'.) Check for updates

Received: 30 August 2020 | Accepted: 20 April 2021

DOI: 10.1111/gcb.15660

Blobal Change Biology
PRIMARY RESEARCH ARTICLE 3 WILEY

Tree line advance reduces mixing and oxygen concentrations in
arctic-alpine lakes through wind sheltering and organic carbon

supply
Marcus Klaus®?® | Jan Karlsson' | David Seekell

IClimate Impacts Research Centre,
Department of Ecology and Environmental Abstract

Science, Umed University, Umea, Sweden Oxygen depletion in lake bottom waters has adverse impacts on ecosystem health

2Department of Forest Ecology and
Management, Swedish University of

Agricultural Sciences, Umed, Sweden from sediments, and the reduction of fish growth and reproduction. Depletion oc-

including decreased water quality from release of nutrients and reduced substances

Correspondence and present address curs when oxygen is consumed during decomposition of organic matter, and oxygen

Marcus Klaus, Department of Forest replenishment is limited by water column stratification. Arctic-alpine lakes are often
Ecology and Management, Swedish

University of Agricultural Sciences, Umea,
Sweden. tant driver of shifts in catchment vegetation that could affect the mixing and oxygen
Email: marcus.klaus@posteo.net

well mixed and oxygenated, but rapid climate change in these regions is an impor-

dynamics of lakes. Here, we analyze high-resolution time series of dissolved oxygen

Funding information concentration and temperature profiles in 40 Swedish arctic-alpine lakes across the
Knut och Alice Wallenbergs Stiftelse,
Grant/Award Number: 2016.0083;

Svenska Forskningsradet Formas, bottom dissolved oxygen concentrations changed by -0.20 to +0.15 mg L't day™,
Grant/Award Number: 942.2015-723;

Vetenskapsradet, Grant/Award Number:
2016-05275 cation period. Structural equation modeling revealed that lakes with taller shoreline

tree line ecotone. The lakes stratified for 1-125 days, and during stratification, near-
resulting in final concentrations of 1.1-15.5 mg L'* at the end of the longest stratifi-

vegetation relative to lake area had higher dissolved organic carbon concentrations
and oxygen consumption rates, but also lower wind speeds and longer stratification
periods, and ultimately, lower near-bottom dissolved oxygen concentrations. We use
an index of shoreline canopy height and lake area to predict variations among our
study lakes in near-bottom dissolved oxygen concentrations at the end of the longest
stratification period (R? = 0.41). Upscaling this relationship to 8392 Swedish arctic-
alpine lakes revealed that near-bottom dissolved oxygen concentrations drop below
3,5,and 7 mg Ltin 15%, 32%, and 53% of the lakes and that this proportion is sensi-
tive (5%-22%, 13%-45%, and 29%-69%) to hypothetical tree line shifts observed in
the past century or reconstructed for the Holocene (200 m elevation; £0.5° latitude).
Assuming space-for-time substitution, we predict that tree line advance will decrease

near-bottom dissolved oxygen concentrations in many arctic-alpine lakes.

KEYWORDS
dissolved organic carbon, environmental change, forest-tundra ecotone, hypoxia, lake
ecosystem, lake stratification, thermal structure, wind speed

See also Commentary on this article by Jane and Rose 27, 4207-4209.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

4238 wileyonlinelibrary.com/journal/gcb Glob Change Biol. 2021;27:4238-4253.


www.wileyonlinelibrary.com/journal/gcb
mailto:﻿
https://orcid.org/0000-0003-0747-3524
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:marcus.klaus@posteo.net
https://doi.org/10.1111/gcb.15748
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.15660&domain=pdf&date_stamp=2021-05-18

KLAUS ET AL.

1 | INTRODUCTION

Oxygen is a key driver of the ecological and biogeochemical
functioning of lakes (Wetzel, 2001). Dissolved oxygen concen-
trations (DO) are of vital importance for aerobic biota (Evans,
2007; Vaquer-Sunyer & Duarte, 2008) and regulate the cycling of
carbon, nutrients, heavy metals, and greenhouse gases (Davison
et al., 1980; Hamilton et al., 1995; Liikanen et al., 2002; Mortimer,
1942) and are therefore a widely used indicator of water qual-
ity (Sanchez et al., 2007). In recent decades, DO has declined in
many lakes globally as a result of eutrophication and pollution
due to human activities (Jenny et al., 2016). Studies on DO de-
pletion have traditionally focused on productive lakes that are
under strong human pressures (Charlton, 1980; Edmondson et al.,
1956; Foley et al., 2012; Walker, 1979). However, DO frequently
depletes also naturally in the hypolimnia of many pristine lakes,
many of which are located in the northern forest landscape (Jenny
et al., 2016; Niirnberg, 1995). Oxygen depletion has been found in
many arctic-alpine lakes during winter (Leppi et al., 2016; Mathias
& Barica, 1980) but also in shallow thermokarst and permafrost
ponds during summer (Deshpande et al., 2015; Sepulveda-Jauregui
etal.,, 2015). In contrast, tundra lakes, especially in non-permafrost
areas, are generally considered well mixed and oxygenated during
summer (Karlsson et al.,, 2004; Vonk et al., 2015). The ongoing
climate warming and rising tree lines (Harsch et al., 2009) may
turn many tundra lakes into forest lakes. While tree line shifts can
cause rapid and strong changes in lake ecosystems (Macdonald
et al., 1993) it is uncertain if and how these changes would affect
lake DO. Understanding the patterns and drivers of DO in arctic-
alpine lakes across tree lines is therefore of vital importance for
predictions of their future functioning.

