on habitat suitability, beavers typically dam first to fourth-order streams or the outlet of small lakes,
creating new ponds or raising the lake shore level respectively. With this change from a terrestrial ecosystem to an aquatic one, the
wetland area is considerably increased, and the physical, chemical, and biological conditions of the riparian zone is altered (Johnston,
2017; Nummi et al., 2018; Bashinskiy, 2020; Larsen et al., 2021). As each beaver patch goes through different stages of succession, the
beaver landscape becomes a dynamic mosaic of flood-inundated and afterflood beaver patches (Naiman et al., 1988; Nummi and
Hahtola, 2008; Kivinen et al., 2020), with beaver floods strongly affecting the carbon dynamics of the aquatic-terrestrial interface, thus
creating biogeochemical hotspots with enhanced fluxes and reactions rates (Larmola et al., 2004; Johnston, 2017; Nummi et al., 2018).

When beavers dam a waterbody, a considerable amount of herbaceous vegetation and trees decay in the shallow inundated beaver
flowage because of the anaerobic conditions caused by the raising water (Nummi, 1989; Thompson et al., 2016; Johnston, 2017).
During inundation, the organic matter and nutrients originating from the dead vegetation and soil leach from the flooded area to the
waterbody (Brothers et al., 2014). It induces an increase in DOC concentration in the surface water (Cirmo and Driscoll, 1993), first
with low molecular weight DOC that is easily degraded by microbial consumers, then with a more humic-like DOC that promotes a
brown water color (Wegener et al., 2017; Nummi et al., 2018). While DOC levels increase during the first three years of a beaver
impoundment, they seem to decrease to pre-flood levels in the 4-6 next years (Vehkaoja et al., 2015) with possibly more humic DOC
remaining. In contrast, a study showed that a lake did not fully recover from a flood-induced browning, with DOC levels remaining
1.5-fold higher than pre-flood levels 7 years after the browning event (Kazanjian et al., 2021). DOM composition in beaver ponds is
strongly characterized by high humic content and aromaticity (Castro et al., 2023). Thus, the source of DOM in beaver flooded areas is
mainly terrestrial and brown-colored regardless of its concentration in water.

Beavers were exterminated from most of their range in Eurasia and from large areas of North America too between the 16th and
19th centuries; but they returned or are returning to many parts of their former range (Whitfield et al., 2015; Halley et al., 2021). Along
with the recovery of beaver populations, about 25 000 km? of new aquatic pond habitats and 550 000 km of riparian shore habitats
have been created in the boreal and temperate zones (Whitfield et al., 2015). These first results call for a deeper understanding of the
potential local contribution of beaver floods to water browning and its spatial extent.

In this context, this study assessed the long-term water browning of two humic lakes separately from 1994 to 2018 in the Evo area,
Southern Finland, where many lakes underwent browning during our study period (Arvola et al., 2010; Arzel et al., 2020; Arvola et al.,
2025). Both lakes are located in one catchment area, and hence experience similar environmental conditions, except for the coloni-
zation of beavers in one lake (L. Majajarvi), while the other lake has never been occupied by beavers (L. Horkkajarvi). First, we
examined the trends of environmental variables (precipitation, air temperature, SO and NO3 precipitation) of the Evo area during the
study period. We expected an increase in both annual precipitation and average air temperature during the study period and a decline
of both SO and NO3 annual concentrations over time. Second, we evaluated the browning of the two lakes and the influence of various
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environmental parameters and activities on the yearly measured water color of both lakes, one occupied by beavers, one never
colonized by beavers, to assess if beaver activity can be a significant driver of lake water color change. We considered the following
environmental parameters with or without beaver activity: forestry practices surfaces (thinning, clearcutting, soil preparation) within
the catchment area, climate parameters (temperature, precipitation), and acidifying ions concentration (S0% and NOj3 in precipita-
tion). L. Horkkajarvi, which had not experienced any beaver flood before or during the study period, was a control site that met all
environmental changes except beaver floods. While we predicted beaver activity to be a significant local driver of lake water browning
in L. Majajarvi, we wanted to evaluate its significance compared to forestry practices, climate, and acid recovery, which have been
proved in the scientific literature to be significant global drivers of water browning in the boreal environment. Our study intends to fill
the gaps regarding the potential impacts of beaver activities on boreal forest ecosystems with a specific focus on local scale water color
dynamics.

2. Material and methods
2.1. Study area

The study focused on two hydrologically connected lakes, Lake Majajarvi and Lake Horkkajarvi (3.88 and 1.15 ha; Fig. 1), located
in the Evo State Forest, Southern Finland (61°11°34" N, 25°06°29" E; Arvola et al., 2010); more specifically in the educational training
forest of Hime University of Applied Sciences (HAMK). L. Horkkajarvi is a tributary lake of L. Majajarvi. Hence, its catchment (43.6 ha)
is a subpart of L. Majajarvi’s catchment (190.67 ha).

L. Majajarvi is located in low elevation (133.3 m a.s.l.) with maximum and mean depths of 12 and 4 m; its water is considered to be
brown (227 mg Pt/L in October 2020) and it is slightly eutrophic (total phosphorus 26 ug/L, total nitrogen 805 pg/L, DOC 20.7 mg/L,
Fe 0.6 mg/L; 5.76 pH in October 2020). L. Horkkajarvi is located in higher elevation (142.7 m a.s.l.) and with a higher mean depth
(7.7 m) than L. Majajarvi and a similar maximum depth (12 m). L. Horkkajarvi is also a brown lake (263 mg Pt/L in October 2020) but
more mesotrophic (total phosphorus 16 pg/L, total nitrogen 770 pg/L, DOC 25.5 mg/L, Fe 0.7 mg/L; 5.60 pH in October 2020). Both
lake catchments are dominated by forest (96.4 and 97.5 %), mostly composed of coniferous species, with a small proportion of
waterbodies and wetlands (3.6 and 2.5 %).

I L. Majajarvi — Streams and ditches
L._1L. Majajarvi catchment = Flow direction
Bl L. Horkkajérvi % Beaver dam
L._1L. Horkkajarvi catchment
Thinning (A)
[ ] Other lakes B Clearcutting (B)

I Soil preparation (C)

Y /' "\‘ _\{__/)'/
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Fig. 1. Presentation of the studied lakes and their catchments (Evo area, Southern Finland), with forestry practices carried out in the catchment
areas between 1994 and 2018. A) Thinning, B) Clearcutting, and C) Soil preparation (including soil harrowing, mounding, and scalping practices).
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According to the Geological Survey of Finland (GTK, https://www.gtk.fi/), the bedrock of the entire catchment area of L. Majajarvi
and L. Horkkajarvi is based on impermeable rocks (paragneiss and granodiorite; 1:200000 scale). Therefore, the lakes are mainly
supplied by precipitations and surface runoff. Additionally, both catchments are predominantly covered by mineral soils, including
glaciofluvial sands and till deposits (1:20000 scale). Organic soils are concentrated in the riparian area of the lakes, or in small wetland
depressions along streams and ditches. Although spatially restricted, the organic soils are located in hydrologically connected zones
that makes them sources of DOM during high flow events or periods of increased runoff (Gergel et al., 1999; Blaurock et al., 2022). L.
Majajarvi is supplied by two inlets (one east, one south; see Fig. 1) and has one outlet located at its northwestern part, which has been
frequently dammed by beavers. There are three tributary lakes draining to L. Majajarvi, including L. Horkkajarvi. L. Horkkajarvi is
supplied by one inlet to its south-eastern part and has one outlet to its north-western part that is draining into L. Majajarvi situated
800 m downstream. Beaver dams have not been built in L. Horkkajarvi’s catchment during the study period.
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Fig. 2. Surface (in ha) of forestry practices carried out in the catchment of L. Majajérvi and L. Horkkajarvi between 1994 and 2018. A) Total surface

of thinning practices per year; B) total surface of clearcuts per year; C) total surface of soil preparation carried out per year. Blue dots and solid lines
are L. Majajarvi’s forestry data; brown triangles and hatched lines are L. Horkkajarvi’s forestry data.
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2.2. Forestry practices data

Surfaces (in hectare) of forestry practices were provided by Hame University of Applied Sciences (HAMK) and were digitized for the
period extending from 1994 to 2018. The dataset consisted of Geographic Information System (GIS) vector layers for three different
types of forestry practices performed between 1994 and 2018 (Fig. 1): thinning, clear-cutting, and soil preparation practices. Soil
preparation included soil harrowing, mounding, and scalping which were pooled under the category “soil preparation” to optimize
statistical power. The surfaces of clearcutting, thinning, and soil preparation practices were measured for each year (Fig. 2A-C) using
QGIS 3.16.6 with GRASS 7.8.5 and SAGA 2.3.2. For the forestry variables, a one-year lag was used to associate water color in the year X
with forestry actions from the year X-1. This lag was defined as it is very unlikely that forestry practices have an immediate effect on
water color, especially when actions were rarely carried out in the vicinity of the lakes.

2.3. Water color data

Long-term data of water color values (mg Pt/L) were provided by Lammi Biological Station (LBS): each year, the water was sampled
from the surface layer of the lake, either the last week of October or the first week of November, after the autumn turnover of the lake
water column and just before the lakes freeze. Samples were kept cold and in darkness until water chemistry analyses were conducted
at the laboratory of LBS (about 20 km from the Evo area). Water samples were then filtered with a 0.45 pm filter prior to the color
measurement. Water color was measured at 410 nm using a Shimadzu UV-1800 UV spectrophotometer, according to the Finnish
standard protocol ISO 7887:2011. The water color is compared to a solution of potassium hexachloroplatinate and cobalt chloride of
known concentration, which returns a water color expressed in concentration of mg of Platinum/Cobalt per Liter (mg Pt/L). A color of
0 mg Pt/L corresponds to clearwater and increasing values correspond to yellow to brown water color.

We focused on the period 1994-2018 for which estimated surfaces of forest practices were available for this study.

2.4. Climate and precipitation chemistry data

Precipitation, temperature and ion precipitation data were all retrieved from observation stations nearby the study area from the
Finnish Meteorological Institute (FMI, https://www.ilmatieteenlaitos.fi/). Precipitation and temperature data were retrieved from the
Lammi Pappila observation station, 20 km away from the Evo area (61°03°00" N, 25°02°24" E), and ion precipitation data (SO, NO3)
was retrieved from the Kotinen observation station, in the Evo area (61°14°23" N, 25°03°56" E, about 5 km away from the studied
lakes).

Monthly precipitation was recorded for the whole study period with precipitation in mm. We calculated the annual amount of
precipitation from 1994 to 2018 as a sum, for the year X, from November 1st of the year X-1 to October 31st of the year X; for instance
the annual amount of precipitation of the year 1995 is calculated from November 1994 to October 1995. This sum has been done this
way so that the annual precipitation corresponds to the yearly water color sampling. Monthly average air temperature data was given
in Celsius degrees (°C) and the annual average was calculated in the same way as annual precipitation between 1994 and 2018, from
November 1st of year X-1 to October 31st of year X. Finally, ion precipitation data (S05 and NO3; in peq/L) were recorded monthly. To
consider the influence of drier/wetter months — hence contributing to more or less ions in water — we calculated annual average SO
and NOj3 concentrations based on a precipitation-weighted average using the following formula:

¢ X (Cn x Pu
annuat —
= Pn

Where Cannual is the precipitation-weighted annual average ion concentration (in peq/L) from November 1st of year X-1 to October
31st of year X, Cy, is the monthly ion precipitation of SO or NO3 (in peq/L) and Py, is the amount of monthly precipitation (in mm).
Hereafter, we refer to it as annual average SO?{ and NO3 concentrations.

