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Browning-related oxygen depletion in an oligotrophic lake
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ABSTRACT
In recent decades, terrestrial dissolved organic matter (DOM) has increased in many northeastern
North American and European lakes and is contributing to long-term browning. We used a long-
term dataset (1988–2014) to study the consequences of browning-related decreased water
transparency on dissolved oxygen dynamics in 2 small temperate lakes in Pennsylvania, USA,
that differ in their dissolved organic carbon concentrations. The oligotrophic (“clearer”) lake has
low productivity and historically oxygenated deep waters. The mesotrophic–slightly dystrophic
(“browner”) lake also has relatively low productivity but historically anoxic deep waters. We
examined whether browning coincided with changes in summer dissolved oxygen dynamics,
with a focus on deep-water oxygen depletion. In the clearer lake, we found that minimum
oxygen concentrations decreased by ∼4.4 mg L−1 over the 27-year period, and these changes
were strongly associated with both decreased water transparency and increased water column
stability. We also found a shallowing of the maximum dissolved oxygen depth by ∼4.5 m and
anoxic conditions established in more recent years. In the browner lake, the metrics we used did
not detect any significant changes in dissolved oxygen, supporting the prediction that vertical
temperature and oxygen patterns in clearer lakes may be more sensitive to increasing DOM than
darker lakes. Anoxia is traditionally considered to be a consequence of anthropogenic nutrient
loading and, more recently, a warming climate. We show that browning is another type of
environmental change that may similarly result in anoxia in oligotrophic lakes.

ARTICLE HISTORY
Received 13 September 2017
Accepted 9 March 2018

KEYWORDS
anoxia; browning; dissolved
organic carbon; dissolved
oxygen; lakes

Introduction

Water color and concentrations of terrestrial dissolved
organic matter (DOM) are increasing in lakes in parts
of northeastern North America and northern Europe
(Monteith et al. 2007). The terms browning and brow-
nification have been used to describe this phenomenon
(Roulet and Moore 2006, Kritzberg and Ekström 2012).
Increases in DOM that lead to lake browning are likely
the result of multiple drivers. Recovery from acidification
was initially suspected to play the primary role (Evans
et al. 2006, Monteith et al. 2007), and more recent
work suggests that climate variables such as increased
precipitation and temperature may also be important,
even in regions where acid deposition has decreased
(Zhang et al. 2010, Couture et al. 2012). Increased terres-
trial vegetation cover from climate and land use change
(Finstad et al. 2016) as well as increased iron concen-
trations (Kritzberg and Ekström 2012, Weyhenmeyer
et al. 2014) can also contribute to browning.

DOM acts as an ecosystem regulator in lakes by attenu-
ating light, altering nutrient availability, and influencing
the balance between heterotrophy and autotrophy

(Williamson et al. 1999). Research has also highlighted
the importance of lake DOM pools, transformations,
and fluxes to regional and global carbon cycling (Cole
et al. 2007, Tranvik et al. 2009). Thus, long-term browning
has the potential to greatly alter aquatic systems, and
increasing evidence shows profound effects on lake
ecosystem structure and function (Solomon et al. 2015,
Williamson et al. 2015). For example, a unimodal
response to changes in DOM and related changes in
light and nutrient availability has been observed for
both phytoplankton production (Seekell et al. 2015) and
fish production (Finstad et al. 2014) in arctic and boreal
lakes. The shading effect of increased colored DOM can
also lead to stronger thermal stratification and shallower
mixing depths in small lakes via changes in vertical heat
absorption and distribution (Fee et al. 1996, Snucins and
Gunn 2000). Shallower mixing depths can in turn lead
to increases in organic carbon burial in lake sediments
(Fortino et al. 2014).