Dissolved oxygen concentrations in lakes are the net result of
a complex interaction of biogeochemical and physical sources and
sinks (Wetzel, 2001). DO is depleted when more DO is consumed
than supplied. DO is supplied mainly through atmospheric inva-
sion and water column mixing, which is usually mainly driven by
wind action, but also via gross primary production, which is mainly
controlled by light and nutrient conditions. DO is consumed during
decomposition of internally produced biomass or organic matter im-
ported from catchment soils (Couture et al., 2015; Nirnberg, 1995).
Terrestrial inputs contribute to the pool of dissolved organic carbon
(DOC) which often stains the lake color and reduces light penetra-
tion. This effect enhances thermal stratification and reduces deep-
water ventilation (Caplanne & Laurion, 2008; Read & Rose, 2013;
Saros et al., 2016), but also reduces benthic gross primary produc-
tion (Craig et al., 2015) and promotes net heterotrophy (ecosystem
respiration>gross primary production; Ask et al., 2012). Terrestrial
organic matter also often provides nutrients which can enhance
pelagic gross primary production (Daniels et al., 2015) and further
enhance the biomass pool to be decomposed. All these processes
can contribute to lower DO in near-bottom waters of stratified lakes
with higher DOC, as empirically demonstrated in previous synoptic
lake surveys (Lasenby, 1975; Nirnberg, 1995).
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Dissolved oxygen dynamics can be expected to vary among lakes
in alpine and arctic landscapes where heterogeneous topographic
and catchment conditions imprint in a mosaic of biogeochemical and
physical lake conditions (Jansson et al., 2008; Moser et al., 2019). A
distinct feature of these landscapes is the tree line ecotone, dividing
the landscape into forest and tundra. Forest and tundra lakes are fun-
damentally different in wind exposure and soil conditions. Relative
to forest lakes, tundra lakes are characterized by higher wind speeds,
lower surface temperatures and hence more intense mixing, and
lower terrestrial DOC inputs (Duff et al., 1998; Finstad et al., 2016;
Jansson et al.,, 2008; Rose et al., 2015). These characteristics have
potential effects on physical DO renewal and biogeochemical DO de-
mand. However, synoptic surveys along tree line ecotone are rare and
have usually not combined DO measurements with other physical and
biogeochemical characteristics of lakes and their catchments.

Arctic-alpine lakes are particularly vulnerable to environmental
changes because they are typically discontinuous cold polymictic and
can easily flip between mixing and stratification regimes (MacIntyre
et al., 2009; Michelutti et al., 2016; Saros et al., 2016). They are also
often relatively clear, which makes biological DO demand respond par-
ticularly strongly to changes in DOC inputs and light conditions (Luoto
et al., 2019). There are diverse environmental impacts on mixing and
DO dynamics in lakes and these are relatively well studied in temperate
or boreal lakes (Foley et al., 2012; Mammarella et al., 2018; Martinsen
etal., 2019; Pilla et al., 2018). Yet, relatively little is known about effects
in arctic-alpine lakes. An important environmental agent of change in
these types of lakes is the shift of the tree line (Moser et al., 2019). Tree
line shifts alter local wind speeds and hence lake stratification patterns
(Saros et al., 2012; Siver et al., 2018), but also change the terrestrial
input of DOC (Fallu et al., 2005; Pienitz et al., 1999). Through these
effects, shifting tree lines could potentially alter hypolimnetic DO. The
importance of such effects and whether they are primarily driven by
changes in wind speed or DOC inputs remains unclear. Yet, this infor-
mation is essential for accurate mechanistic predictions of tree line ef-
fects on mixing and oxygen dynamics in lakes.

Tree line effects can be expected to vary across lakes, because
external forces and drivers are moderated by lake-specific character-
istics such as morphometry and water color (Ficker et al., 2017; Read
& Rose, 2013; Woolway & Merchant, 2019). In particular, lake mor-
phometry can be expected to moderate effects on DO depletion and
replenishment through its control on thermal structure and sediment-
water interactions (Charlton, 1980; Niirnberg, 1995). This potential di-
versity in effects is rarely accounted for in studies on environmental
impacts on lake mixing and DO dynamics (but see Read et al., 2014),
partly because of a lack of high frequency measurements needed to
reveal subtle variations in durations and extents of stratification and
DO depletion (MaclIntyre et al., 2009; Mammarella et al., 2018). This re-
search gap calls for rigorous investigations of mixing and DO dynamics
in lakes with diverse morphometries across the tree line ecotone. The
Scandinavian arctic-alpine region is of primary interest in this context,
because the tree line has locally shifted by up to several hundred me-
ters in the past and similar future shifts are predicted (Bryn & Potthoff,
2018; Kullman, 1995; Moen et al., 2004; Wolf et al., 2008).
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Here we study patterns and drivers of mixing and DO among 40
Swedish arctic-alpine lakes located across the tree-line ecotone. We
address the question how lake and catchment characteristics cor-
relate with patterns of thermal stratification and DO dynamics near
lake bottoms. In particular, we investigate the relative importance of
physical and biogeochemical effects of shoreline vegetation on DO
dynamics and upscale the net effects across the Swedish arctic-alpine
landscape. We use these results to predict future changes for various
tree line shift scenarios under the assumption that spatial patterns

among lakes are representative of temporal changes within lakes.

2 | MATERIALS AND METHODS

2.1 | Study sites

We studied 40 lakes located in the Scandinavian Mountain range
in northwestern Sweden. The lakes are clustered in three regions:
Jamtland in the south (63°-64°N) sampled in 2016 and 2017,
Ammarnis in the center (66°N) sampled in 2016, and Abisko in the

north (68°N) sampled in 2018 (Figure 1; Table S1). Mean annual
air temperatures during 1960-1990 ranged from 0°C in the south
to -2°C in the north, and annual precipitation ranged from 300 to
1200 mm depending on orographic exposure. During the sampling
periods, air temperatures appeared to be similar across all three
study regions and within 0.5°C from the long-term means in Jamtland
and Ammarnas in 2016 and 2017, and 2°C higher in Abisko in 2018.
During the study period, autumn precipitation was 50%-100% of
long-term averages and summer precipitation was 100%-150% of
long-term averages (SMHI, 2020). The sampled lakes are located at
elevations between 367 and 998 m above sea level (a.s.l.). The tree
line varies from 600-800 m a.s.l. in the south to 400-600 m a.s.l. in
the north (Kullman, 1990). The studied catchment areas vary from 8
to 1230 ha. Above the tree line, the catchments are dominated by
dry heath and local occurrence of meadows. Below the tree line, the
catchments are dominated by birch (Beluta spp.) forests and local
Norway spruce (Picea abies) stands. Accordingly, lakes are hereafter
referred to as tundra and forest lakes. Soils are dominated by washed
glacial till on metasedimentary or metavolcanic rocks, with sporadic

or discontinuous permafrost above 700-1000 m a.s.l. (Gisnas et al.,

] m Forest
2] |:| Lake

() Sampling site
Elevation (m a.s.l)
- 1200
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lakes located in the study areas Abisko
(a), Ammarnas (b) and Jamtland (c). Also
shown are photographs taken by Sven
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2017). Mires are a minor land cover type in nearly all catchments.
The lakes have intermediate surface area (1.7-39.8 ha) and maximum
depth (1.9-31.2 m), are relatively clear (light extinction coefficient
ky =0.2-1.5 m™) and generally ice-covered from October to June.
The lakes in the study region are generally oligotrophic and net het-
erotrophic (Ask et al., 2012). The study lakes contain Brown Trout
(Salmo trutta), Arctic Char (Salvelinus alpinus), or both. Some lakes
also contain Eurasian Minnow (Phoxinus phoxinus) and Nine-spined

stickleback (Pungitius pungitius).