2.5. Beaver activity

The beaver species found in Evo is the North American beaver, Castor canadensis. Eurasian (Castor fiber) and North American
beavers have been introduced in Evo in the 1930s and 1950s (Lahti and Helminen, 1974), but only the North American beaver
established in the Evo region. Beaver activity has been recorded in the Evo area since 1970 (e.g. Hyvonen and Nummi, 2008; Nummi
et al., 2019; Kivinen et al., 2020). Field sessions were organized yearly to monitor the activity of beavers in Evo lakes; sightings,
eatings, lodges and floods were recorded. Each year, lakes, wetlands, beaver-created ponds, and streams of the Evo area were visited to
detect the presence of beaver traces. If a functioning dam was present on site and led to higher water level of the site or the maintaining
of a created pond, the site was recorded as flooded.

In this study, we only focused on beaver-induced floods. L. Majajarvi has been frequently flooded by beavers (Supplementary
material Table S1) while L. Horkkajarvi had never been flooded before or during the study period. Beavers dammed the outlet of L.
Majajarvi (see Fig. 1), raising the water level on the shores of the lake instead of creating a new pond. Three flood states were defined as
not flooded (BPN), flooded (BPF), and afterflood phase (BPA). Vehkaoja et al. (2015) demonstrated an increase in the DOC concen-
tration of Evo lakes in the first three years of a beaver impoundment and a return to initial DOC levels within 4-6 years. However, DOC
levels, and hence water color, can stay elevated for several years after water level recovery; for instance 7 years post-flood in Kazanjian
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etal. (2021). Thus, we defined the afterflood phase up to 6 years after an initial flood, starting when water receded back to its original
level. During 1994-2018, L. Majajarvi was flooded (BPF) in 2003, then continuously flooded from 2012 to 2018 (total of 8 years).
Hence, we considered the lake to be in an afterflood phase (BPA) in 2004-2009 (6 years), and in its not flooded state (BPN) in
1994-2002 and 2010-2011 (11 years).

2.6. Statistical analysis

All statistical analyses were performed with the statistical software R (version 4.1.0; R Core Team, 2021). We used the “dplyr”
(Wickham et al., 2022), “ggplot2” (Wickham, 2016), “bbmle” (Bolker et al., 2021), “DHARMa” (Hartig and Lohse, 2022; Supple-
mentary material Fig. S2A-B), and “relaimpo” (Gromping, 2006) R packages for data sorting, graphs, model selection and interpre-
tation, and residuals diagnostics. Explanatory variables were all centered and scaled prior to analysis.

Changes of environmental parameters over the study period — Following the requirements for normality, we evaluated changes in
environmental parameters (precipitation, temperature, and SO3 and NO3 concentrations) and their importance in our study area
between 1994 and 2018 using ordinary least square linear regression models (LM).

Browning of L. Majajarvi and L. Horkkajarvi — Before investigating the drivers influencing water color changes of the lakes, we
examined if both lakes underwent browning over the study period. The response variable (water color) fulfilled the requirements of
independence and normality for both lakes (Kolmogorov-Smirnov test; L. Majajarvi: D = 0.119, p = 0.880; L. Horkkajarvi: D = 0.106,
p = 0.947). Hence, we fitted an ordinary least square linear regression model (LM). To explain the water color variation of L. Majajarvi
and L. Horkkajarvi, the pre-selection of variables to include in the models was based on a correlation threshold (rho) of 0.6
(Supplementary material Fig. S3A-B) to avoid collinearity issues. All variables correlated above this threshold were not added in the
same model formulas in order to avoid variable redundancy. After computing model formulas, the most fitting formula was selected
based on the Akaike Information Criterion (AIC); the selection was based on the SAIC, which ranks the models according to their AIC
scores (“ICtab” function). One model was retained for L. Majajarvi and one for L. Horkkajarvi. Hence, we used ordinary least square
multiple linear regression models to test the potential effect of environmental variables on the color of L. Majajarvi and L. Horkkajarvi
separately. Predictor significances were evaluated using type II F-tests (“dropl” function). For each fitted model, the relative
contribution of each explanatory variable to the total explained variance (multiple R?) was extracted using the “calc.relimp” function
with the Lindeman, Merenda, and Goldmethod (Img) method. The multiple R? is partitioned between the variables and accounts for
both their unique and shared contribution (Gromping, 2006).

Our aim was not to develop predictive models but rather identify the significant drivers of changes in water color. Hence, we did not
perform model selection to keep significant variables only. Dropping predictors based on significance has also been widely criticized as
it can exclude true causal variables that appear non-significant, select falsely significant variable, and increase overfitting
(Whittingham et al., 2006; Mundry and Nunn, 2009; Harrell, 2010). Thus, we present results about all the explanatory variables in the
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linear regressions.

3. Results

3.1. Change of environmental parameters over the study period

During the study period, the annual amount of precipitation varied from 446.60 mm to 824.30 mm, with an average amount of
627.18 + 96.48 mm, and did not increase over time (LM: p = 0.982; Fig. 3 A). In contrast, the average annual air temperature
considerably increased (LM: slope = 0.049 + 0.021, p = 0.029, R? = 0.155; Fig. 3B) and varied between 2.70 °C and 5.87 °C, with an
average temperature of 4.68 + 0.83 °C. Additionally, the yearly SO concentration strongly decreased (LM: slope = —0.286 =+ 0.031,
p < 0.001, RZ = 0.779; Fig. 3 C), and varied between 2.868 and 11.835 peq/L with an average concentration of 6.121 + 2.37 peq/L.
NOj3 concentration also decreased significantly over time (LM: slope = —0.046 + 0.013, p = 0.002, R2 = 0.313; Fig. 3D), and varied
from 2.904 to 5.046 peq/L with an average value of 3.977 + 0.58 peq/L.

3.2. Browning of L. Majajarvi and L. Horkkajarvi

Both lakes have become browner over time (L. Majajérvi: intercept = 192.02 =+ 16.37, slope = 3.42 & 1.17, p = 0.008, R? = 0.24;
L. Horkkajarvi: intercept = 234.97 + 20.15, slope = 3.30 + 1.44, p = 0.03; Fig. 4 A) at arate of 3.42 + 1.17 and 3.30 + 1.44 mg Pt/L
per year between 1994 and 2018 for L. Majajarvi and L. Horkkajarvi respectively. The water color of L. Majajérvi ranged between 146
and 335 mg Pt/L, while the color of L. Horkkajarvi ranged between 146 and 396 mg Pt/L in 1994-2018.

According to the correlation threshold (rho = 0.6), annual SO?{ and NO3 concentrations were highly correlated (rtho = 0.766).
Surfaces of clearcuts and soil preparation practices were also significantly correlated in both L. Majajarvi and L. Horkkajarvi catch-
ments (respectively rho = 0.676 and rho = 0.625). These correlations limited the possible model formulas to 4 per lake (Table 1). In
both L. Majajarvi and L. Horkkajarvi, the same model formula was selected and was thus used as the most fitting model. The model
formula included the surface of thinning and soil preparation practices, the annual amount of precipitation, the annual average air
temperature, and the annual average SO?{ concentration between 1994 and 2018 (Table 2). Beaver activity was only included in the
model of L. Majajarvi as L. Horkkajarvi was not colonized. The linear models explain 65.27 % of L. Majajarvi’s water color variation (F
=7.443; p < 0.001, multiple R? = 0.754, adjusted R? = 0.653) and 33.86 % of the variation of the color of L. Horkkajérvi (F = 3.457,
p = 0.022, multiple R? = 0.476, adjusted R? = 0.339).

The observed browning seems to be mainly due to the annual amount of precipitation in L. Horkkajarvi (slope = 27.95 + 9.78,F =
8.16, p = 0.01; Fig. 4B) as it contributes to 24.59 % out of 47.64 % of the total variance explained (Fig. 5 A), followed closely by the
annual average SO concentration (slope = —25.72 + 10.31, F = 6.23, p = 0.02; Fig. 4 C) that contributed to 19.81 % to the total
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Fig. 4. Prediction of water color (mg Pt/L) of L. Majajarvi and L. Horkkajarvi according to A) years from 1994 to 2018, B) the annual amount of
precipitation (mm), C)the average annual SO concentration (ueq/L), and D) beaver activity (BPN = no flood, BPF = flooded, BPA = afterflood
phase) compared to L. Horkkajarvi’s color (grey dashed lines indicate the mean water color of each category). L. Majajarvi is represented by blue
dots and solid regression line (+ 95 % confidence interval) and L. Horkkajarvi by brown triangles and dashed regression line (+ 95 % CI). Note that
the intercepts differ from Table 2, as water color predictions show partial effects, which consider non-focal variables.
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Table 1

List of possible model formulas to explain at best the variation of the water color of L. Majajéarvi and L. Horkkajarvi. The most fitting formula for each
lake was selected based on the SAIC and is bolded in the table. Clearcut = total surface of clearcuts (in ha) carried out in a year, SP = total surface of soil
preparation (in ha) carried out in a year, Thinning = total surface of thinning (in ha) carried out in a year, Precipitation = annual amount of precipitation (in
mm), Temperature = average annual air temperature (in °C), SO3 = average annual SO concentration in precipitation (in ueq/L), NO3 = average annual
NOj3 concentration in precipitation, Beaver = beaver activity (BPN, BPF, BPA).

Model formula df AIC SAIC R?

L. Majajarvi

SP + Thinning + Precipitation + Temperature + SO%' + Beaver 9 246.777 0.0 0.653

Clearcut + Thinning + Precipitation + Temperature + SO + Beaver 9 248.636 1.9 0.626

SP + Thinning + Precipitation + Temperature + NO3 + Beaver 9 251.611 4.8 0.579

Clearcut + Thinning + Precipitation + Temperature + NO3 -+ Beaver 9 252.423 5.6 0.565

Null model 2 267.836 21.1 -

L. Horkkajarvi

SP + Thinning + Precipitation + Temperature + SO%' 7 269.302 0.0 0.339

Clearcut + Thinning + Precipitation + Temperature + SOF 7 269.45 0.1 0.335

SP + Thinning + Precipitation + Temperature + NO3 7 273.185 3.9 0.227

Clearcut + Thinning + Precipitation + Temperature + NO3 7 273.223 3.9 0.226

Null model 2 275.477 8.1 -
Table 2

Coefficient estimates of the final linear models investigating the changes of the water color of L. Majajarvi and L. Horkkajérvi. The Beaver variable in
L. Majajarvi’s linear model has three modalities (BPN, BPF, BPA); the reference level of the Beaver variable in the intercept is the BPA modality. Note
that the estimates of the quantitative predictors are scaled and thus expressed per 1 standard deviation of each predictor. SP = total surface of soil
preparation (in ha) carried out in a year, Thinning = total surface of thinning (in ha) carried out in a year, Precipitation = annual amount of precipitation (in
mm), Temperature = average annual air temperature (in °C), NO3 = annual NO3 precipitation (in ueq/L), Year = 1994-2018, Beaver = beaver activity
(BPN, BPF, BPA).

Variable Coefficient SE t-value p-value
L. Majajarvi

Intercept 261.89 12.83 20.41 < 0.001
SP —7.41 6.32 -1.17 0.257
Thinning —0.80 7.13 —0.11 0.912
Precipitation 22.90 6.47 3.54 0.003
Temperature —10.92 7.43 —1.47 0.159
Nory —18.71 8.39 —2.23 0.039
Beaver No —51.65 18.30 —2.82 0.277
Beaver Flooded —19.01 16.91 -1.12 0.012

L. Horkkajarvi

Intercept 274.60 9.16 29.98 < 0.001
Sp —3.65 9.43 —-0.39 0.703
Thinning -1.14 10.84 —0.11 0.917
Precipitation 27.95 9.78 2.86 0.010
Temperature —4.84 11.70 —0.41 0.684
S0% —25.72 10.31 —2.50 0.022

variance explained (Fig. 5 A). In L. Majajarvi, annual precipitation (slope = 22.91 + 6.5, F = 12.53, p = 0.003) was the main driver
while considering unique contribution only, then followed by annual average SOZ - concentration (slope = —18.71 + 8.39, F = 4.98,
p = 0.039), and beaver activity (F = 3.99, p = 0.038; Fig. 4D). However, if predictors unique and shared contributions were
considered, beaver activity was the main driver of browning in L. Majajarvi, with 28.34 % out of 75.4 % of the variance explained
respectively (Fig. 5B), compared to 22.5 % for annual precipitation amount and 20.27 % for SO concentration. The water color of L.
Majajarvi was on average 196.0 + 9.6 mg Pt/L when the lake was not flooded, 258.9 + 13.8 mg Pt/L when flooded, and 266.7
=+ 16.3 mg Pt/L when the lake was in an afterflood phase. A post-hoc test confirmed the water color of L. Majajarvi was substantially
browner in flooded and afterflood years compared to years not experiencing beaver activity (respectively p = 0.003 and p = 0.003;
pairwise t-test). In contrast, the water color of L. Majajarvi was not significantly different between flood and afterflood phases
(p = 0.999).