Naturally occurring brown-water lakes are often net
heterotrophic and can experience low oxygen conditions
at depth during the summer (Nürnberg and Shaw 1998,
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Wetzel 2001). This relationship has also been documen-
ted in prior studies in high DOM lakes that show the
effects of short-term increases in DOM on oxygen
dynamics. In a 4-year whole-lake manipulation, a near
doubling of dissolved organic carbon (DOC) concen-
trations (7.5–14.1 mg L−1) resulted in a shift to shallower
chlorophyll a distributions and a simultaneous shift to a
shallower depth of maximum oxygen concentrations
(Christensen et al. 1996). A second study illustrated a
short-term response to browning in a shallow, highly
humic lake (Brothers et al. 2014). In this shallow lake sys-
tem dominated by benthic primary production, 2 years
of heavy precipitation increased already-high DOC con-
centrations in the lake, which led to decreases in light
availability, reduced benthic primary production, and
increased anoxia.

Few studies have examined the link between long-
term browning and deep-water oxygen depletion. A
recent modeling study for an oligotrophic lake examined
the combined and independent effects of warming water
temperature and increasing DOM on dissolved oxygen
(Couture et al. 2015). The authors found that the com-
bined effect resulted in the largest impact on oxygen con-
sumption, but the long-term increases in DOM played a
larger role in controlling dissolved oxygen consumption
than warming lake temperatures. Another study pro-
vided a brief summary of observed changes in oxygen,
along with many other limnological changes, that
accompanied lake browning in 2 temperate lakes, Lake
Giles and Lake Lacawac (Williamson et al. 2015). This
study described observed shifts in the depth of peak
and minimum dissolved oxygen saturation in a subset
of years in a long-term dataset, but only in summary
form. We extend the findings in Lakes Giles and Lacawac
by using an expanded long-term dataset to more fully
document and statistically analyze the relationship
between long-term browning and changes in oxygen
over depth and time. We also relate dissolved oxygen
trends with potential drivers to better understand the
mechanisms behind oxygen changes.

Exploring the connection between long-term brown-
ing and anoxia, defined here as dissolved oxygen
<1 mg L−1 (Nürnberg 1995), is critical because oxygen
conditions contribute to many core ecosystem functions.
Oxygen is important for nutrient cycling, determining
the contribution of lakes to global carbon cycling, habitat
suitability for aquatic organisms, as well as water quality
and general ecosystem health. Given the fundamental
role of oxygen in aquatic systems, a long-standing tra-
dition is aimed at studying the causes and consequences
of oxygen depletion. For example, nutrient-driven eutro-
phication is widely known to cause anoxia in lakes
(Smith 2003, Schindler 2006, Jenny et al. 2016) as well

as in coastal marine systems such as those in the Gulf
of Mexico (Diaz and Rosenberg 2008) or the Chesapeake
Bay (Kemp et al. 2005). Warming air temperatures can
also lead to oxygen depletion in lakes because oxygen
solubility is reduced in warmer waters, and warmer sur-
face waters lead to increased strength and duration of
stratification with reductions in vertical mixing (Jan-
kowski et al. 2006, Foley et al. 2012, North et al. 2014).
Warming-induced oxygen declines are not just a concern
for lakes. Recent evidence suggests that since 1960, the
Earth’s oceans have lost 2% of their oxygen content,
and the volume of anoxic water has increased 4-fold
(Schmidtko et al. 2017).

Here we examined the potential for an alternative
pathway to oxygen depletion via long-term increases in
terrestrial DOM in 2 undisturbed lakes in a region
experiencing browning. We also explored mechanisms
by which browning may influence dissolved oxygen
trends. Specifically, we examined lake stability (Schmidt
stability) and water transparency (1% photosynthetically
active radiation [PAR] depth). We analyzed a long-term
dataset (1988–2014) for 2 small lakes—an oligotrophic
(“clearer”) lake and a mesotrophic–slightly dystrophic
(“browner”) lake—located in protected watersheds.
Both lakes have experienced significantly decreasing
water transparency (i.e., 1% PAR depth) over the 27-
year dataset and have shown trends of increasing DOC
concentration, but because of the high interannual varia-
bility of DOC concentration in the browner lake, the
trend is statistically significant only in the clearer lake
(Williamson et al. 2015). The observed reductions in
water clarity do not seem to be associated with an
increase in phytoplankton biomass because summer
chlorophyll concentrations have not changed signifi-
cantly over the past 27 years in either lake (Williamson
et al. 2015). Rather, DOC is the primary factor control-
ling light attenuation in these lakes (Morris et al. 1995,
Williamson et al. 1996). The mechanism driving brown-
ing is likely related to both increases in precipitation and
recovery from acidification because during the study
period, total precipitation significantly increased and sul-
fate deposition decreased, with concomitant significant
increases in pH and acid neutralizing capacity in both
lakes (Williamson et al. 2015).