2.2 | Logger deployment

We deployed logger arrays hanging from buoys anchored at the
deepest point of each lake between June and September. DO was
measured using optical oxygen loggers (MiniDOT; PME) at 10 min
intervals at two depths: 0.5 m from the lake surface (hereafter re-
ferred to as near surface) and 0.7-7 m (mean 2.3 m) from the bottom
(hereafter referred to as near bottom). The distance of the near-
bottom logger was chosen to be larger in deeper lakes that were
likely to have deeper hypolimnia. To avoid potential bias caused by
possible near-bottom DO gradients, we aimed to place the near-
bottom logger in the middle of the hypolimnion (based on mean hy-
polimnion depth during the open-water season). Water temperature
was measured at 10 min intervals using thermistors (HOBO TidbiT
V2; Onset Computer Corporation) located at 0.5 m intervals in the
upper 3 m and at 1-5 m intervals down to the lake bottom. For more
details on oxygen and temperature logger deployment and accuracy
assessments, see Text S1. At nine lakes, we deployed weather sta-
tions (HOBO U30-NRC) and measured wind speed, wind direction,
relative humidity, air temperature, and air pressure every 10 s and
logged every 10 min. At 18 of the remaining lakes, we deployed cup
anemometers (HOBO S-WSA-MO003). All anemometers were in-
stalled onislands or the main land within 1-50 m (average 10 m) from
the shoreline at 1.9-2.5 m above ground. We did not a priori know
the prevalent wind direction for every lake. We therefore placed the
anemometers at accessible locations assumed to be representative

of the lake centroid and evaluated this assumption a posteriori.

2.3 | Physicochemical analysis

We sampled the lakes at their deepest point approximately every
5 weeks during the ice-free period. During each field visit, we meas-
ured depth profiles of photosynthetically active radiation (PAR),
water temperature, and DO every 0.5 m (0-3 m) or 1 m (3-10 m)
using handheld probes (LI-193 Spherical Quantum Sensor; LI-COR
Bioscience; ProDO; YSI). If lakes were stratified, we sampled water
at mid-epilimnion and mid-hypolimnion. Lake water was filtered
(acid-washed GF/F 0.7 um; Whatman), acidified with 500 pl of
1.2 M HCl per 50 ml of sample and analyzed for DOC and total dis-
solved nitrogen (TDN) using a total organic analyzer (IL 500 TOC-TN
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analyzer; Hach) at the Department of Ecology and Environmental
Science (EMG), Umea University. We calculated the light extinction
coefficient (k,) as the slope of the linear regression between natural
logarithm of PAR and depth. DOC was highly correlated with TDN
(Pearson correlation, r = 0.91) and k, (r = 0.96) and hence only DOC
is presented in this paper.

2.4 | Lake physics and morphometry

We used thermistor data to calculate the lower boundary of the
metalimnion using the function “meta.depths” provided by the
“rLakeAnalyzer” package for R (Read et al., 2011). This depth was
defined as the lowermost depth with a vertical density gradient of
0.05 kg m™ per meter. We evaluated the sensitivity of this depth to a
range of density thresholds of 0.01-0.10 kg m3m™? commonly used
in the literature (Gray et al., 2020). The lakes were considered strati-
fied whenever the density gradient threshold was passed. In four of
the study lakes (ZF10, ZF11, ZF13, and ZF21), we missed the onset
of the longest stratification period. We assumed the onset to have
occurred 10 days before we started monitoring, when regional air
temperatures rose consistently above freezing after a major storm
event (Figure S1).

We derived lake depth-volume and depth-area relationships
from bathymetric data collected using an echo sounder with internal
GPS antenna (Lowrance HDS-5 Gen2), interpolated by ordinary krig-
ing (rse = 0.3 m) using the geostatistical analysis package in ArcMap
10.1 (ESRI). Volumes and cross-sectional areas of each 0.5 m stratum
were calculated using the 3D analyst surface volume tool in ArcMap.

2.5 | Oxygen and temperature analysis

We characterized mixing and oxygen dynamics by the length of the
longest stratification period (Strat), the DO recorded by the near-
bottom sensor at the end of this period (DOy), and the rate of change
in volumetric DO concentrations (ADO) during this period. The ADO
was linear in our lakes, as in many other lakes (c.f. Couture et al., 2015;
Lasenby, 1975) and can be assumed independent of ambient DO in
terms of mechanisms (Cornett & Rigler, 1984). We therefore derived
ADO from linear least-squares regressions following Lasenby (1975),
using the “Im” function in the program R 3.6.1 (R Development Core
Team, 2019). In some lakes, near-bottom DO reached near-surface lev-
els within a few hours before the end of the stratification period due
to partial water column mixing. We identified this period by testing for
a break point in the regression at which the linear slope changes sign,
using the “segment” function in R (Muggeo, 2008), and excluded the
period from ADO calculations. Mean (£SD) residual standard errors of
the regressions were 0.18 + 0.12 mg L', or 15 + 30% of the total oxy-
gen change during the longest stratification periods. As additional in-
dicators of DO dynamics we also calculated the number of days when
DO was below 3, 5,and 7 mg L.
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2.6 | Computation of wind sheltering

We characterized the effect of wind on lake mixing as a function
of lake area and the height of shoreline trees or bluff topography
using the sheltering index W (Hondzo & Stefan, 1993). W denotes
the proportion of the lake surface area where wind shear contrib-
utes to turbulence and mixing and can theoretically range from O
(full sheltering) to 1 (full wind access). We estimated W following
Markfort et al. (2010):

2 - 2
e D?/2cos~1x,/D — x,/24/D* = X2,

A

where D = 2\/§ is the equivalent circular lake diameter and x, = ht
is the shear deficit length, assuming t = 50 times the height of the
adjacent sheltering feature (h). We computed W, where h = h_is the
average tree canopy height derived from a 12.5 m resolution gridded
tree height dataset (Skogsstyrelsen, 2020). We also computed W,
where h = h, is the standard deviation of elevation derived froma2m
resolution digital elevation model (Swedish National Land Survey,
2016). We computed h_and h, for 50 m wide buffers around the
lake shoreline after evaluating a range of buffer widths (Text S2). The
index W is valid for relatively round lakes and hence suitable for our
study lakes with shoreline development indices (perimeter/2\/ﬁ) of
1.75 £ 0.40.