The average air temperature did not significantly affect the color of L. Majajarvi (p = 0.16) or L. Horkkajarvi (p = 0.749). We also
did not find any significant effect of both types of forestry practices on the color of L. Majajarvi and L. Horkkajarvi, whether it was soil
preparation (respectively p = 0.26, and p = 0.7) or thinning practices (respectively p = 0.91, and p = 0.92). Together, the three non-
significant variables accounted for only 4.3 % of the water color variance explained in L. Majajarvi, and 3.2 % in L. Horkkajarvi
(Fig. 5), supporting the idea that these variables do not play a meaningful role in water color changes in our study.
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Fig. 5. Relative importance (%) of each predictor explaining water color changes in A) L. Horkkajarvi, and B) L. Majajarvi over the study period,
based on explained variance decomposition. Dark gray bars indicate significant variables in the linear regression models and light grey bars
represent non-significant variables. Precipitation = annual amount of precipitation, Year = 1994-2018, NO3 = annual NOj3 precipitation, Temperature

= average annual air temperature, Thinning = total surface of thinning carried out in a year, SP = total surface of soil preparation carried out in a year,
Beaver = beaver activity.

4. Discussion
4.1. Water browning over time

Result shows that both studied lakes turned browner between 1994 and 2018 at a rate of 3.42 + 1.17 (L. Majajarvi) and 3.30
+ 1.44 mg Pt/L per year (L. Horkkajarvi). This browning is true for many other lakes in the Evo area (Arvola et al., 2010; Arzel et al.,
2020; Arvola et al., 2025) and in boreal areas in general (de Wit et al., 2016; Isidorova et al., 2016; Raike et al., 2024). In the same
study area, Arzel et al. (2020) found an increase of lakes water color by 1.8 between 1990 and 2008. Another study estimated that TOC
(90-95 % of DOC) concentration of Finnish rivers, stream, lakes, and coastal areas increased by respectively 2.1,1.2,1.2, and 1.8 mg/L
between 1990 and 2020 (Raike et al., 2024). In more than 400 Fennoscandian lakes and rivers, the median increase of total organic
carbon was 1.4 % per year (range between 0.8 % and 2 %) in 1990-2013 (de Wit et al., 2016). Weyhenmeyer et al. (2016) modelled
the fate of 6347 Swedish lakes and rivers using the worst-case climate scenario until 2030 and predicted a 1-7-fold increase in water
color. Their modelling showed the extreme sensitivity of small headwater lakes to browning compared to larger lakes or rivers. Hence,
our results align with the global understanding that browning is a common trend and that small lakes fed by surface water are strongly
affected by browning.

It should be noted that the modest explanatory power of time (Year) to explain water color changes (adjusted R? = 0.15-0.24)
indicates a substantial interannual variation in the study lakes, also visible in Fig. 4 A. While part of this unexplained variance may
stem from the influence of the drivers analyzed in our study (e.g. precipitation amount, acidifying ion concentration, beaver activity),
it is likely that lake-specific watershed features contribute to interannual variations. In particular, water retention time (WTR) is
known to influence both the delivery and processing of DOM within lakes (Jiang et al., 2023), thus impacting water color responses.
Lakes with short WTR tend to be more sensitive to browning than lakes with longer WTR that exhibit slower and buffered responses
(Kohler et al., 2013). Although direct WRT measurements were not available for our study lakes, simple water-balance estimates
indicate that L. Majajarvi and L. Horkkajarvi have WRTs of approximately 2.0-2.7 months and 5.8-6.7 months, respectively
(Supplementary material Text S1), which are considered short. Both lakes also have high drainage ratio (catchment area:lake area; L.
Majajarvi: 49.1, L. Horkkajarvi: 37.9), indicating great sensitivity to catchment inputs delivered via runoff (Jones et al., 2018; Oleksy
etal., 2022). This combination of short WRT and high drainage ratio likely contribute to the strong interannual variation in water color
observed in our study lakes, and also implies strong seasonal variation. This further suggests that annual sampling may miss important
dynamics, especially in such rapidly flushed systems. In this study, however, water color was always measured at the same time of year,
after the autumn turnover when the water was fully mixed, a standard approach that reduces seasonal bias and variance between years
(Puro-Tahvanainen et al., 2011). Nevertheless, annual sampling does not capture the event-driven pulses or seasonal fluctuations.
Future studies should therefore incorporate higher temporal sampling resolution and a higher set of lakes, while considering watershed
features — such as WRT and drainage ratio — that determine the sensitivity of lakes to environmental stressors.
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4.2. Water browning and acid recovery

During the 25 years study period, the annual average SO concentration strongly and steadily decreased (ca. — 0.3 peg/L on
average per year), which was correlated to the browning of both lakes. Many studies linked an increase of DOC concentration in
freshwaters with declining sulphur deposition/precipitation (Evans et al., 2005; Monteith et al., 2007; Vuorenmaa et al., 2014; Redden
et al., 2021) and a change of composition towards browner components (Ekstrom et al., 2011), the so-called acid recovery. This is
mainly due the increasing DOM mobility and solubility in soils during recovery from acidification, causing a greater transport of
colored DOM to surface waters (Monteith et al., 2007; Meyer-Jacob et al., 2020). In both lakes, the effect of declining NO3 concen-
tration on water color was not investigated, but its effects may not be as straightforward as recovery from SOZ, since the effect of
nitrogen on soil and water quality depends on the prevailing levels of ecosystems N saturation and can have contrasting effects
(Sawicka et al., 2017).

All in all, while acid recovery-driven browning may be a return to pre-industrial DOC levels (i.e. 1850s), current lake DOC levels in
low acid deposition areas often surpass pre-industrial concentrations (Meyer-Jacob et al., 2019). Southern Finland is considered a
moderate to low deposition area in a global context, especially if compared to Central-Western Europe and North America (Vet et al.,
2014; Vuorenmaa et al., 2018; de Wit et al., 2021). In this study, the recovery from acidification may have more contributed to
browning in the 1990s and early 2000s compared to more recent decades (Arvola et al., 2025). Thus it is likely that, in our study area,
browning is a result of multiple other environmental drivers such as climate — here precipitation — especially in the studied lakes with
historically moderate deposition (Meyer-Jacob et al., 2020; Xiao et al., 2020).

4.3. Water browning and rainfall

In both studied lakes, the annual amount of precipitation was a major factor driving changes in water color. The contribution of
rainfall has already been known for decades (e.g. Hongve et al., 2004; de Wit et al., 2016); it may be explained by DOC leaching at its
maximum during precipitations, that raises the water table and increases the hydrological connections between organic soils and water
bodies (McDowell and Likens, 1988; Hongve et al., 2004; Laudon et al., 2011). This process was highlighted as a global driver of DOC
export to freshwaters (de Wit et al., 2016; Weyhenmeyer et al., 2016), especially from the riparian area that is a major provider of DOC
(Ledesma et al., 2015, 2018; Ploum et al., 2021). de Wit et al. (2016) also highlighted that precipitation patterns are a strong factor
driving water browning, especially in areas with a median annual precipitation of about 700 mm or less (“dry category”). In the Evo
area, annual precipitation varied from 447 mm to 824 mm with a median amount of 605 mm between 1994 and 2018, which falls in
this category. While annual precipitation did not increase significantly during our study period, it is expected to become significant by
2040 s in the Evo area, with a 1-3 % increase per decade (Jylha et al., 2014), and a 10 % rise in precipitation is estimated to increase
the mobilization of organic matter from soils to freshwaters by at least 30 % (de Wit et al., 2016). While increased evapotranspiration
due to warming may partially offset the effects of higher precipitation, studies suggest that enhanced precipitation generally increase
runoffs despite higher temperatures, especially in areas dominated by coniferous forest (Creed et al., 2014). We can therefore expect
precipitation to play a major part in the current and future browning of the lakes in the Evo area. The boreal areas in general are also
highly likely to follow similar trends given the projected global increase in precipitations (Jylha et al., 2004; Ruosteenoja and Jylha,
2021).

4.4. Water browning and beaver floods

So far, this study documented the browning of two boreal lakes over more than two decades and linked it with precipitation
quantity and declining annual average SO3 concentration. We also investigated the ecological aspects of browning through beaver
effects on water quality (see Grudzinski et al., 2022). Beaver damming activities appear as an important local driver, where
beaver-induced floods (BPF) and afterflood phases (BPA) substantially increased the color of the beaver lake. Although annual pre-
cipitation had a higher unique contribution than beaver activity to the model’s variance, the combined unique and shared contribution
of beaver activity indicates that it was as important as annual precipitation. Hence, beaver activity seems to play a major role in the
water color variation of L. Majajarvi over the 25-year study period.

Beaver engineering can cause significant changes in the physical habitat. While no studies have explicitly demonstrated long-term
browning by beavers (but see Blanchet et al., 2022), their effects on DOC are well documented. Beaver-engineered habitats generally
contain more DOC than beaver-free habitats (Cazzolla Gatti et al., 2018; Lynch et al., 2019; Ciuldieneé et al., 2020). In the Evo area,
beaver activity increased DOC concentration in small lakes (Vehkaoja et al., 2015), consistent with the browning we observed in L.
Majajarvi during flood phases. Similarly, a 30-year increase in DOC levels was linked to beaver recolonization and wetland restoration
in a German catchment (Smith et al., 2020).

By cutting trees for foraging and damming, beavers add a substantial amount of organic material such as plant debris and leaf litter
(Hodkinson, 1975; Nummi, 1989; Johnston, 2017), while the flooding of originally terrestrial areas promotes leaching of soil DOC
(Naiman et al., 1994; Rasilo et al., 2015). In the flooded area surroundings, evapotranspiration is reduced since less water is transferred
from the ground to the atmosphere by the trees and the herbaceous vegetation. In turn, groundwater levels increase (Smith et al., 2020)
enhancing surface water connectivity and mobilizing riparian DOC to water bodies. As riparian areas are major sources of
terrestrially-derived DOC in streams and lakes (Winterdahl et al., 2011; Rasilo et al., 2015), beavers may mobilize DOC from the ri-
parian area in a way comparable to precipitation events. This may explain why the relative importance of beaver activity increased
when shared contributions to variance were considered, and suggest that its effects are closely linked to precipitation patterns.
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Moreover, damming increases water residence time, which likely helps maintaining high DOC concentration in flooded areas by
reducing DOC downstream export (Hanson et al., 2011).

Beaver floods also affect DOM quality, as inundated soils and decaying materials enrich the flooded area with highly colored and
refractory DOM (Catalan et al., 2017; Castro et al., 2023). Strong UV absorption in brown waters (Thrane et al., 2014; Williamson et al.,
2015) further limits photochemical removal processes of DOM (see in Tranvik et al., 2009), leaving a substantial part of unprocessed
DOM in the ponds (Younes and Berggren, 2024). Thus, even if DOC concentration may decline after a few years, the remaining fraction
is largely refractory colored DOC, maintaining the browner color of beaver-occupied lakes like L. Majajarvi. Flood events may
therefore cause long-lasting changes in water chemistry, even after water recede to their initial levels (Kazanjian et al., 2021).