Methods

Study sites

Our dataset is from 2 small, natural glacial lakes located
in northeastern Pennsylvania, USA. Lake Giles has a sur-
face area of 0.48 km2 and Lake Lacawac has a surface
area of 0.21 km2. Lake Giles is a deeper (maximum
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depth = 24 m), oligotrophic, low-productivity lake
(mean summer chlorophyll = 0.8 μg L−1; total phos-
phorus = 3.5 μg L−1; DOC = 1.3 mg L−1), whereas Lake
Lacawac is a shallower (maximum depth = 13 m),
mesotrophic–slightly dystrophic lake (mean summer
chlorophyll = 3.8 μg L−1; total phosphorus = 9.0 μg L−1;
DOC = 5.1 mg L−1). Both lakes have watersheds that
are well protected, showing minimal disturbance or
land use change over the study period (1988–2014).
Although forests dominate the land cover of the water-
sheds of both lakes, the watershed is ∼25% peat wetlands
for Lacawac but only 1.9% for Giles (Moeller et al. 1995).
Both lakes are seepage lakes, and DOC is the primary
factor controlling light attenuation (Morris et al. 1995,
Williamson et al. 1996). The peat wetlands in Lacawac
are the main source of the higher and darker DOM in
this lake versus DOM in Giles. We refer to Giles as the
clearer lake and Lacawac as the browner lake.

Field and laboratory analyses

We assessed water transparency using the 1% PAR (400–
700 nm) depth (the depth at which irradiance is 1% of
subsurface values for PAR), which approximates the
compensation depth below which respiration generally
exceeds photosynthesis, resulting in net oxygen
depletion. The 1% PAR depths were collected with a Bio-
spherical Instruments Cosine (BIC) or Profiling Ultra-
violet (PUV) radiometer (Biospherical Instruments,
Inc., San Diego, CA) in July for both lakes (1993–
2014). The BIC and PUV are medium bandwidth sub-
mersible radiometers with a depth resolution of
0.01 m. A deck cell simultaneously records the same
PAR wavelengths as the submersible radiometer to
account for short-term changes in cloud cover. This
type of measurement is an accurate method for measur-
ing water transparency and also meaningful in terms of
oxygen dynamics in lakes (Horne and Goldman 1994).

Vertical dissolved oxygen and temperature profiles
were taken at 1 m intervals at the deepest location in
each lake using a calibrated YSI Model 57 or 58 oxy-
gen-temperature meter (YSI Inc., Yellow Springs, OH).
We present data on both dissolved oxygen seasonal
trends from May to August as well as data from July
only (samples ranging from 10 to 28 July) during the
period of generally strong summer thermal stability. Sea-
sonal dissolved oxygen data (as percent saturation) are
presented to show long-term patterns but are only
included when at least 2 months of data were available
between May and August (1988–1997, 2007–2014 for
Giles, and 1988–1997, 2005–2014 for Lacawac). July dis-
solved oxygen data for Lake Giles (1988–1996 and 2008–
2014; n = 16) and Lake Lacawac (1988–1996 and 2007–

2014, excluding 1995; n = 16) were used for quantitative
comparisons between time periods. Using the rLakeAna-
lyzer package (Read et al. 2011, Winslow et al. 2014) and
temperature data from the same July profiles, we also
assessed changes in midsummer lake stability by calcu-
lating Schmidt stability, S (Idso 1973), as:

S = g
AS

∫ZD

0

(z − zv)rzAzdz, (1)

where g is acceleration due to gravity (m s-2), As is surface
area of the lake (m2), z is depth of the lake at any given
interval (m), zD is maximum depth of the lake (m), zv is
depth to the center volume of the lake (m), ρz is density
of water at depth z (kg m-3), and Az is surface area of the
lake at depth z (m2). Stability increases with stronger
thermal stratification.