We scaled wind speed from anemometer height (z) to stan-
dard heights of 10 m above ground using law of the wall scaling,
Up=U, (1 + %Iog (170>), where K= 0.4 is the von Karman con-
stant, and Cp, is the drag coefficient. We computed C, for nine lakes
with full meteorological observations as a function of air and surface
water temperature, wind speed, humidity, and anemometer height
(Smith, 1988) using an iterative procedure (Hicks, 1975) following
Maclintyre et al. (2020). The mean Cj decreased linearly with increas-
ing W,, indicating lower wind drag in less sheltered lakes as a result of
more frequent stable atmospheric conditions (Figure S3). We used this
relationship (Cp, = 2.4171 - 1073-4.304 - 10™* W, R? = 0.50) to scale C,,
across all lakes. W_ was the only significant among a range of tested

variables, including Ele, Lat, W,, DOC, and maximum depth (z

max)'

2.7 | Statistical analyses

We modeled DO, as linear least-squares regression functions
of W using the “Im” function in the statistical program R 3.6.1 (R
Development Core Team, 2019). We evaluated three models with
predictor variables W, W,, and their linear combination and com-
pared their fits by means of likelihood ratio tests using the “Irtest”
function of the R package “Imtest” (Zeileis & Hothorn, 2002). The
model with W_ alone yielded the highest goodness of fit (Table S2)
and adding W, to the model did not further improve the fit, indicat-
ing that DO, was predicted by sheltering through trees rather than
topography. We therefore limit our further analyses to W_ and call
the best model “DO; model.”

We further evaluated potential direct and indirect effects of W,
on DO; using structural equation modeling (SEM). We chose SEM
because of its flexibility in accounting for the expected interactions
of the many factors controlling DO, (Charlton, 1980). We defined
plausible causal pathways based on prior theoretical and empirical
studies and evaluated the strength and direction of these pathways
using our data. This approach is increasingly used in limnology to
evaluate hypotheses in complex effect chains (Klaus et al., 2019;
Lapierre et al., 2013). We predicted that DO, correlates with rela-
tively static geographical factors describing the lakes location and
morphometry, quasi-static biogeochemical factors characterizing
the decomposition of organic matter, and dynamic physical factors

including wind speed and stratification. Specifically, we predict:

1. DO; is lower in lakes with longer stratification periods (Strat)
and stronger declines in oxygen concentrations (ADO), based
on first principles.

2. stratification periods are longer in lakes with lower U, (Wetzel,
2001), in warmer lakes located at lower elevation (Ele) and lati-
tude (Lat) (Read et al., 2014), and in lakes with largerz___(Ficker et
al., 2017; Nurnberg, 1995)

3. ADO is more negative with higher DOC as a result of higher net
heterotrophy (Couture et al., 2015)

4. U,, increases with lower tree canopies relative to lake surface

max

area, and hence increases with W_(Markfort et al., 2010)

5. DOC decreases with W_ because lower tree canopies indicate
lower catchment biomass and hence DOC leaching from soils
(Jansson et al., 2008), and because a larger proportion of water
in larger lakes has passed and been degraded in upstream lakes
(Rasmussen et al., 1989)

6. W_increases with Ele and Lat because tree canopies can be ex-

pected to be higher in warmer areas (Simard et al., 2011).

We fitted the SEM using a piecewise approach where linear
equations are solved separately and then combined to build a single
model, using the “piecewiseSEM” package in R (Lefcheck, 2016). The
linear equations were never biased by multicollinearity, as indicated
by variance inflation factors always being <2. We evaluated whether
the SEM misses important links by Shipley's test of directed sepa-
ration using Fisher's C statistic (Shipley, 2013). A p > 0.05 indicates
an acceptable model. We fitted two SEM versions to account for
missing U, data: one that includes all variables but only the 27 lakes
with wind measurements, and one that excludes U, but includes all
lakes. We report raw and z-normalized path coefficients. We also
report the total effect (including all indirect and direct effects) of
each explanatory variable on DO, using the “semEff” package in R
(Murphy, 2020). We estimated 95% confidence intervals for total
effects using 10 000 bootstrap runs. We removed an outlier lake
(BDO8) because it sticks out with very high ADO relative to its DOC
(Figure S7), the smallest z,, and the highest TDN but one of the
lowest kj in the dataset (Table S1). We also explored a number of
additional alternative model structures but rejected those due to
poorer model fit (Text S3).
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2.8 | Upscaling and simulations

We used the DO, model fitted to our 40 study lakes to estimate
the general distribution of DO; in Swedish arctic-alpine lakes
listed in the ViVaN lake database (Nisell et al., 2007). To avoid
extrapolations, we only selected those 11988 lakes that were sim-
ilar to our field study lakes in terms of the DO, model input vari-
ables (A = 1.7-39.8 ha, h_ = 0-11 m) and that were located within
the Alpine Bio-geographical Region as defined by the European
Environmental Agency (2016). We also simulated how hypotheti-
cal tree line shifts would translate into DO; through changing h_
as follows:

First, we modeled mean h_ within the 50 m lake buffers as
a function of Ele, Lat, and longitude (Lon). We modeled these
relationships using quantile regression forests (QRF) by means
of the “quantregForest” package in the statistical program R
(Meinshausen, 2017). QRF is a machine learning tool where mul-
tiple decision trees are grown as in ordinary random forests, but
instead of estimating the conditional mean, QRF estimates the
conditional distribution of the response variable. We allowed
growing 500 trees with a minimum of five nodes and where one
variable was randomly sampled without replacement at each
node. This setting generated consistent results with different
random seeds selected. We fitted QRF to a training dataset (30%
of all lakes) and evaluated prediction accuracy for a validation
dataset (70%). QRF can better deal with multicollinearity than
SEM, which is why we here also included Lon (correlated with Lat,
r = 0.88) to explain potential residual variability by the distance
from the warming Atlantic ocean. We quantified the effects of
Ele, Lat, and Lon using the variable importance measure, which
is calculated by permuting each predictor variable and recording
the mean squared prediction error. The larger this measure the
more would the predictive accuracy decrease if the predictor
variable was excluded from the model.