During the study period, the first flood in L. Majajarvi occurred in 2003, when water color rose from 191 to 335 mg Pt/L, paralleled
by an increase in L. Horkkajarvi (146-338 mg Pt/L). A similar pattern occurred in 2012-2013, with high amounts of annual pre-
cipitation (809.4 mm in 2012 and 709.1 mm in 2013) and another flood in 2012. L. Horkkajérvi, as a small tributary-free lake, is
highly sensitive to environmental changes such as precipitation (Rasmussen et al., 1989; Weyhenmeyer et al., 2016), which may
explain the steep increase in water color. In L. Majajarvi, the additive effects of beaver flooding and precipitation likely explain the rise
on water color, since both mobilize riparian DOC. Moreover, as L. Majajarvi has three tributary lakes that retain DOC (Mattsson et al.,
2005; Larson et al., 2007; Arvola et al., 2016), the effect of precipitation alone should be buffered, while flooding acts directly on the
lake.

Although beaver-induced floods may promote browning, the effects appear to be limited to the dammed area, with minor effects on
downstream waterbodies (Devito et al., 1989; Kothawala et al., 2006; Vehkaoja et al., 2015; Koschorreck et al., 2016). For example,
Ciuldiené et al. (2020) reported DOC concentration 2.7 times higher in beaver ponds than downstream. In that respect, beaver ponds
resemble natural wetlands that retain DOC (Mattsson et al., 2005; Larson et al., 2007). Similarly, DOC and carbon accumulation in
sediments are about two times higher in dammed versus unoccupied streams (Cazzolla Gatti et al., 2018). Thus, at the landscape and
watershed scales, the browning of beaver-dammed waterbodies may be locally limited (Wegener et al., 2017).

4.5. Water browning and air temperature

The annual air temperature increased considerably in the Evo area during the study period (0.049°C per year, ca. 1°C over 25 years)
at a rate comparable to other boreal regions and faster than other climatic zones and the global average (Burrell et al., 2022; Rantanen
et al., 2022; IPCC, 2023). Such warming is usually associated with ecological and environmental impacts, including alteration in tree
species distribution (Dyderski et al., 2018) and growing season (Hanninen and Tanino, 2011), longer lake ice-free seasons (Mishra
et al., 2011), warmer water temperature (O’Reilly et al., 2015) and finally water browning (Lepisto et al., 2021). However, this result
must be interpreted with caution as the year explains 15.51 % of the variance of annual average air temperature, which might be due to
the strong interannual variation.

Despite this marked increase, we found no significant effect of air temperature on lake water color. This contrasts with other
Finnish studies reporting air temperature as a key driver of browning (e.g. Lepisto et al., 2021; Raike et al., 2024). For example, Raike
etal. (2024) showed that temperature was a more important driver of browning than precipitation in 100 Finnish riverine catchments.
Nevertheless, other studies also did not find a significant effect of air temperature on DOC (Hudson et al., 2003; Imtiazy et al., 2025)
and suggested that results may strongly depend on the studied environment or that effects on DOC production may be more gradual
through changes in vegetation growth and litterfall. We believe the role of temperature on the browning of waterbodies may be more
visible on larger scales, may have a delayed effect, or that we could not detect it because its influence on DOC fluxes and color could be
more seasonal (Miller et al., 2001; Broder et al., 2017; Gutierrez Lopez and Laudon, 2023). We could not test this seasonal aspect as we
only had yearly color data for both lakes.

4.6. Water browning and forestry activities

Forestry activities have been shown to enhance DOC leaching into surface waters (e.g. Schelker et al., 2012, 2014; Nieminen et al.,
2015; Klavina et al., 2021), but we did not find a significant effect on the color of L. Majajarvi and L. Horkkajérvi over the study period.
Several factors may explain this lack of effect. First, many studies highlighting the effect of forestry (mostly clearcutting) practices on
DOC fluxes occurred close to the waterbodies (Schelker et al., 2012, 2014; Nieminen et al., 2015), while in our study, operations were
distributed across the catchment and rarely close to the shorelines. Moreover, Schelker et al. (2014) demonstrated that at least
11-25 % of a catchment would need to be clearcut in a year for DOC increase to be significant, whereas cutting never exceed 4 % in
both lakes catchments (Supplementary material Table S4). Second, the increased annual average air temperature over the study period
without a corresponding change in annual precipitation likely reduced runoff via increased evapotranspiration in forestry plots (Abtew
and Melesse, 2013; Shi et al., 2022). Forestry effects may therefore be more visible during wetter years with stronger runoffs (Hongve
et al., 2004; Strock et al., 2016). Finally, most forestry practices were carried out on mineral soils, where forestry has less impact
compared to actions on drained or pristine peatlands (Finér et al., 2021; Harkonen et al., 2023 and references therein). Hence, forestry
effects on water color were probably buffered.

5. Conclusions and perspectives

Over 25 years, both lakes became browner over time, consistent with trends across the boreal region and beyond. Seasonal fluc-
tuations in DOM inputs are expected, particularly in our study lakes. Although the sampling design ensured reliable comparison across
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years, it does not capture short-term color dynamics. Higher temporal resolution would therefore be necessary to fully assess seasonal
variability in rapidly flushed lakes, in addition to higher spatial sampling resolution. Annual precipitation was a major driver, con-
firming that precipitation patterns are major contributors to browning, particularly in boreal areas facing wetter conditions under
climate change. The decline of annual average SO concentration over time also contributed to the browning of the lakes, although
this effect is expected diminish in the future as other drivers will dominate. Air temperature and the studied forestry practices were not
significant, but we do not exclude their potential impact that could be more relevant at broader scales or in other contexts. In L.
Majajarvi, beaver activity influenced water color as much as annual precipitation. Periods of beaver activities (i.e. beaver floods and
afterflood phases) coincided with browner waters, suggesting that beaver-induced flooding mobilizes riparian DOC in a similar way as
precipitation events. Experimental approaches, such as artificial flooding of terrestrial soils, could help quantifying the effects of
flooding dynamics on DOM concentration, composition, and water color. Overall, our results show that precipitation, acid recovery
and beaver activity determine lake browning on a local to global scale. Accounting for these interactions and considering catchment
features will help to improve our understanding of future water color changes in boreal freshwaters — and beyond — under global
change pressures.

Ethical statement

This study did not involve human subjects, animal experimentation, or the use of endangered or protected species, and thus did not
require ethical approval.

All data were collected and handled in accordance with relevant institutional, national, and international guidelines.

All authors confirm that the research was conducted with integrity and transparency, and that the work presented is original, with
proper acknowledgment of financial sources.

CRediT authorship contribution statement

Clarisse C. Blanchet: Writing — original draft, Visualization, Project administration, Methodology, Funding acquisition, Formal
analysis, Data curation, Conceptualization. Petri Nummi: Writing — review & editing, Supervision, Resources, Funding acquisition.
Aurélie Davranche: Writing — review & editing, Supervision, Methodology, Conceptualization. Henrik Lindberg: Writing — review &
editing, Resources. Kimmo K. Kahilainen: Writing — review & editing, Supervision, Resources. Céline Arzel: Writing — review &
editing, Supervision, Resources, Project administration, Funding acquisition, Conceptualization. Risto Viitala: Writing — review &
editing, Resources.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgment

This research is part of the research project WATBRO (http://sites.utu.fi/watbro) for which Céline Arzel is the project leader and
received support from the Hame Regional Fund (grant 15181774) and Central Fund (grant 00200180) of the Finnish Cultural
Foundation. Céline Arzel work is also supported by the grant 333400 from the Research Council of Finland. Clarisse Blanchet’s
doctoral work is supported by the Finnish Cultural Foundation Central Fund (grants 00210238 and 00230257). We thank Lammi
Biological Station for providing the water color data and Hame University of Applied Sciences for providing the forestry data. We thank
the reviewers and editorial team for their valuable comments. Open access funded by Helsinki University Library.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.gecco.2025.e03960.

Data availability

Data will be made available on request.

References

Abtew, W., Melesse, A., 2013. Climate Change and Evapotranspiration. In: Abtew, W., Melesse, A. (Eds.), Evaporation and Evapotranspiration: Measurements and
Estimations. Springer, Netherlands, pp. 197-202. https://doi.org/10.1007/978-94-007-4737-1_13.

Arvola, L., Rask, M., Ruuhijérvi, J., Tulonen, T., Vuorenmaa, J., Ruoho-Airola, T., Tulonen, J., 2010. Long-term patterns in pH and colour in small acidic boreal lakes
of varying hydrological and landscape settings. Biogeochemistry 101 (1), 269-279. https://doi.org/10.1007/510533-010-9473-y.

12


http://sites.utu.fi/watbro
https://doi.org/10.1016/j.gecco.2025.e03960
https://doi.org/10.1007/978-94-007-4737-1_13
https://doi.org/10.1007/s10533-010-9473-y

C.C. Blanchet et al. Global Ecology and Conservation 64 (2025) e03960

Arvola, L., Aijali, C., Leppéranta, M., 2016. CDOM concentrations of large Finnish lakes relative to their landscape properties. Hydrobiologia 780 (1), 37-46. https://
doi.org/10.1007/5s10750-016-2906-4.

Arvola, L., Rask, M., Huotari, J., Tulonen, T., Kahilainen, K.K., Ruuhijérvi, J., Lindberg, H., Viitala, R., Blanchet, C., Arzel, C., Nummi, P., Salonen, K., 2025. Chemical
responses of small boreal lakes to atmospheric and catchment drivers over four decades. Sci. Total Environ. 968, 178696. https://doi.org/10.1016/j.
scitotenv.2025.178696.

Arzel, C., Nummi, P., Arvola, L., POysd, H., Davranche, A., Rask, M., Olin, M., Holopainen, S., Viitala, R., Einola, E., Manninen-Johansen, S., 2020. Invertebrates are
declining in boreal aquatic habitat: The effect of brownification? Sci. Total Environ. 724, 138199. https://doi.org/10.1016/j.scitotenv.2020.138199.

Bashinskiy, 1.V., 2020. Beavers in lakes: A review of their ecosystem impact. Aquat. Ecol. 54 (4), 1097-1120. https://doi.org/10.1007/510452-020-09796-4.

Baumler, R., Zech, W., 1999. Effects of forest thinning on the streamwater chemistry of two forest watersheds in the Bavarian Alps. For. Ecol. Manag. 116(1) 119128.
https://doi.org/10.1016/50378-1127(98)00441-1.

Bjornerés, C., Weyhenmeyer, G.A., Evans, C.D., Gessner, M.O., Grossart, H.-P., Kangur, K., Kokorite, I., Kortelainen, P., Laudon, H., Lehtoranta, J., Lottig, N.,
Monteith, D.T., Noges, P., Noges, T., Oulehle, F., Riise, G., Rusak, J.A., Raike, A., Sire, J., Kritzberg, E.S., 2017. Widespread Increases in Iron Concentration in
European and North American Freshwaters. Glob. Biogeochem. Cycles 31 (10), 1488-1500. https://doi.org/10.1002/2017GB005749.

Blanchet, C.C., Arzel, C., Davranche, A., Kahilainen, K.K., Secondi, J., Taipale, S., Lindberg, H., Loehr, J., Manninen-Johansen, S., Sundell, J., Maanan, M., Nummi, P.,
2022. Ecology and extent of freshwater browning—What we know and what should be studied next in the context of global change. Sci. Total Environ. 812,
152420. https://doi.org/10.1016/j.scitotenv.2021.152420.

Blaurock, K., Garthen, P., da Silva, M.P., Beudert, B., Gilfedder, B.S., Fleckenstein, J.H., Peiffer, S., Lechtenfeld, O.J., Hopp, L., 2022. Riparian microtopography affects
event-driven stream DOC Concentrations and DOM quality in a forested headwater catchment. Journal of Geophysical Research. Biogeosciences 127 (12).
https://doi.org/10.1029/2022JG006831.