We used 3 metrics to quantify changes in dissolved
oxygen. The first, the minimum dissolved oxygen
concentration in the water column, is our primary metric
of interest and is a straightforward metric of oxygen
depletion in deep-waters. This metric also shows the
potential for sediment phosphorus release due to deep-
water oxygen depletion and is related to the size of the
zooplankton refuge from visual predation, which can
have large impacts on zooplankton population dynamics
(Wright and Shapiro 1990, Vanderploeg et al. 2009a).
The second metric, the depth of the maximum dissolved
oxygen concentration in the water column, provides
information on the potential for changes in oxygen due
to physical processes as well as the vertical distribution
and productivity of photosynthetic/autotrophic and
heterotrophic plankton (Wilkinson et al. 2015), and it
is directly related to changes in water transparency.
The third metric, oxygen saturation range, is the maxi-
mum dissolved oxygen percent saturation in the water
column minus the minimum dissolved oxygen percent
saturation in the water column, and it represents
both the vertical heterogeneity of dissolved oxygen and
the habitat gradient experienced by higher trophic
levels (i.e., zooplankton and fish), which can have strong
influences on trophic interactions (Vanderploeg et al.
2009b).

Statistical analyses

We selected July data for the metrics because we were
interested in the midsummer dynamics when the lakes
were strongly thermally stratified, and we wanted to
restrict the analyses to the same time period each year
when the most data were consistently available.

The analyzed data (dissolved oxygen metrics and
Schmidt stability) were composed of time series
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(specifically annual July measurements) over 2 distinct
regimes or periods (1988–1996, n = 9; 2007–2014, n = 8).
Given the large break between observations and possible
serial correlation in the underlying time series, we ana-
lyzed the data using a linear model with autocorrelated
errors. Specifically we considered a mean model with a
covariate term specifying the regime and autoregressive
moving average (ARMA) modeled errors. Mathemat-
ically this can be constructed as:

Yt = m+ b · Xt + Zt , (2)

where μ is the mean of the time series in the first regime,
β is the influence of the second regime (2007–2014) with
Xt an indicator variable determining the regime:

Xt = 0
1

{
if
if

1988
2007

≤
≤

t
t

≤
≤

1996
2014

, (3)

and Zt is a mean zero ARMA (p,q) process defined as:

Zt =
∑p
i=1

fiZt−i +
∑q
j=1

uj1t−j + 1t , (4)

for underlying error series εt ∼ N (0, σ 2). Determining a
difference in regimes is equivalent to testing the signifi-
cance of β in equation (2). This approach is fundamen-
tally similar to fitting a generalized least squares model
or intervention analysis (Montgomery et al. 2008),
wherein the effect of a covariate can be measured while
also accounting for serially correlated errors. This pro-
cess is analogous to a 2-sample t-test but for autocorre-
lated data, which is known to distort standard errors
and p values. We fit our model using maximum likeli-
hood with the forecast package (Hyndman 2016) and
determined the significance of β based on the asymptotic
sampling distribution of maximum likelihood estima-
tors. If we found a significant change in minimum dis-
solved oxygen concentrations between the early and
late time periods, we used Pearson’s correlation coeffi-
cients to explore the relationships between this variable
and 2 potential driver variables: 1% PAR depth and
Schmidt stability. We used this exploratory approach
to assess the magnitude of the correlations, but we did
not perform hypothesis tests because of limitations
based on correlations with time and sample sizes. We
only performed this test with the minimum dissolved
oxygen concentration metric and not the other oxygen
metrics because we were most interested in whether
browning led to oxygen depletion.