Second, we used QRF (hereafter referred to as the “h_ model”)
to simulate canopy heights for hypothetical tree line shifts. We ex-
plored scenarios of tree line shifts along elevations of +50, +100,
and +200 m and along latitudes of £0.10°, £0.25°, and +£0.50°. These
scenarios cover the range of tree line shifts that occurred in the
Scandinavian mountain range at different time scales of decades to
centuries during the Holocene (Table S3).

Third, we used the DO, model and the modeled h_ to estimate
the distribution of DOy in Swedish arctic-alpine lakes for the dif-
ferent tree line shifts scenarios. We accounted for uncertainties in
QRF and DO; model predictions using a bootstrap approach. For
each lake, we randomly sampled 1000 times from the conditional
distribution of h_ predicted by the h. model, and from the nor-
mal distribution of DO, predicted by the DO, model with means
and standard deviations given by the “predict.Im” function in R.
For each of the resulting 1000 bootstrap simulations per lake, we
calculated DO, and report the mean and 95% confidence interval
among all bootstrap simulations of the proportion of lakes with
DO; <3,5and 7 mg L™
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3 | RESULTS

3.1 | Temporal variability in stratification and DO
within lakes

Seasonal patterns in U,,, and near-surface and near-bottom water
temperature and DO varied strongly among lakes across the forest-
tundra ecotone. This is exemplified in Figure 2 for typical forest, tree
line, and tundra lakes. Relative to the forest lake, the tundra lake is
characterized by higher U,,, smaller vertical temperature gradients,
shorter stratification periods, and a shift from negative to positive
DO trajectories in the near-bottom waters. Whenever the lakes
stratified, the near-bottom DO diverged from near-surface DO, with
relative drops of up to 6.5 mg L™ below the tree line and increases
of up to 1.2 mg L'* above. Lakes differed in how stratification re-
sponded to storm events and surface cooling. While the forest lake
remained stratified for a prolonged period, despite occasional storm
events, the tree line lake shifted more frequently between stratifica-

tion and mixing and the tundra lake was nearly continuously mixed.

3.2 | Patterns and correlates of DO; among lakes
The DO observations represented hypolimnia that comprised around
17% (range 1%-64%) of whole-lake volumes, assuming DO being ho-
mogenous across the hypolimnia (Figure S4). The DO dropped below
7,5,and 3 mg L for 37, 14, and 0 days as a median among the study
lakes (range: 4-92, 0-38, and 0-16 days; Figure S5). DO; ranged from
1.1 to 15.5 mg L'! (Table S1). The near-bottom DO loggers were lo-
cated well within the hypolimnion in most lakes (Figure S6a). DO, was
not correlated with the distance of the logger relative to the lake bot-
tom and the extent of the hypolimnion, hence there was no systematic
pattern in deployment that might bias these results (Figure Sé6b).

The variability in DO, was well explained by the SEMs (Fisher's C
p > 0.05) shown in Figure 3. All direct effects are shown as biplots in
Figure S7 and underlying statistical details are given in Table S4. We
here describe in detail the SEM fitted to data from all lakes and after
that highlight important differences to the SEM fitted to a subset of
lakes with wind measurements. Our originally hypothesized models
had a Fisher's C with p = 0.002, and the test of directed separation
(p = 0.0002). This
link likely reflects slower water turnover and/or increased oxidation
of DOC in deep lakes (Charlton, 1980; Rasmussen et al., 1989). We
therefore included this link in our final SEM. The final SEMs sug-

gested that DOy decreased significantly with longer Strat and more

indicated a missing link between DOC and z,,_

negative ADO. Together, these factors explained 67% of variance in
DO; among lakes, as indicated by the coefficient of determination
(R?) in Figure 3. Strat varied from 1 to 125 days, increased signifi-
cantly withz, _and decreased significantly with W_ (R>=0.72). ADO
varied from +0.15 to -0.20 mg L'! day™ and became increasingly
negative with higher DOC (R? = 0.30). DOC varied from 0.5 to 7.4 mg
L™ and decreased significantly with W_and z,_, (R? = 0.73). W_in-
creased significantly with Lat and Ele (R? = 0.56). The SEM fitted to
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FIGURE 3 Piecewise structural equation model to explain near-bottom dissolved oxygen concentrations at the end of the longest
stratification period (DOy) as functions of static geographical, quasi-static biogeochemical, and dynamic physical characteristics. DO, is a
direct function of the change rate in dissolved oxygen concentrations (ADO), and the length of the longest stratification period (Strat), and
an indirect function of maximum lake depth (z,_,,), dissolved organic carbon (DOC) concentrations, wind speed at 10 m height (U,,), latitude
(Lat), elevation (Ele), and the sheltering index (WC). Numbers in boxes show z-normalized path coefficients. The coefficient of determination
(R?) expresses the proportion of variance explained by the paths. Path coefficients and R? are given for the full set of lakes that includes the
path W_—Strat (dashed line, numbers in brackets) and for a subset of lakes with wind measurements that includes the path W_—U,,—>Strat
(dotted lines, numbers without brackets). Fisher's Cis 54.2 (p = 0.10) and 39.2 (p = 0.08), respectively. Significance levels: “*” = 0.05,