Bolker, B., Team, R.D.C., & Giné-Vazquez, 1. (2021). bbmle: Tools for General Maximum Likelihood Estimation (Version 1.0.24) [Computer software]. https://CRAN.
R-project.org/package=bbmle.

Broder, T., Knorr, K.-H., Biester, H., 2017. Changes in dissolved organic matter quality in a peatland and forest headwater stream as a function of seasonality and
hydrologic conditions. Hydrol. Earth Syst. Sci. 21 (4), 2035-2051. https://doi.org/10.5194/hess-21-2035-2017.

Brothers, S., Kohler, J., Attermeyer, K., Grossart, H.P., Mehner, T., Meyer, N., Scharnweber, K., Hilt, S., 2014. A feedback loop links brownification and anoxia in a
temperate, shallow lake. Limnol. Oceanogr. 59 (4), 1388-1398. https://doi.org/10.4319/10.2014.59.4.1388.

Burrell, A.L., Sun, Q., Baxter, R., Kukavskaya, E.A., Zhila, S., Shestakova, T., Rogers, B.M., Kaduk, J., Barrett, K., 2022. Climate change, fire return intervals and the
growing risk of permanent forest loss in boreal Eurasia. Sci. Total Environ. 831, 154885. https://doi.org/10.1016/j.scitotenv.2022.154885.

Castro, M.V, Garcfa, P.E., Maluendez Testoni, M.C., Rodriguez, P., 2023. Dissolved organic matter (DOM) characterization in subantarctic shallow lakes and beaver
ponds. Aquat. Sci. 85 (3), 72. https://doi.org/10.1007/s00027-023-00969-5.

Catalan, N., Marcé, R., Kothawala, D.N., Tranvik, L.J., 2016. Organic carbon decomposition rates controlled by water retention time across inland waters. Nat. Geosci.
9(7) Artic. 7. https://doi.org/10.1038/ngeo2720.

Catalan, N., Herrero Ortega, S., Grontoft, H., Hilmarsson, T., Bertilsson, S., Wu, P., Levanoni, O., Bishop, K., Bravo, A., 2017. Effects of beaver impoundments on
dissolved organic matter quality and biodegradability in boreal riverine systems. Hydrobiologia 793 (1), 135-148. https://doi.org/10.1007/510750-016-2766-y.

Cazzolla Gatti, R., Callaghan, T.V., Rozhkova-Timina, I., Dudko, A., Lim, A., Vorobyev, S.N., Kirpotin, S.N., Pokrovsky, O.S., 2018. The role of Eurasian beaver (Castor
fiber) in the storage, emission and deposition of carbon in lakes and rivers of the River Ob flood plain, western Siberia. Sci. Total Environ. 644, 1371-1379.
https://doi.org/10.1016/j.scitotenv.2018.07.042.

Christ, M.J., David, M.B., 1996. Temperature and moisture effects on the production of dissolved organic carbon in a Spodosol. Soil Biol. Biochem. 28 (9), 1191-1199.
https://doi.org/10.1016,/0038-0717(96)00120-4.

Cirmo, C.P., Driscoll, C.T., 1993. Beaver pond biogeochemistry: Acid neutralizing capacity generation in a headwater wetland. Wetlands 13 (4), 277-292. https://doi.
org/10.1007/BF03161294.

Ciuldiené, D., Vigricas, E., Belova, O., Aleinikovas, M., Armolaitis, K., 2020. The effect of beaver dams on organic carbon, nutrients and methyl mercury distribution in
impounded waterbodies. Wildl. Biol. (3), 1-8. https://doi.org/10.1111/wlb.00678.

Creed, LF., Spargo, A.T., Jones, J.A., Buttle, J.M., Adams, M.B., Beall, F.D., Booth, E.G., Campbell, J.L., Clow, D., Elder, K., Green, M.B., Grimm, N.B., Miniat, C.,
Ramlal, P., Saha, A., Sebestyen, S., Spittlehouse, D., Sterling, S., Williams, M.W., Yao, H., 2014. Changing forest water yields in response to climate warming:
Results from long-term experimental watershed sites across North America. Glob. Change Biol. 20 (10), 3191-3208. https://doi.org/10.1111/gcb.12615.

Creed, L.F., Bergstrom, A.-K., Trick, C.G., Grimm, N.B., Hessen, D.O., Karlsson, J., Kidd, K.A., Kritzberg, E., McKnight, D.M., Freeman, E.C., Senar, O.E., Andersson, A.,
Ask, J., Berggren, M., Cherif, M., Giesler, R., Hotchkiss, E.R., Kortelainen, P., Palta, M.M., Weyhenmeyer, G.A., 2018. Global change-driven effects on dissolved
organic matter composition: Implications for food webs of northern lakes. Glob. Change Biol. 24 (8), 3692-3714. https://doi.org/10.1111/gcb.14129.

Devito, K.J., Dillon, P.J., Lazerte, B.D., 1989. Phosphorus and nitrogen retention in five Precambrian shield wetlands. Biogeochemistry 8 (3), 185-204. https://doi.
org/10.1007/BF00002888.

Dyderski, M.K., Paz, S., Frelich, L.E., Jagodzirniski, A.M., 2018. How much does climate change threaten European forest tree species distributions? Glob. Change Biol.
24 (3), 1150-1163. https://doi.org/10.1111/gcb.13925.

Eklof, K., von Bromssen, C., Amvrosiadi, N., Folster, J., Wallin, M.B., Bishop, K., 2021. Brownification on hold: What traditional analyses miss in extended surface
water records. Water Res. 203, 117544. https://doi.org/10.1016/j.watres.2021.117544.

Ekstrom, S.M., Kritzberg, E.S., Kleja, D.B., Larsson, N., Nilsson, P.A., Graneli, W., Bergkvist, B., 2011. Effect of acid deposition on quantity and quality of dissolved
organic matter in soil-water. Environ. Sci. Technol. 45 (11), 4733-4739. https://doi.org/10.1021/es104126f.

Erlandsson, M., Buffam, 1., Folster, J., Laudon, H., Temnerud, J., Weyhenmeyer, G.A., Bishop, K., 2008. Thirty-five years of synchrony in the organic matter
concentrations of Swedish rivers explained by variation in flow and sulphate. Glob. Change Biol. 14 (5), 1191-1198. https://doi.org/10.1111/j.1365-
2486.2008.01551.x.

Evans, C.D., Monteith, D.T., Cooper, D.M., 2005. Long-term increases in surface water dissolved organic carbon: Observations, possible causes and environmental
impacts. Environ. Pollut. 137 (1), 55-71. https://doi.org/10.1016/j.envpol.2004.12.031.

Finér, L., Lepisto, A., Karlsson, K., Réike, A., Harkonen, L., Huttunen, M., Joensuu, S., Kortelainen, P., Mattsson, T., Piirainen, S., Sallantaus, T., Sarkkola, S.,
Tattari, S., Ukonmaanaho, L., 2021. Drainage for forestry increases N, P and TOC export to boreal surface waters. Sci. Total Environ. 762, 144098. https://doi.
org/10.1016/j.scitotenv.2020.144098.

Finstad, A.G., Andersen, T., Larsen, S., Tominaga, K., Blumentrath, S., de Wit, H.A., Temmervik, H., Hessen, D.O., 2016. From greening to browning: Catchment
vegetation development and reduced S-deposition promote organic carbon load on decadal time scales in Nordic lakes. Sci. Rep. 6(1) Artic. 1. https://doi.org/
10.1038/srep31944.

Gergel, S.E., Turner, M.G., & Kratz, T.K. (1999). Dissolved Organic Carbon as an Indicator of the Scale of Watershed Influence on Lakes and Rivers. Ecological
Applications, 9(4), 1377-1390. https://doi.org/10.1890/1051-0761(1999)009%255B1377:DOCAAI%255D2.0.CO;2.

Graneli, W., 2012. Brownification of Lakes. In: Bengtsson, L., Herschy, R.W., Fairbridge, R.W. (Eds.), Encyclopedia of Lakes and Reservoirs. Springer, Netherlands,
pp. 117-119. https://doi.org/10.1007/978-1-4020-4410-6_256.

Gromping, U., 2006. Relative Importance for Linear Regression in R: The Package relaimpo. J. Stat. Softw. 17, 1-27. https://doi.org/10.18637/jss.v017.i01.

Grudzinski, B.P., Fritz, K., Golden, H.E., Newcomer-Johnson, T.A., Rech, J.A., Levy, J., Fain, J., McCarty, J.L., Johnson, B., Vang, T.K., Maurer, K., 2022. A global
review of beaver dam impacts: Stream conservation implications across biomes. Glob. Ecol. Conserv. 37, €02163. https://doi.org/10.1016/j.gecco.2022.e02163.

Gutierrez Lopez, J., & Laudon, H. (2023). Water balance in boreal forests: The role of season-specific responses in a warming climate. PREPRINT on Research Square.
https://doi.org/10.21203/rs.3.rs-2624928/v1.

Halley, D.J., Saveljev, A.P., Rosell, F., 2021. Population and distribution of beavers Castor fiber and Castor canadensis in Eurasia. Mammal. Rev. 51 (1), 1-24. https://
doi.org/10.1111/mam.12216.

Hénninen, H., Tanino, K., 2011. Tree seasonality in a warming climate. Trends Plant Sci. 16 (8), 412-416. https://doi.org/10.1016/j.tplants.2011.05.001.

13


https://doi.org/10.1007/s10750-016-2906-4
https://doi.org/10.1007/s10750-016-2906-4
https://doi.org/10.1016/j.scitotenv.2025.178696
https://doi.org/10.1016/j.scitotenv.2025.178696
https://doi.org/10.1016/j.scitotenv.2020.138199
https://doi.org/10.1007/s10452-020-09796-4
https://doi.org/10.1016/S0378-1127(98)00441-1
https://doi.org/10.1002/2017GB005749
https://doi.org/10.1016/j.scitotenv.2021.152420
https://doi.org/10.1029/2022JG006831
https://doi.org/10.5194/hess-21-2035-2017
https://doi.org/10.4319/lo.2014.59.4.1388
https://doi.org/10.1016/j.scitotenv.2022.154885
https://doi.org/10.1007/s00027-023-00969-5
https://doi.org/10.1038/ngeo2720
https://doi.org/10.1007/s10750-016-2766-y
https://doi.org/10.1016/j.scitotenv.2018.07.042
https://doi.org/10.1016/0038-0717(96)00120-4
https://doi.org/10.1007/BF03161294
https://doi.org/10.1007/BF03161294
https://doi.org/10.1111/wlb.00678
https://doi.org/10.1111/gcb.12615
https://doi.org/10.1111/gcb.14129
https://doi.org/10.1007/BF00002888
https://doi.org/10.1007/BF00002888
https://doi.org/10.1111/gcb.13925
https://doi.org/10.1016/j.watres.2021.117544
https://doi.org/10.1021/es104126f
https://doi.org/10.1111/j.1365-2486.2008.01551.x
https://doi.org/10.1111/j.1365-2486.2008.01551.x
https://doi.org/10.1016/j.envpol.2004.12.031
https://doi.org/10.1016/j.scitotenv.2020.144098
https://doi.org/10.1016/j.scitotenv.2020.144098
https://doi.org/10.1038/srep31944
https://doi.org/10.1038/srep31944
https://doi.org/10.1007/978-1-4020-4410-6_256
https://doi.org/10.18637/jss.v017.i01
https://doi.org/10.1016/j.gecco.2022.e02163
https://doi.org/10.1111/mam.12216
https://doi.org/10.1111/mam.12216
https://doi.org/10.1016/j.tplants.2011.05.001

C.C. Blanchet et al. Global Ecology and Conservation 64 (2025) e03960

Hanson, P.C., Hamilton, D.P., Stanley, E.H., Preston, N., Langman, O.C., Kara, E.L., 2011. Fate of allochthonous dissolved organic carbon in lakes: a quantitative
approach. PLOS ONE 6 (7), e21884. https://doi.org/10.1371/journal.pone.0021884.