Earlier ice break-up can lead to an earlier onset of
thermal stratification, potentially increasing growing sea-
son deep-water oxygen depletion. We lack long-term
ice-off records, but ice break-up dates are influenced
by air temperatures (Weyhenmeyer et al. 2004,

Jensen et al. 2007). We therefore examined winter
air temperatures collected from the National Oceanic
and Atmospheric Administration (NOAA) National
Climatic Data Center. Data, primarily collected from
Hawley, Pennsylvania (USC00363758; 14.8 km from
Lacawac, 12.7 km from Giles), included maximum
daily air temperature and minimum daily air tempera-
ture. To calculate mean daily air temperature, we simply
averaged the daily maximum and daily minimum air
temperature. For each winter month (defined here
Dec–Mar), the 3 daily air temperature variables were
each averaged from the beginning through end of each
month across all 27 years of data. The overall wintertime
seasonal average for each variable was the average daily
air temperature from 1 December through 31 March of
each year. We used Mann-Kendall nonparametric tests
to assess the statistical significance of temporal trends
in each of the 3 air temperature variables for the 4 indi-
vidual winter months as well as the wintertime seasonal
average, using an alpha level of α = 0.05. All statistical
analyses were completed in the programming language
R (R Development Core Team 2015).

Results

The clearer lake showed strong changes in dissolved
oxygen from the earlier (1988–1997) to the later
(2007–2014) years. In the earlier years, dissolved oxygen
percent saturation was rarely below 50% and was not
low enough to suggest sustained deep-water depletion
(Fig. 1a). Percent saturation often peaked deep in the
water column corresponding with high water transpar-
ency, indicated by deeper compensation depths (1%
PAR depth; Fig. 1a). In the later years, dissolved oxygen
percent saturation was lower overall throughout the dee-
per portions of the water column and oxygen depletion
was more common, prolonged, and extended into shal-
lower waters (Fig. 1b). The shallower peak of dissolved
oxygen supersaturation and the smaller breadth of the
peak in the later years corresponded with shallower com-
pensation depths (Fig. 1b). The volume of anoxic water
varied over summer through early fall. In more recent
years, this volume generally included the bottom 3 m
of the clearer lake initially and then as the summer pro-
gressed included the bottom 6 m (6–14% of the total
lake volume). Seasonal patterns of dissolved oxygen
showed only subtle changes between the 2 study
periods in the browner lake. Earlier profiles in this lake
showed anoxia, a pattern that remained in later years
(Fig. 1c–d). While the duration and vertical extent of
oxygen depletion showed signs of increasing in later
years compared with earlier years in the browner lake,
these patterns were modest.
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Water column stability shifted over the 27-year
record, with significantly higher water column stability
in later years compared to earlier years in the clearer
lake (Fig 2; p < 0.0015) but not the browner lake
(Fig. 2; p = 0.133).

Quantitative analysis of midsummer July dissolved
oxygen changes from the earlier (1988–1996, n = 9) to
the later years (2007–2014, n = 8) showed the minimum
dissolved oxygen concentration in the water column
decreased in the clearer lake by ∼4.4 mg L−1 but showed
no change in the browner lake (p < 0.00001, p = 0.19,
respectively). Minimum dissolved oxygen concen-
trations in the clearer lake were strongly associated
with both 1% PAR depth (Fig 3a; r = 0.76) and Schmidt

stability (i.e., a measure of water column stability; Fig 3b;
r = -0.69). We found a significantly shallower depth of

Figure 1. Seasonal summer dissolved oxygen as percent saturation (O2% Sat) in (a) the clearer lake earlier years (1988–1997), (b) clearer
lake later years (2007–2014), (c) browner lake earlier years (1988–1997), and (d) browner lake later years (2005–2014). Midsummer
compensation depths (1% PAR depth) are shown with black circles, and white circles represent dates when the compensation
depth exceeded the maximum depth of the lake. White vertical lines separate years.

Figure 2. Long-term trends in Schmidt stability. Lines are LOW-
ESS smoothed trends, and the bold line indicates a statistically
significant trend (p < 0.05).

Figure 3. Relationships between (a) minimum dissolved oxygen
concentrations and 1% PAR depth (r = 0.76, Pearson correlation
coefficient), and (b) minimum dissolved oxygen concentrations
and lake stability (r =−0.69, Pearson correlation coefficient) in
the clearer lake. Lines represent linear regressions.
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maximum dissolved oxygen concentrations in the
clearer lake by ∼4.5 m, but again not in the browner
lake (p < 0.003, p = 1.0, respectively). In addition, the
range in dissolved oxygen as percent saturation (water
column maximum oxygen minus minimum oxygen)
increased in the clearer lake but not in the browner
lake (p < 0.000001, p = 0.94, respectively).