7 =0.01, “***” = 0.001. Biplots of all relationships are shown in Figure S7

data from lakes with wind measurements generally revealed similar
relationships, but here U,, described more explicitly the effect of
wind sheltering on stratification. Specifically, U,, varied from 1.1
to 5.7 m s, increased significantly with W, (R? = 0.31) and had a
significant negative effect on Strat. The SEMs were robust against
assumptions behind stratification calculations. Path coefficients
that include Strat were similar for different hypothetical onsets

of stratification in four lakes that were already stratified when we
started monitoring (Table S5). Strat, ADO, and DO, were nearly iden-
tical for different water density gradient thresholds (0.01-0.10 kg
m3 m’i) that define stratified periods, with mean differences (mean
relative differences) between the two extreme scenarios of 0.4 days
(1.6%), 0.0001 mg L'! day™ (2.5%), and -0.0013 mg L™ (0.01%),
respectively.
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Considering the total effects that integrate all direct and indi-
rect effects, DO; was primarily determined by ADO (Table 1). In
the full dataset, DO, decreased significantly by 0.66 and 0.30 stan-
dard deviations for a decrease in ADO and an increase in Strat by
one standard deviation, respectively. For the subset of lakes with
wind measurements, DO, was more strongly determined through
the DOC pathway compared to the U, pathway. Specifically, DO;
decreased significantly by 0.42 SDs for an increase in DOC by one
standard deviation, while the total U, , effect was only 0.07 and not

significant. The z_ did not explain any significant variability in DO,.

3.3 | Tree sheltering effect on DO;

W._ explained 41% of the variability in DO, (Figure 4a). DOf ranged from
1.1 to 15.5 mg L' and decreased from an average of 8 mg L' in fully
exposed lakes (W, = 1.00) to 4 mg LY in fully sheltered lakes (W, =0.00).
DO; values resulted from total DO changes during the longest stratifi-
cation period from -9 to +4 mg L™ (Figure 4b). These extremes in total
DO changes were reached in lakes with intermediate Strat but strongly
positive or negative ADO. Interestingly, there was no lake with long
enough stratification and strong enough DO depletion to allow anoxia.

At the sampled lakes, h_ ranged from O to 11 m and A from 1.7
to 39.8 ha, which represents 16.1% of all Swedish arctic-alpine lakes
(Figure 4c). The sampled lakes fall into a range where W_ responds
strongly to changes in h_for a given A and are therefore particularly

suitable to investigate W_ effects on lake conditions.

3.4 | Simulated effect of tree line shifts on DO;

We upscaled W_and DO to lakes in the whole Swedish arctic-alpine

region that are similar to the field study lakes (A = 1.7-39.8 ha,
h. = 0-11 m; Figures 1 and 4c). An important intermediate step in

TABLE 1 Total standardized effects

S i ey

upscaling was to yield canopy height using the h. model. Canopy
height was primarily determined by Ele (variable importance 1023),
followed by Lat (906) and Lon (464). This ranking should, however, be
regarded with caution because of the high correlation of Lat and Lon
(r=0.88). All predictors included in the h_ model explained together
89% and 69% of the variation in h_in the training and testing dataset
(Figure S8). The good performance suggests that the h_ model is suit-
able to predict h_(see predictions in Figure S9) and hence W_ under
scenarios of elevational and latitudinal tree line shifts.

For steady state conditions, W_had a bimodal distribution with peaks
around 0 and 1, indicating that most lakes were either fully sheltered or
not sheltered at all (Figure 5a). DO; ranged from O to 15 mg L and had
a wide peak around 6 mg L™ (Figure 5¢). The distribution suggests that
14.5,32.0, and 52.7% of all lakes had modeled DO, of <3, 5,and 7 mg Lt
(Table 2). Tree line advance would enhance the number of lakes with W,
near O at the expense of lakes with W_near 1 (Figure 5a). Consequently,
the peak of the DO distribution would shift down toward around 5, 4.5,
or 4 mg L? for tree line advances of 50, 100, or 200 m, respectively
(Figure 5c). Conversely, tree line retreats of these amounts would shift
the peaks to around 7, 8, and 9 mg L. The proportion of lakes with
DOf of less than 3, 5,and 7 mg L"! would increase to 21.6%, 45.3%, and
68.5% for a 200 m tree line rise and decrease to 5.1%, 13.4%, and 29.0%
for a 200 m tree line descent (Table 2). Latitudinal tree line shifts had
only minor effects on the DO, distribution (Figure 5b,d).

4 | DISCUSSION
4.1 | High between-lake variability in mixing and
oxygen dynamics

This study provides evidence for high variability in mixing and DO
dynamics among intermediately sized Swedish arctic-alpine lakes.

Our study lakes covered the whole range from continuous cold

Total effects

(mean and 95% confidence intervals [Cl])

of lake and catchment characteristics on Lakes with U,, measurement All lakes

near-bottom oxygen concentrations at the

end of the longest stratification period Predictor Mean Lower CI Upper CI Mean Lower CI Upper CI

(DO,). Total effects integrate all direct and ADO’ 0.69 0.41 0.90 0.66 0.48 0.82

indirect effects included in the structural .

. . Strat -0.17 -0.46 -0.12 -0.30 -0.52 -0.09

equation model (Figure 3). Effects are

given for a subset of lakes with wind DocC -0.42 -0.63 -0.20 -0.37 -0.56 -0.20

measurements, and for the full set of lakes Uso 0.07 -0.02 0.28 NA NA NA

but excluding wind speed w, 0.28 0.15 0.42 0.36 0.24 0.49
Ele’ 0.28 0.16 0.44 0.30 0.19 0.42
Lat’ 0.17 0.06 0.32 0.24 0.12 0.33
z -0.02 -0.28 0.18 -0.07 -0.24 0.14

Abbreviations: ADO, change rate in near-bottom dissolved oxygen concentrations; DOC,
dissolved organic carbon concentrations; Ele, elevation; Lat, latitude; Strat, length of the longest

stratification period; U,,, wind speed at 10 m height; W, sheltering index; z

depth.