Hérkonen, L.H., Lepistd, A., Sarkkola, S., Kortelainen, P., Réike, A., 2023. Reviewing peatland forestry: Implications and mitigation measures for freshwater ecosystem
browning. For. Ecol. Manag. 531, 120776. https://doi.org/10.1016/j.foreco.2023.120776.

Harrell, F. (2010). Regression Modeling Strategies: With Applications to Linear Models, Logistic Regression, and Survival Analysis. In Regression Modeling Strategies:
with Applications to Linear Models, Logistic Regression, and Survival Analysis. https://doi.org/10.1007/978-1-4757-3462-1.

Hartig, F., & Lohse, L. (2022). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models (Version 0.4.5) [Computer software]. https://
CRAN.R-project.org/package=DHARMa.

Hodkinson, 1.D., 1975. Energy flow and organic matter decomposition in an abandoned beaver pond ecosystem. Oecologia 21 (2), 131-139. https://doi.org/10.1007/
BF00345556.

Holopainen, S., Lehikoinen, A., 2022. Role of forest ditching and agriculture on water quality: Connecting the long-term physico-chemical subsurface state of lakes
with landscape and habitat structure information. Sci. Total Environ. 806, 151477. https://doi.org/10.1016/j.scitotenv.2021.151477.

Hongve, D., Riise, G., Kristiansen, J.F., 2004. Increased colour and organic acid concentrations in Norwegian forest lakes and drinking water — a result of increased
precipitation? Aquat. Sci. 66 (2), 231-238. https://doi.org/10.1007/s00027-004-0708-7.

Hudson, J.J., Dillon, P.J., Somers, K.M., 2003. Long-term patterns in dissolved organic carbon in boreal lakes: The role of incident radiation, precipitation, air
temperature, southern oscillation and acid deposition. Hydrol. Earth Syst. Sci. 7 (3), 390-398. https://doi.org/10.5194/hess-7-390-2003.

Hyvonen, T., Nummi, P., 2008. Habitat dynamics of beaver Castor canadensis at two spatial scales. Wildl. Biol. 14 (3), 302-308. https://doi.org/10.2981/0909-6396
(2008)14[302:HDOBCC]2.0.CO;2.

Imtiazy, M.N., Paterson, A.M., Higgins, S.N., Yao, H., Houle, D., Hudson, J.J., 2025. Has lake brownification ceased? Stabilization, re-browning, and other factors
associated with dissolved organic matter trends in eastern Canadian lakes. Water Res. 269, 122814. https://doi.org/10.1016/j.watres.2024.122814.

IPCC. (2023). Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (pp. 35-115). IPCC. https://doi.org/10.59327/IPCC/AR6-9789291691647.

Isidorova, A., Bravo, A.G., Riise, G., Bouchet, S., Bjorn, E., Sobek, S., 2016. Eff. lake browning Respir. mode Burial fate Carbon Mercury Sediment two Boreal lakes. J.
Geophys. Res. Biogeosciences 121 (1), 233-245. https://doi.org/10.1002/2015JG003086.

Jiang, N., Tang, G., Chen, T., Niu, X., Yu, Y., Li, Y., 2023. A global analysis on the relationship between water retention time and dissolved carbon across inland
waters. Aquat. Sci. 85 (4), 93. https://doi.org/10.1007/s00027-023-00994-4.

Johnston, C.A., 2017. Ecosystem Engineers: Beaver Ponds. In: Johnston, C.A. (Ed.), Beavers: Boreal Ecosystem Engineers (pp. 13-49), Springer. https://doi.org/
10.1007/978-3-319-61533-2.

Jones, S.E., Zwart, J.A., Kelly, P.T., Solomon, C.T., 2018. ydrologic setting constrains lake heterotrophy and terrestrial carbon fate. Limnol. Oceanogr. Lett. 3 (3),
256-264. https://doi.org/10.1002/1012.10054.

Jylha, K., Tuomenvirta, H., Ruosteenoja, K., 2004. Climate change projections for Finland during the 21st century. Boreal Environ. Res. 9 (2), 127-152.

Jylha, K., Laapas, M., Ruosteenoja, K., Arvola, L., Drebs, A., Kersalo, J., Saku, S., Gregow, H., Hannula, H.-R., Pirinen, P., 2014. Climate variability and trends in the
Valkea-Kotinen region, southern Finland: Comparisons between the past, current and projected climates. Boreal Environ. Res. 19, 4-30 suppl. A.

Kazanjian, G., Brothers, S., Kohler, J., Hilt, S., 2021. Incomplete recovery of a shallow lake from a natural browning event. Freshw. Biol. 66 (6), 1089-1100. https://
doi.org/10.1111/fwb.13701.

Kivinen, S., Nummi, P., Kumpula, T., 2020. Beaver-induced spatiotemporal patch dynamics affect landscape-level environmental heterogeneity. Environ. Res. Lett. 15
(9), 094065. https://doi.org/10.1088/1748-9326/ab9924.

Klavina, Z., Bardule, A., EkIof, K., Bitenieks, K., Klavins, 1., Libiete, Z., 2021. Carbon, Nutrients and Methylmercury in Water from Small Catchments Affected by
Various Forest Management Operations. Forests 12 (9), 1278. https://doi.org/10.3390/f12091278.

Kohler, S.J., Kothawala, D., Futter, M.N., Liungman, O., Tranvik, L., 2013. In-Lake Processes Offset Increased Terrestrial Inputs of Dissolved Organic Carbon and Color
to Lakes. PLOS ONE 8 (8), €70598. https://doi.org/10.1371/journal.pone.0070598.

Koschorreck, M., Herzsprung, P., Brands, E., Kirch, P.M., Dalbeck, L., 2016. Minor effect of beaver dams on stream dissolved organic carbon in the catchment of a
German drinking water reservoir. Limnologica 61, 36-43. https://doi.org/10.1016/j.1imno.2016.09.005.

Kothawala, D.N., Evans, R.D., Dillon, P.J., 2006. Changes in the molecular weight distribution of dissolved organic carbon within a Precambrian shield stream. Water
Resour. Res. 42 (5). https://doi.org/10.1029/2005WR004441.

Kritzberg, E.S., 2017. Centennial-long trends of lake browning show major effect of afforestation. Limnol. Oceanogr. Lett. 2 (4), 105-112. https://doi.org/10.1002/
1012.10041.

Kritzberg, E.S., Ekstrom, S.M., 2012. Increasing iron concentrations in surface waters — a factor behind brownification? Biogeosciences Discuss 8 (6), 12285-12316.
https://doi.org/10.5194/bg-9-1465-2012, 2012.

Kritzberg, E.S., Hasselquist, E.M., Skerlep, M., Lofgren, S., Olsson, O., Stadmark, J., Valinia, S., Hansson, L.-A., Laudon, H., 2020. Browning of freshwaters:
Consequences to ecosystem services, underlying drivers, and potential mitigation measures. Ambio 49 (2), 375-390. https://doi.org/10.1007/s13280-019-
01227-5.

Lahti, S., Helminen, M., 1974. The beaver Castor fiber (L.) and C. canadensis (Kuhl) in Finland. Acta Theriol. 19 (13), 177-189.

Larmola, T., Alm, J., Juutinen, S., Saarnio, S., Martikainen, P.J., Silvola, J., 2004. Floods can cause large interannual differences in littoral net ecosystem productivity.
Limnol. Oceanogr. 49 (5), 1896-1906. https://doi.org/10.4319/10.2004.49.5.1896.

Larsen, A., Larsen, J.R., Lane, S.N., 2021. Dam builders and their works: Beaver influences on the structure and function of river corridor hydrology, geomorphology,
biogeochemistry and ecosystems. EarthSci. Rev. 218, 103623. https://doi.org/10.1016/j.earscirev.2021.103623.

Larson, J.H., Frost, P.C., Zheng, Z., Johnston, C.A., Bridgham, S.D., Lodge, D.M., Lamberti, G.A., 2007. Effects of upstream lakes on dissolved organic matter in
streams. Limnol. Oceanogr. 52 (1), 60-69. https://doi.org/10.4319/10.2007.52.1.0060.

Laudon, H., Berggren, M., f\gren, A., Buffam, 1., Bishop, K., Grabs, T., Jansson, M., Kohler, S., 2011. Patterns and Dynamics of Dissolved Organic Carbon (DOC) in
Boreal Streams: The Role of Processes, Connectivity, and Scaling. Ecosystems 14 (6), 880-893. https://doi.org/10.1007/510021-011-9452-8.

Ledesma, J.L.J., Grabs, T., Bishop, K.H., Schiff, S.L., Kohler, S.J., 2015. Potential for long-term transfer of dissolved organic carbon from riparian zones to streams in
boreal catchments. Glob. Change Biol. 21 (8), 2963-2979. https://doi.org/10.1111/gcb.12872.

Ledesma, J.L.J., Futter, M.N., Blackburn, M., Lidman, F., Grabs, T., Sponseller, R.A., Laudon, H., Bishop, K.H., Kohler, S.J., 2018. Towards an Improved
Conceptualization of Riparian Zones in Boreal Forest Headwaters. Ecosystems 21 (2), 297-315. https://doi.org/10.1007/s10021-017-0149-5.

Lepisto, A., Réike, A., Sallantaus, T., Finér, L., 2021. Increases in organic carbon and nitrogen concentrations in boreal forested catchments-Changes driven by climate
and deposition. Sci. Total Environ. 780, 146627. https://doi.org/10.1016/j.scitotenv.2021.146627.

LoRusso, N.A., McHale, M., McHale, P., Montesdeoca, M., Zeng, T., Driscoll, C.T., 2020. Landscape Influence on the Browning of a Lake Watershed in the Adirondack
Region of New York, USA. Soil Syst. 4 (3), 50. https://doi.org/10.3390/s0ilsystems4030050.

Lynch, L.M., Sutfin, N.A., Fegel, T.S., Boot, C.M., Covino, T.P., Wallenstein, M.D., 2019. River channel connectivity shifts metabolite composition and dissolved
organic matter chemistry. Nat. Commun. 10 (1), 459. https://doi.org/10.1038/541467-019-08406-8.

Mattsson, T., Kortelainen, P., Raike, A., 2005. Export of DOM from Boreal Catchments: Impacts of Land Use Cover and Climate. Biogeochemistry 76 (2), 373-394.

McDowell, W.H., Likens, G.E., 1988. Origin, composition, and flux of dissolved organic carbon in the Hubbard Brook Valley. Ecol. Monogr. 58 (3), 177-195. https://
doi.org/10.2307/2937024.

Meyer-Jacob, C., Michelutti, N., Paterson, A.M., Cumming, B.F., Keller, W. (Bill), Smol, J.P., 2019. The browning and re-browning of lakes: Divergent lake-water
organic carbon trends linked to acid deposition and climate change. Sci. Rep. 9(1) Artic. 1. https://doi.org/10.1038/541598-019-52912-0.

Meyer-Jacob, C., Labaj, A.L., Paterson, A.M., Edwards, B.A., Keller, W. (Bill), Cumming, B.F., Smol, J.P., 2020. Re-browning of Sudbury (Ontario, Canada) lakes now
approaches pre-acid deposition lake-water dissolved organic carbon levels. Sci. Total Environ. 725, 138347. https://doi.org/10.1016/j.scitotenv.2020.138347.