For minimum, mean, and maximum daily air temp-
erature in the region, no significant trends were detected
over this 27-year time span for the 4 individual months
of December (p = 0.80, p = 0.87, p = 0.74, respectively;
n = 27), January (p = 0.43, p = 0.40, p = 0.34, respectively;
n = 27), February (p = 0.90, p = 0.56, p = 0.48, respect-
ively; n = 27), or March (p = 0.69, p = 0.71, p = 0.74,
respectively; n = 27), or for the wintertime seasonal aver-
age (p = 0.48, p = 0.89, p = 0.69, respectively; n = 27).

Discussion

Previous work has demonstrated oxygen depletion in
response to increased anthropogenic nutrient loading
and eutrophication (Jenny et al. 2016), extreme weather
(Jankowski et al. 2006), and short-term browning in
shallow lakes (Brothers et al. 2014). Our results indicate
that long-term browning may also promote oxygen
depletion and the onset of anoxia in oligotrophic lakes
by decreasing water transparency and increasing lake
stability. We observed pronounced changes in summer
dissolved oxygen conditions, including the onset of oxy-
gen depletion in previously oxygenated deep waters and
a shallower depth of maximum dissolved oxygen in a
clear lake. Corresponding shifts were not observed in
the less transparent, browner lake. These observations
support previous findings that the vertical temperature
and oxygen structure in clearer lakes may be more sensi-
tive than browner lakes to browning and climate change
(Snucins and Gunn 2000, Read and Rose 2013).

The oxygen changes in the clearer lake were related to
corresponding and marked increases in DOM and corre-
sponding decreases in water transparency. Both water
color and DOC concentration have increased while
chlorophyll has not changed significantly (Williamson
et al. 2015). We predict that 2 main mechanisms link
decreases in water transparency and oxygen depletion.
First, as light penetration decreases, the compensation
depth (i.e., 1% PAR depth) below which respiration
exceeds photosynthesis becomes shallower. This in
turn will cause net oxygen depletion to occur at a shal-
lower depth and over a larger volume of the lake. Second,
previous studies have shown that a reduction in water
transparency can increase the strength of thermal stra-
tification due to increased absorption of light in the sur-
face waters (Mazumder and Taylor 1994, Fee et al. 1996,

Houser 2006, Keller et al. 2006, Read and Rose 2013).
Increased strength of stratification reduces vertical mix-
ing of well-oxygenated water to deeper depths (Foley
et al. 2012, North et al. 2014) and increases the degree
of oxygen depletion in deep waters. The data from our
clearer lake support these mechanisms as recent work
showed trends of a significant reduction in 1% PAR
depth (Williamson et al. 2015), and we observed
increased water column stability (Fig. 2) coincident
with the onset of deep-water oxygen depletion. Mini-
mum dissolved oxygen concentrations were also strongly
associated with both 1% PAR and water column stability.

Over the time period of our study we found no signifi-
cant air temperature changes (Pilla 2015, Williamson
et al. 2015), but warming trends in this region are occur-
ring over a longer time scale (Melillo et al. 2014). Note
that a warmer climate may influence deep-water oxygen
depletion because long-term increases in air temperature
can also increase thermal stratification (Livingstone
2003, Kraemer et al. 2015) and, in turn, intensify oxygen
depletion (Wilhelm and Adrian 2008, North et al. 2014,
Palmer et al. 2014). Warm water also holds less oxygen.
Interestingly, a recent modeling study found that water
clarity trends and warming air temperatures can play
similar roles in determining lake thermal responses to
climate change (Rose et al. 2016). The combined effects
of warming and increasing DOM thus likely have a
dual negative effect on oxygen concentrations in oligo-
trophic lakes, increasing the likelihood of anoxia (Cou-
ture et al. 2015).