*Significant effects (p < 0.05).

max’

maximum lake
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FIGURE 4 Patterns of near-bottom dissolved oxygen dynamics, tree sheltering and stratification among the sampled lakes: dissolved
oxygen concentrations at the end of the longest stratification period (DOy) as a function of the sheltering index (W; a). The solid line shows
the linear regression DO, = 4.14 (+0.69) + 5.56 (+1.08) W, R?=0.41,p < 0.001. Excluding the observation with DO, = 15.5 mg L't would not
strongly impact the relationship and yield DO, = 4.05 (+0.59) + 5.36 (+0.93) W, R? = 0.47,p < 0.001. The dashed and dotted lines in a) show
95% confidence and prediction intervals. The total change in dissolved oxygen concentrations is visualized by isolines in (b), as determined
by the length of the longest stratification period (Strat) and the rate change of dissolved oxygen concentrations (ADO). The dependence of
W._ (red solid lines) on tree canopy height (h ) and lake area (A) is shown in (c). Circles denote the sampled lakes, blue shading denotes the
density of Swedish arctic-alpine lakes, dashed lines denote the range of the sampled lakes

polymictic to dimictic types typical for arctic-alpine lakes (Caplanne
& Laurion, 2008; Maclintyre et al., 2009; Michelutti et al., 2016;
Saros et al., 2016). ADO was negative in most of our lakes, which
indicates net heterotrophy as shown previously for lakes in the
study area (Ask et al., 2012). ADO was positive in a few relatively
clear and shallow lakes, which indicates net autotrophy common for
these types of systems (Mcgowan et al., 2018; Sadro et al., 2011).
ADO covered nearly the whole range reported for various lakes
worldwide (Charlton, 1980; Couture et al., 2015; Miiller et al., 2012;
Nurnberg, 1995), but was less negative than in thermokarst ponds
(Deshpande et al., 2015). Combined, ADO and Strat translated into
a wide range of DO; which is a typical feature of arctic-alpine lakes
(Eggermont et al., 2007; Leppi et al., 2016).

4.2 | The dual shoreline vegetation effect

Figure 6 summarizes conceptually the characteristics that explain
variations between lakes in mixing and oxygen dynamics. The figure
shows conditions for relatively small and large, and relatively shallow

and deep lakes located in the tundra and forest landscape. Relative
to tundra lakes, forest lakes are less wind exposed (see also Figure
S3b), have higher DOC, and are generally less well mixed and contain
less oxygen. We interpret these differences as being a result of taller
shoreline vegetation (c.f. Couture et al., 2015; Finstad et al., 2016;
Foley et al., 2012; Mcgowan et al., 2018; Pienitz et al., 1997; Reuss
et al., 2010). Another important discriminant is lake size. Larger
lakes are more wind exposed and therefore more well mixed and
hence oxygenated for the same shoreline canopy height (Markfort
et al., 2010). Larger lakes also contain less DOC that can be oxi-
dized because a larger proportion of incoming water has passed and
been degraded in upstream lakes (Rasmussen et al., 1989). Deeper
lakes contain less DOC mainly because of slower water turnover
(Rasmussen et al., 1989). However, less DOC does not result in
higher DO; because more of the incoming DOC is oxidized in the hy-
polimnia being thicker in lakes with larger maximum depth (r = 0.94
in our dataset) and less oxygen is replenished because of less intense
mixing (Charlton, 1980). Therefore, maximum lake depth had no
total effect on lake DO,. All the processes shown in Figure 6 rely on
first principles in limnology and should therefore be relevant across
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TABLE 2 Modeled proportion of Swedish arctic-alpine lakes
with dissolved oxygen concentrations at the end of the longest
stratification period of below 3, 5, and 7 mg L'! for different
scenarios of elevational and latitudinal tree line shifts. The
proportions refer to 8392 lakes randomly sampled from all
Swedish arctic-alpine lakes that are similar to the field study
lakes (A = 1.7-39.8 ha, h_ = 0-11 m). 95% confidence intervals
of means from 1000 bootstrap realizations were always within
+1.0%

Proportion of lakes (%)

Scenario <3mglL? <5mgL? <7mglL?
Status quo 14.5 32.0 52.7
Elevational shift (m)
-200 5.1 13.4 29.0
-100 9.7 22.6 40.9
-50 12.2 27.7 47.5
+50 17.1 36.8 58.5
+100 19.0 404 62.7
+200 21.6 45.3 68.5
Latitudinal shift (°)
-0.50 13.0 29.0 49.0
-0.25 13.8 30.7 51.1
-0.10 14.0 31.1 51.7
+0.10 15.0 33.1 54.0
+0.25 15.5 34.0 55.2
+0.50 16.7 36.2 57.7

DO; (mg L™

the arctic-alpine region, but further studies from outside Sweden
are needed to confirm this hypothesis.

Structural equation modeling provided statistical support for
the dual effects of shoreline vegetation on lake mixing and oxygen
dynamics through wind sheltering and terrestrial inputs of DOC.
This is a way forward relative to previous paleolimnological studies
which could not fully disentangle these effects due to the lack of
reliable and independent proxies and because these studies were
limited to only one or a few lakes (Reuss et al., 2010; Saros et al.,
2012; Wolfe et al., 1999). Our SEM suggested that W, effects on
DO; were more strongly mediated through the DOC pathway, rel-
ative to the U,, pathway. The relatively low importance of the U,
pathway may partly be explained by the possibility that our shore-
based wind speed measurements may not have fully captured the
effects of fetch and canopy height on wind speed at the lake cen-
troid. However, our combined wind speed and wind direction mea-
surements at nine of the study lakes support the assumption that the
anemometer locations are representative of lake centroids in terms
of the effective fetch (Text S4; Figures 510-S12). Even if we as-
sumed an (unrealistic) 100% correlation between Strat and U, ,, the
U,, pathway would still have a slightly lower total effect (0.18) than
the DOC pathway (-0.42). This result is in line with our observation
that DO, was not explained by wind sheltering through topographic
features (described by W,), but rather by wind sheltering through
trees (described by W_; Table S2) which stresses the importance of
trees primarily as sources of organic matter to lakes, and secondarily

as wind shelters.
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FIGURE 6 Conceptual figure of the dual effect of shoreline vegetation on dissolved oxygen (DO) concentrations near the bottom of
arctic-alpine lakes. Shown are conditions for relatively small and large (surface area ~2 and ~40 ha), and shallow and deep (maximum depth
~2 and ~30 m) forest and tundra lakes. Shoreline vegetation shelters lakes from wind action and reduces mixing and DO replenishment

and increases net DO consumption through enhanced terrestrial inputs of dissolved organic carbon (DOC). Lake size modifies these
relationships. Symbol size scales with intensity/size of the process/characteristic. Lake DOC concentrations are visualized by a color gradient
from dark to light brown (high to low DOC). W_is the sheltering index, U, is wind speed at 10 m height