14


https://doi.org/10.1371/journal.pone.0021884
https://doi.org/10.1016/j.foreco.2023.120776
https://doi.org/10.1007/BF00345556
https://doi.org/10.1007/BF00345556
https://doi.org/10.1016/j.scitotenv.2021.151477
https://doi.org/10.1007/s00027-004-0708-7
https://doi.org/10.5194/hess-7-390-2003
https://doi.org/10.2981/0909-6396(2008)14[302:HDOBCC]2.0.CO;2
https://doi.org/10.2981/0909-6396(2008)14[302:HDOBCC]2.0.CO;2
https://doi.org/10.1016/j.watres.2024.122814
https://doi.org/10.1002/2015JG003086
https://doi.org/10.1007/s00027-023-00994-4
https://doi.org/10.1007/978-3-319-61533-2
https://doi.org/10.1007/978-3-319-61533-2
https://doi.org/10.1002/lol2.10054
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref48
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref49
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref49
https://doi.org/10.1111/fwb.13701
https://doi.org/10.1111/fwb.13701
https://doi.org/10.1088/1748-9326/ab9924
https://doi.org/10.3390/f12091278
https://doi.org/10.1371/journal.pone.0070598
https://doi.org/10.1016/j.limno.2016.09.005
https://doi.org/10.1029/2005WR004441
https://doi.org/10.1002/lol2.10041
https://doi.org/10.1002/lol2.10041
https://doi.org/10.5194/bg-9-1465-2012, 2012
https://doi.org/10.1007/s13280-019-01227-5
https://doi.org/10.1007/s13280-019-01227-5
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref59
https://doi.org/10.4319/lo.2004.49.5.1896
https://doi.org/10.1016/j.earscirev.2021.103623
https://doi.org/10.4319/lo.2007.52.1.0060
https://doi.org/10.1007/s10021-011-9452-8
https://doi.org/10.1111/gcb.12872
https://doi.org/10.1007/s10021-017-0149-5
https://doi.org/10.1016/j.scitotenv.2021.146627
https://doi.org/10.3390/soilsystems4030050
https://doi.org/10.1038/s41467-019-08406-8
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref69
https://doi.org/10.2307/2937024
https://doi.org/10.2307/2937024
https://doi.org/10.1038/s41598-019-52912-0
https://doi.org/10.1016/j.scitotenv.2020.138347

C.C. Blanchet et al. Global Ecology and Conservation 64 (2025) e03960

Miller, J.D., Adamson, J.K., Hirst, D., 2001. Trends in stream water quality in Environmental Change Network upland catchments: The first 5 years. Sci. Total Environ.
265 (1), 27-38. https://doi.org/10.1016/50048-9697(00)00647-1.

Mishra, V., Cherkauer, K.A., Bowling, L.C., Huber, M., 2011. Lake Ice phenology of small lakes: Impacts of climate variability in the Great Lakes region. Glob. Planet.
Change 76 (3), 166-185. https://doi.org/10.1016/j.gloplacha.2011.01.004.

Monteith, D.T., Stoddard, J.L., Evans, C.D., de Wit, H.A., Forsius, M., Hggésen, T., Wilander, A., Skjelkvale, B.L., Jeffries, D.S., Vuorenmaa, J., Keller, B., Kopacek, J.,
Vesely, J., 2007. Dissolved organic carbon trends resulting from changes in atmospheric deposition chemistry. Nature 450 (7169), 537-540. https://doi.org/
10.1038/nature06316.

Moore, T.R., Dalva, M., 2001. Some controls on the release of dissolved organic carbon by plant tissues and soils. Soil Sci. 166 (1), 38-47.

Mundry, R., Nunn, C.L., 2009. Stepwise Model Fitting and Statistical Inference: Turning Noise into Signal Pollution. Am. Nat. 173 (1), 119-123. https://doi.org/
10.1086/593303.

Naiman, R.J., Johnston, C.A., Kelley, J.C., 1988. Alteration of North American Streams by Beaver. BioScience 38 (11), 753-762. https://doi.org/10.2307/1310784.

Naiman, R.J., Pinay, G., Johnston, C.A., Pastor, J., 1994. Beaver Influences on the Long-Term Biogeochemical Characteristics of Boreal Forest Drainage Networks.
Ecology 75 (4), 905-921. https://doi.org/10.2307/1939415.

Neal, C., Lofts, S., Evans, C.D., Reynolds, B., Tipping, E., Neal, M., 2008. Increasing Iron Concentrations in UK Upland Waters. Aquat. Geochem. 14 (3), 263-288.
https://doi.org/10.1007/s10498-008-9036-1.

Nieminen, M., Koskinen, M., Sarkkola, S., Laurén, A., Kaila, A., Kiikkild, O., Nieminen, T.M., Ukonmaanaho, L., 2015. Dissolved Organic Carbon Export from
Harvested Peatland Forests with Differing Site Characteristics. Water Air Soil Pollut. 226 (6), 181. https://doi.org/10.1007/s11270-015-2444-0.

Nieminen, M., Sarkkola, S., Laurén, A., 2017. Impacts of forest harvesting on nutrient, sediment and dissolved organic carbon exports from drained peatlands: A
literature review, synthesis and suggestions for the future. For. Ecol. Manag. 392, 13-20. https://doi.org/10.1016/j.foreco.2017.02.046.

Nieminen, M., Sarkkola, S., Sallantaus, T., Hasselquist, E.M., Laudon, H., 2021. Peatland drainage—A missing link behind increasing TOC concentrations in waters
from high latitude forest catchments? Sci. Total Environ. 774, 145150. https://doi.org/10.1016/j.scitotenv.2021.145150.

Nummi, P., 1989. Simulated effects of the beaver on vegetation, invertebrates and ducks. Ann. Zool. Fenn. 26 (1), 43-52.

Nummi, P., Hahtola, A., 2008. The beaver as an ecosystem engineer facilitates teal breeding. Ecography 31 (4), 519-524. https://doi.org/10.1111/§.0906-
7590.2008.05477 .x.

Nummi, P., Vehkaoja, M., Pumpanen, J., Ojala, A., 2018. Beavers affect carbon biogeochemistry: Both short-term and long-term processes are involved. Mammal. Rev.
48 (4), 298-311. https://doi.org/10.1111/mam.12134.

Nummi, P., Suontakanen, E.-M., Holopainen, S., Vainanen, V.-M., 2019. The effect of beaver facilitation on Common Teal: Pairs and broods respond differently at the
patch and landscape scales. Ibis 161 (2), 301-309. https://doi.org/10.1111/ibi.12626.

O’Reilly, C.M., Sharma, S., Gray, D.K., Hampton, S.E., Read, J.S., Rowley, R.J., Schneider, P., Lenters, J.D., McIntyre, P.B., Kraemer, B.M., Weyhenmeyer, G.A.,
Straile, D., Dong, B., Adrian, R., Allan, M.G., Anneville, O., Arvola, L., Austin, J., Bailey, J.L., Zhang, G., 2015. Rapid and highly variable warming of lake surface
waters around the globe. Geophys. Res. Lett. 42 (24), 10,773-10,781. https://doi.org/10.1002/2015GL066235.

Oleksy, I.A., Jones, S.E., Solomon, C.T., 2022. Hydrologic Setting Dictates the Sensitivity of Ecosystem Metabolism to Climate Variability in Lakes. Ecosystems 25 (6),
1328-1345. https://doi.org/10.1007/s10021-021-00718-5.

Piirainen, S., Finér, L., Mannerkoski, H., Starr, M., 2007. Carbon, nitrogen and phosphorus leaching after site preparation at a boreal forest clear-cut area. For. Ecol.
Manag. 243 (1), 10-18. https://doi.org/10.1016/j.foreco.2007.01.053.

Ploum, S.W., Leach, J.A., Laudon, H., Kuglerov4, L., 2021. Groundwater, Soil, and Vegetation Interactions at Discrete Riparian Inflow Points (DRIPs) and Implications
for Boreal Streams. Frontiers in. Water 3 https://www.frontiersin.org/articles/10.3389/frwa.2021.669007.

Puro-Tahvanainen, A., Zueva, M., Kashulin, N., Sandimirov, S., Christensen, G.N., & Grekeld, I. (2011). Pasvik Water Quality Report: Environmental Monitoring
Programme in the Norwegian, Finnish and Russian Border Area (No. Lapin ELY-keskuksen julkaisuja 7/2011). Lapin ELY-keskus. https://www.doria.fi/handle/
10024/86743.

R Core TeamR: A Language and Environment for Statistical Computing (Version 4.1.0) [Computer software]. R Foundation for Statistical Computing 2021.https://
www.R-project.org/.

Raike, A., Taskinen, A., Harkonen, L.H., Kortelainen, P., Lepisto, A., 2024. Browning from headwaters to coastal areas in the boreal region: Trends and drivers. Sci.
Total Environ., 171959 https://doi.org/10.1016/j.scitotenv.2024.171959.

Rantanen, M., Karpechko, A.Y., Lipponen, A., Nordling, K., Hyvérinen, O., Ruosteenoja, K., Vihma, T., Laaksonen, A., 2022. The Arctic has warmed nearly four times
faster than the globe since 1979. Commun. Earth Environ. 3 (1), 1-10. https://doi.org/10.1038/543247-022-00498-3.

Rasilo, T., Ojala, A., Huotari, J., Starr, M., Pumpanen, J., 2015. Concentrations and quality of DOC along the terrestrial-aquatic continuum in a boreal forested
catchment. Freshw. Sci. 34 (2), 440-455. https://doi.org/10.1086/680682.

Rasmussen, J.B., Godbout, L., Schallenberg, M., 1989. The humic content of lake water and its relationship to watershed and lake morphometry. Limnol. Oceanogr. 34
(7), 1336-1343. https://doi.org/10.4319/10.1989.34.7.1336.

Redden, D., Trueman, B, F., Dunnington, W., Anderson, L, D., E., Gagnon, G, A., 2021. Chemical recovery and browning of Nova Scotia surface waters in response to
declining acid deposition. Environmental Science Processes Impacts 23 (3), 446-456. https://doi.org/10.1039/DOEMO00425A.

Ruosteenoja, K., Jylha, K., 2021. Projected climate change in Finland during the 21st century calculated from CMIP6 model simulations. Geophysica 56 (1), 39-69.

Sarkkola, S., Hokka, H., Koivusalo, H., Nieminen, M., Ahti, E., Pdivanen, J., Laine, J., 2010. Role of tree stand evapotranspiration in maintaining satisfactory drainage
conditions in drained peatlands. Can. J. For. Res. 40 (8), 1485-1496. https://doi.org/10.1139/X10-084.

Sarkkola, S., Nieminen, M., Koivusalo, H., Laurén, A., Kortelainen, P., Mattsson, T., Palviainen, M., Piirainen, S., Starr, M., Finér, L., 2013. Iron concentrations are
increasing in surface waters from forested headwater catchments in eastern Finland. Sci. Total Environ. 463-464, 683-689. https://doi.org/10.1016/j.
scitotenv.2013.06.072.

Sawicka, K., Rowe, E.C., Evans, C.D., Monteith, D.T., E..Vanguelova, Wade, A.J., Clark, J.M., 2017. Modelling impacts of atmospheric deposition and temperature on
long-term DOC trends. Sci. Total Environ. 578, 323-336. https://doi.org/10.1016/j.scitotenv.2016.10.164.

Schelker, J., Eklof, K., Bishop, K., Laudon, H., 2012. Eff. For. Oper. dissolved Org. Carbon Conc. Export Boreal firstOrder Streams J. Geophys. Res. Biogeosciences 117
(G1). https://doi.org/10.1029/2011JG001827.

Schelker, J., Ohman, K., Lofgren, S., Laudon, H., 2014. Scaling of increased dissolved organic carbon inputs by forest clear-cutting — What arrives downstream?

J. Hydrol. 508, 299-306. https://doi.org/10.1016/j.jhydrol.2013.09.056.

Shi, L., Feng, P., Wang, B., Liu, D.L., Zhang, H., Liu, J., Yu, Q., 2022. Assessing future runoff changes with different potential evapotranspiration inputs based on multi-
model ensemble of CMIP5 projections. J. Hydrol. 612, 128042. https://doi.org/10.1016/j.jhydrol.2022.128042.

Skerlep, M., Steiner, E., Axelsson, A.-L., Kritzberg, E.S., 2020. Afforestation driving long-term surface water browning. Glob. Change Biol. 26 (3), 1390-1399. https://
doi.org/10.1111/gcb.14891.