Although unlikely, several alternative mechanisms
might be invoked to explain our observed long-term oxy-
gen trends. For example, deep-water oxygen consump-
tion would increase with phytoplankton biomass, but
we have not observed significant trends in chlorophyll
during the study period in the clearer lake (Williamson
et al. 2015). Temperature is another important consider-
ation. While dissolved oxygen concentrations are related
to water temperature, documented temperature trends in
our clearer lake are not consistent with temperature play-
ing a role in the observed increases in anoxia. Dissolved
oxygen solubility is higher in cooler waters, and since the
late 1980s, summer deep-water temperatures have been
decreasing in the clearer lake (Pilla 2015, Williamson
et al. 2015) where anoxia has been increasing. Cooler
deep-waters would also tend to slow respiration and
thus decrease oxygen depletion.

Another factor that could contribute to reductions in
deep-water oxygen are long-term trends toward earlier
ice breakup dates. With a shorter duration of ice cover
and earlier ice breakup, lakes can stratify earlier and for
a longer duration, thereby increasing summer anoxia
(Fang and Stefan 2009). Ice breakup dates were shown
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to be earlier inmanyNewEngland lakes, a region near but
not in our study location (Hodgkins et al. 2002). Although
we lack ice duration data, no significant trends in winter
air temperature data (defined here as Dec–Mar) over
our study period were found, and winter temperature is
one of the most important factors in determining ice
breakup date (Weyhenmeyer et al. 2004, Jensen et al.
2007). Warming spring air temperatures could also lead
to earlier stratification, but no trend was found for spring
air temperatures at the location and time period of our
study (Williamson et al. 2015). Despite this lack of trends,
both warming air temperatures and earlier ice breakup
dates should be considered in the future for this region
or for other regions experiencing these changes coinci-
dent with browning.

The documented shift toward anoxia may result in
many biogeochemical consequences, including internal
phosphorus loading (Mortimer 1942) and reduced
organic carbon mineralization rates leading to increased
organic carbon burial in lake sediments (Sobek et al.
2009, Fortino et al. 2014). We do not have long-term
deep-water phosphorus data to explore potential changes
with decreasing clarity and increasing anoxia. In the
clearer lake, however, recent high-frequency deep-
water dissolved oxygen and soluble reactive phosphorus
(SRP) and total phosphorus data show a short-term
relationship between the onset of dissolved oxygen
depletion and an increase in deep-water phosphorus.
For example, after the onset of anoxia, bottom-water
SRP concentrations increased by ∼2.5-fold in 2014
while they increased by nearly 16-fold in 2015 (Sup-
plemental Fig. S1). Future efforts are needed to explore
the long-term significance of our observed short-term
trends. These efforts should include examining whether
deep-water phosphorus is transferred to shallower
depths where the available phosphorus may influence
phytoplankton growth, potentially creating a positive
feedback loop whereby internal phosphorus loading
increases algal biomass and further decreases water
transparency. We suggest this area for future research
efforts in lakes with long-term datasets similar to our
clearer, oligotrophic lake. Future efforts are also needed
to establish a mechanistic link between anoxia and
increased bottom-water phosphorus because decompo-
sition and remineralization of organic phosphorus may
also contribute to phosphorus accumulation.

Browning may continue in lakes in northeastern
North America and Europe as lakes continue to recover
from acidification and as climate change alters tempera-
ture and precipitation patterns (Zhang et al. 2010, Larsen
et al. 2011, Couture et al. 2012). Regionally across the
United States, the northeast has experienced some of
the highest average increases in precipitation (15–20%)

and by far the greatest increase in extreme precipitation
events (71%) compared with any other region of the
country (Melillo et al. 2014). Further, since 1975 the sur-
face waters are warmer and the strength of thermal stra-
tification is stronger in many lakes in this region of
North America (Richardson et al. 2017). A warmer cli-
mate may further enhance lake oxygen depletion because
long-term increases in air temperature can increase ther-
mal stratification (Livingstone 2003, Kraemer et al. 2015)
and, in turn, intensify anoxia (Wilhelm and Adrian 2008,
North et al. 2014, Palmer et al. 2014). Thus, increasing
terrestrial DOM and increasing anoxia, described here,
along with a warming climate could have a synergistic
effect on anoxia and related biogeochemical processes
in some of the most pristine temperate lakes in the
Northern Hemisphere.
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