Assuming that spatial and temporal variation are equivalent,
this finding may have important implications for the trajectory
that U,,, DOC, and DO, would follow in a given lake in response
to tree line shifts. The trajectory would depend on the time scales
at which influential conditions respond to a stressor (Randsalu-
Wendrup et al.,, 2016). During relatively slow gradual tree line
shifts, the decrease in U;, and increase in DOC can be expected to
occur roughly in synchrony with rising canopy height (Tanentzap
et al., 2008). This synchrony, however, is broken by catastrophic or
disturbance events such as frost damage, moth defoliation, wild-
fires, reindeer browsing, or land use change (Cansler et al., 2018;
Cudlin et al., 2017; Van Bogaert et al., 2011). While such events
would rapidly increase U,,, soils would continue to leak DOC for
a longer period of time until the buildup of carbon stocks is de-
pleted (Hagedorn et al., 2008). Relatively high DOC levels would
then sustain relatively low DO levels. The slow response of DOC
leakage is supported by observations from southern Swedish lakes
where afforestation has likely caused a centennial long rise in lake
DOC (Kritzberg, 2017). The existence of such legacy effects of
tree line shifts needs to be verified by explicit experimental tests
or long-term monitoring of arctic-alpine lakes around the tree line
ecotone.

4.3 | Landscape level sensitivity of lake oxygen to
tree line shifts

Upscaling results from the study lakes demonstrate a strong sen-
sitivity of DOy in Swedish arctic-alpine lakes to realistic tree line
shift scenarios. Our upscaling predicts widespread oxygen deple-
tion in Swedish arctic-alpine lakes for the scenario that tree line ad-
vance continues the 20th century trends found in many locations in
Fennoscandia (Table S3). Such a trajectory is within projections for

21st century climate change scenarios (Moen et al., 2004; Pearson
et al., 2013; Wolf et al., 2008). The resulting DO predictions should,
however, be considered with caution, because temporal trajectories
may differ from spatial patterns. Moreover, tree line advance may in
reality not keep up with predicted warming rates (Hofgaard et al.,
2013; Rees et al., 2020) and can vary locally or be masked by other
important drivers of tree line dynamics such as land use legacy, graz-
ing etc. (Cudlin et al., 2017; Kullman & Oberg, 2009; Van Bogaert
etal., 2011).

Our upscaling was representative of a large proportion of arctic-
alpine lakes in terms of DOC concentrations because 72% of global
arctic-alpine lakes fall into the range of 0.5-7.4 mg DOC L™ (Sobek
et al., 2007). However, upscaling was limited to intermediately sized
lakes. While lakes larger than our study lakes (A > 39.8 ha) are rare in
the arctic-alpine region in Sweden (1.7%), smaller lakes (A < 1.7 ha)
are common (81.8%). Similar patterns exist globally (<1% and 95%)
according to equations by Downing et al. (2006) and assuming the
minimum A is 0.1 ha. Such ponds can be expected to be well shel-
tered if they are located at or below the tree line (Figure 4c). Our
upscaling (Figure 5) may therefore underestimate the proportion of
lakes with low oxygen concentrations for tree line rise scenarios. To
test this hypothesis and for a full understanding of landscape scale
consequences of tree line shifts, we urge further studies on oxygen

dynamics in ponds across the tree line ecotone.

4.4 | Canarctic-alpine lakes turn anoxic? The
potential role of warming

Anoxia would result from a combination of sufficiently long strati-
fication and sufficiently large DO depletion rates, for example,
ADO < 0.2 mg L' day™ and Strat > 50 days. We did not observe
such conditions (Figure 4b) and therefore predict that tree line uplift
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is unlikely to cause anoxia in lakes similar to the study lakes if all
other conditions remained constant (Figure 5). However, alternative
stressors, in addition to tree line uplift, may indeed drive arctic-
alpine lakes toward anoxia. Importantly, tree line shifts are often
driven by climatic changes (Harsch et al., 2009; Cudlin et al., 2017)
and interact with these changes in their impact on lake DO. For ex-
ample, climate warming and enhanced precipitation would further
enhance DOC inputs to lakes (de Wit et al., 2016; Weyhenmeyer
& Karlsson, 2009). Warming air may translate into warming of lake
surface waters relative to bottom waters (Bartosiewicz et al., 2019;
Reilly et al., 2015), which prolongs and intensifies thermal stratifi-
cation (MaclIntyre et al., 2009; Michelutti et al., 2016; Saros et al.,
2016) and hence aggravates DO depletion (Bartosiewicz et al., 2019;
Ficker et al., 2017; Wilhelm & Adrian, 2008). Warming could become
the main driver of hypoxia once other factors have shifted the lakes
toward reduced DO (Foley et al., 2012; Jenny et al., 2016; North
et al., 2014). Clearly, the complex interactions of climate and catch-
ment effects on lake DO deserve further attention.

5 | CONCLUSIONS

This study shows that Swedish arctic-alpine lakes with taller shore-
line vegetation relative to lake surface area stratify more strongly
and have lower near-bottom oxygen concentrations primarily be-
cause of higher DOC concentrations and secondarily because of
lower wind speeds. Based on this finding, we predict tree line shifts
to cause widespread changes in lake mixing and oxygen dynamics at
the landscape level. Our results underpin the tight coupling between
catchment vegetation and gas dynamics in lakes (Jansson et al., 2008;
Maberly et al., 2013) and highlight important indirect consequences
of terrestrial greening and subsequent aquatic browning (Finstad
et al., 2016; Kritzberg, 2017) for aquatic biota and biogeochemical
cycling (Solomon et al., 2015). For example, stronger thermal strati-
fication and DO depletion decrease available fish habitat and may
reduce growth and reproduction of cold-water fish (Anttila et al.,
2015; Coutant, 1985; Schindler et al., 1996). Hypoxia will further af-
fect the cycling of carbon, nutrients, heavy metals and greenhouse
gases (Bartosiewicz et al., 2019; Davison et al., 1980; Hamilton et al.,
1995; Liikanen et al., 2002; Mortimer, 1942) and stratification affects
air-water gas exchange (Aberg et al., 2010; Macintyre et al., 2020).
The centrality of stratification and oxygen to key functions of lake
ecosystems implies that tree line shifts and subsequent changes in
stratification and oxygen status stand to have far-reaching impacts
on the biological, chemical and physical patterns and processes of

arctic and alpine lakes.
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