Smith, A., Tetzlaff, D., Gelbrecht, J., Kleine, L., Soulsby, C., 2020. Riparian wetland rehabilitation and beaver re-colonization impacts on hydrological processes and
water quality in a lowland agricultural catchment. Sci. Total Environ. 699, 134302. https://doi.org/10.1016/j.scitotenv.2019.134302.

Strock, K.E., Saros, J.E., Nelson, S.J., Birkel, S.D., Kahl, J.S., McDowell, W.H., 2016. Extreme weather years drive episodic changes in lake chemistry: Implications for
recovery from sulfate deposition and long-term trends in dissolved organic carbon. Biogeochemistry 127 (2), 353-365. https://doi.org/10.1007/510533-016-
0185-9.

Thompson, S., Vehkaoja, M., Nummi, P., 2016. Beaver-created deadwood dynamics in the boreal forest. For. Ecol. Manag. 360, 1-8. https://doi.org/10.1016/].
forec0.2015.10.019.

Thrane, J.-E., Hessen, D.O., Andersen, T., 2014. The Absorption of Light in Lakes: Negative Impact of Dissolved Organic Carbon on Primary Productivity. Ecosystems
17 (6), 1040-1052. https://doi.org/10.1007/s10021-014-9776-2.

15


https://doi.org/10.1016/S0048-9697(00)00647-1
https://doi.org/10.1016/j.gloplacha.2011.01.004
https://doi.org/10.1038/nature06316
https://doi.org/10.1038/nature06316
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref76
https://doi.org/10.1086/593303
https://doi.org/10.1086/593303
https://doi.org/10.2307/1310784
https://doi.org/10.2307/1939415
https://doi.org/10.1007/s10498-008-9036-1
https://doi.org/10.1007/s11270-015-2444-0
https://doi.org/10.1016/j.foreco.2017.02.046
https://doi.org/10.1016/j.scitotenv.2021.145150
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref84
https://doi.org/10.1111/j.0906-7590.2008.05477.x
https://doi.org/10.1111/j.0906-7590.2008.05477.x
https://doi.org/10.1111/mam.12134
https://doi.org/10.1111/ibi.12626
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1007/s10021-021-00718-5
https://doi.org/10.1016/j.foreco.2007.01.053
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref91
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref91
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2024.171959
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1086/680682
https://doi.org/10.4319/lo.1989.34.7.1336
https://doi.org/10.1039/D0EM00425A
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref97
https://doi.org/10.1139/X10-084
https://doi.org/10.1016/j.scitotenv.2013.06.072
https://doi.org/10.1016/j.scitotenv.2013.06.072
https://doi.org/10.1016/j.scitotenv.2016.10.164
https://doi.org/10.1029/2011JG001827
https://doi.org/10.1016/j.jhydrol.2013.09.056
https://doi.org/10.1016/j.jhydrol.2022.128042
https://doi.org/10.1111/gcb.14891
https://doi.org/10.1111/gcb.14891
https://doi.org/10.1016/j.scitotenv.2019.134302
https://doi.org/10.1007/s10533-016-0185-9
https://doi.org/10.1007/s10533-016-0185-9
https://doi.org/10.1016/j.foreco.2015.10.019
https://doi.org/10.1016/j.foreco.2015.10.019
https://doi.org/10.1007/s10021-014-9776-2

C.C. Blanchet et al. Global Ecology and Conservation 64 (2025) e03960

Tranvik, L.J., Downing, J.A., Cotner, J.B., Loiselle, S.A., Striegl, R.G., Ballatore, T.J., Dillon, P., Finlay, K., Fortino, K., Knoll, L.B., Kortelainen, P.L., Kutser, T.,
Larsen, S., Laurion, 1., Leech, D.M., McCallister, S.L., McKnight, D.M., Melack, J.M., Overholt, E., Weyhenmeyer, G.A., 2009. Lakes and reservoirs as regulators of
carbon cycling and climate. Limnol. Oceanogr. 54(6part2) 2298-2314. https://doi.org/10.4319/10.2009.54.6_part_2.2298.

Vehkaoja, M., Nummi, P., Rask, M., Tulonen, T., Arvola, L., 2015. Spatiotemporal dynamics of boreal landscapes with ecosystem engineers: Beavers influence the
biogeochemistry of small lakes. Biogeochemistry 124 (1), 405-415. https://doi.org/10.1007/510533-015-0105-4.

Vet, R., Artz, R.S., Carou, S., Shaw, M., Ro, C.-U., Aas, W., Baker, A., Bowersox, V.C., Dentener, F., Galy-Lacaux, C., Hou, A., Pienaar, J.J., Gillett, R., Forti, M.C.,
Gromov, S., Hara, H., Khodzher, T., Mahowald, N.M., Nickovic, S., Reid, N.W., 2014. A global assessment of precipitation chemistry and deposition of sulfur,
nitrogen, sea salt, base cations, organic acids, acidity and pH, and phosphorus. Atmos. Environ. 93, 3-100. https://doi.org/10.1016/j.atmosenv.2013.10.060.

Vuorenmaa, J., Salonen, K., Arvola, L., Mannio, J., Rask, M., Horppila, P., 2014. Water quality of a small headwater lake reflects long-term variations in deposition,
climate and in-lake processes. Boreal Environ. Res. 19, 47-65 (suppl. A).

Vuorenmaa, J., Augustaitis, A., Beudert, B., Bochenek, W., Clarke, N., de Wit, H.A., Dirnbock, T., Frey, J., Hakola, H., Kleemola, S., Kobler, J., Kram, P., Lindroos, A.-
J., Lundin, L., Lofgren, S., Marchetto, A., Pecka, T., Schulte-Bisping, H., Skotak, K., Forsius, M., 2018. Long-term changes (1990-2015) in the atmospheric
deposition and runoff water chemistry of sulphate, inorganic nitrogen and acidity for forested catchments in Europe in relation to changes in emissions and
hydrometeorological conditions. Sci. Total Environ. 625, 1129-1145. https://doi.org/10.1016/j.scitotenv.2017.12.245.

Wegener, P., Covino, T., Wohl, E., 2017. Beaver-mediated lateral hydrologic connectivity, fluvial carbon and nutrient flux, and aquatic ecosystem metabolism. Water
Resour. Res. 53 (6), 4606-4623. https://doi.org/10.1002/2016WR019790.

Weyhenmeyer, G.A., Miiller, R.A., Norman, M., Tranvik, L.J., 2016. Sensitivity of freshwaters to browning in response to future climate change. Clim. Change 134 (1),
225-239. https://doi.org/10.1007/5s10584-015-1514-z.

Whitfield, C.J., Baulch, H.M., Chun, K.P., Westbrook, C.J., 2015. Beaver-mediated methane emission: The effects of population growth in Eurasia and the Americas.
Ambio 44, 7-15. https://doi.org/10.1007/s13280-014-0575-y.

Whittingham, M.J., Stephens, P.A., Bradbury, R.B., Freckleton, R.P., 2006. Why do we still use stepwise modelling in ecology and behaviour? J. Anim. Ecol. 75 (5),
1182-1189. https://doi.org/10.1111/j.1365-2656.2006.01141.x.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer Cham.

Wickham, H., Francois, R., Henry, L., Miiller, K., & RStudio. (2022). dplyr: A Grammar of Data Manipulation (Version 1.0.8) [Computer software]. https://CRAN.R-
project.org/package=dplyr.

Williamson, C.E., Overholt, E.P., Pilla, R.M., Leach, T.H., Brentrup, J.A., Knoll, L.B., Mette, E.M., Moeller, R.E., 2015. Ecological consequences of long-term browning
in lakes (Article). Sci. Rep. 5, 1. https://doi.org/10.1038/srep18666.

Winterdahl, M., Temnerud, J., Futter, M.N., Lofgren, S., Moldan, F., Bishop, K., 2011. Riparian Zone Influence on Stream Water Dissolved Organic Carbon
Concentrations at the Swedish Integrated Monitoring Sites. Ambio 40 (8), 920-930. https://doi.org/10.1007/513280-011-0199-4.

de Wit, H.A., Valinia, S., Weyhenmeyer, G.A., Futter, M.N., Kortelainen, P., Austnes, K., Hessen, D.O., Raike, A., Laudon, H., Vuorenmaa, J., 2016. Current browning
of surface waters will be further promoted by wetter climate. Environ. Sci. Technol. Lett. 3 (12), 430-435. https://doi.org/10.1021/acs.estlett.6b00396.

de Wit, H.A., Stoddard, J.L., Monteith, D.T., Sample, J.E., Austnes, K., Couture, S., Folster, J., Higgins, S.N., Houle, D., Hruska, J., Kram, P., Kopacek, J., Paterson, A.
M., Valinia, S., Van Dam, H., Vuorenmaa, J., Evans, C.D., 2021. Cleaner air reveals growing influence of climate on dissolved organic carbon trends in northern
headwaters. Environ. Res. Lett. 16 (10), 104009. https://doi.org/10.1088/1748-9326/ac2526.

Xiao, Y., Riise, G., 2021. Coupling between increased lake color and iron in boreal lakes. Sci. Total Environ. 767, 145104. https://doi.org/10.1016/].
scitotenv.2021.145104.

Xiao, Y., Rohrlack, T., Riise, G., 2020. Unraveling long-term changes in lake color based on optical properties of lake sediment. Sci. Total Environ. 699, 134388.
https://doi.org/10.1016/j.scitotenv.2019.134388.

Yang, Y., Hart, S.C., McCorkle, E.P., Stacy, E.M., Barnes, M.E., Hunsaker, C.T., Johnson, D.W., Berhe, A.A., 2021. Stream water chemistry in mixed-conifer headwater
basins: role of water sources, seasonality, watershed characteristics, and disturbances. Ecosystems 24 (8), 1853-1874. https://doi.org/10.1007/510021-021-
00620-0.

Younes, H., Berggren, M., 2024. Photochemical reactivity of dissolved organic carbon in subarctic lakes along a color gradient. Inland Waters 1-9. https://doi.org/
10.1080/20442041.2024.2331957.

16


https://doi.org/10.4319/lo.2009.54.6_part_2.2298
https://doi.org/10.1007/s10533-015-0105-4
https://doi.org/10.1016/j.atmosenv.2013.10.060
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref112
http://refhub.elsevier.com/S2351-9894(25)00562-1/sbref112
https://doi.org/10.1016/j.scitotenv.2017.12.245
https://doi.org/10.1002/2016WR019790
https://doi.org/10.1007/s10584-015-1514-z
https://doi.org/10.1007/s13280-014-0575-y
https://doi.org/10.1111/j.1365-2656.2006.01141.x
https://doi.org/10.1038/srep18666
https://doi.org/10.1007/s13280-011-0199-4
https://doi.org/10.1021/acs.estlett.6b00396
https://doi.org/10.1088/1748-9326/ac2526
https://doi.org/10.1016/j.scitotenv.2021.145104
https://doi.org/10.1016/j.scitotenv.2021.145104
https://doi.org/10.1016/j.scitotenv.2019.134388
https://doi.org/10.1007/s10021-021-00620-0
https://doi.org/10.1007/s10021-021-00620-0
https://doi.org/10.1080/20442041.2024.2331957
https://doi.org/10.1080/20442041.2024.2331957

	Exploring the browning of two small headwater boreal lakes over 25 years: the role of beaver floods, climate, acid recovery ...
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Forestry practices data
	2.3 Water color data
	2.4 Climate and precipitation chemistry data
	2.5 Beaver activity
	2.6 Statistical analysis

	3 Results
	3.1 Change of environmental parameters over the study period
	3.2 Browning of L. Majajärvi and L. Horkkajärvi

	4 Discussion
	4.1 Water browning over time
	4.2 Water browning and acid recovery
	4.3 Water browning and rainfall
	4.4 Water browning and beaver floods
	4.5 Water browning and air temperature
	4.6 Water browning and forestry activities

	5 Conclusions and perspectives
	Ethical statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supporting information
	Data availability
	References


