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Abstract Climate warming is increasing thermal
stratification depth, strength, and duration in lakes,
leading to more frequent hypolimnetic oxygen deple-
tion. Most research has focused on eutrophic temper-
ate lakes, which differ significantly from boreal lakes
that dominate Earth’s landscape. However, assess-
ing the impact of hypoxia, confounded by browning,
warming, and altered stratification, on biogeochem-
istry and ecological processes in boreal lakes is par-
ticularly challenging. Here, we test how oxygenat-
ing a hypoxic hypolimnion affects water chemistry,
bacterial and primary production (BP and PP), and
detritus degradation in a shallow humic boreal lake
divided into two basins in an experimental four-year
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Before-After Control-Impact (BACI) design. After
two control years, we oxygenated the hypolimnion
of one basin during two stratified periods without
disturbing the seasonal development of the thermo-
cline. Hypolimnetic oxygen concentrations moder-
ately impacted lake biogeochemistry. Reoxygenation
altered nitrification pathways (increased NO;™) of
the hypolimnion, and slightly decreased epilimnion
and lake BP (— 6.1% of annual average) and green
tea degradation (— 6.0%), whereas Rooibos degrada-
tion slightly increased (7.3%). Other water chemistry
parameters remained within natural variation. We
compared our BACI approach, which separates natu-
ral variation, to the simpler Before vs After approach,
which does not. We find that studies not accounting
for seasonal and among-year variability may over-
estimate the effects of oxygenation on hypolimnion
biogeochemistry, as much of the observed impact is
due to natural climate variation. Climate warming
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and altered stratification patterns are therefore likely
to impact boreal lake algal and bacterial production
and degradation more than hypolimnion hypoxia dur-
ing the stratified period.

Keywords Oxygenation - Stratification - Global
change - Bacterial production - Degradation -
Hypolimnetic oxygen depletion

Introduction

Climate warming is intensifying thermal stratifica-
tion in lakes, leading to more frequent hypolimnetic
oxygen depletion (Jansen et al. 2024; Klanten et al.
2023; Klaus et al. 2021). While most of Earth’s lakes
are in the boreal zone, far from human development,
research on hypoxia’s biogeochemical impacts has
predominantly focused on hyper-eutrophic lakes in
the temperate zone (Jane et al. 2021), which exhibit
significantly different patterns and processes com-
pared to their northern counterparts. Global warm-
ing has led to widespread increases in surface water
(epilimnion) temperatures and extended the duration
of summer thermal stratification in northern lati-
tudes lakes over the last decades (Jansen et al. 2024,
Jenny et al. 2016; Klanten et al. 2023; Woolway &
Merchant 2019), although in north-eastern Canada
only the thermal stability and not its phenology
has changed (Hadley et al. 2014). In addition, these
boreal lakes are impacted by increased inputs of ter-
rigenous colored dissolved organic matter (cDOM,;
“i.e., lake browning”) caused by warming and altered
precipitation patterns (De Wit et al. 2016), recov-
ery from acid deposition (Garmo et al. 2014; Mon-
teith et al. 2007), intensified agriculture and forestry
(Kritzberg 2017), and catchment greening (Berner &
Goetz 2022; Finstad et al. 2016; Guay et al. 2014).
Lake browning enhances thermal stratification and
intensifies the warming of the epilimnion due to the
high light absorption capacity of cDOM, which is
converted to heat in the process (Couture et al. 2015;
Jones 1992; Puts et al. 2023). Boreal lakes tend to
be fairly shallow and organic rich (Cael & Seekell
2016; Toming et al. 2020), leading to rapid warming
with strong thermal stratification in summer, which
together with high microbial activity and oxygen con-
sumption (Staehr et al. 2012; Strock et al. 2017) fre-
quently causes anoxic or hypoxic conditions (Klanten
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et al. 2023; Klaus et al. 2021). Combined impacts of
global changes therefore promote warmer and shal-
lower epilimnetic waters and larger volumes of cold
oxygen-poor hypolimnetic (bottom) waters due to
changes in thermal stratification (Bartosiewicz et al.
2019; Pilla et al. 2018), which in turn may impact
biogeochemical cycles and the productivity and gen-
eral ecology of lakes.

Low concentrations, or even absence of dissolved
oxygen (hypoxia<3 mg/L. and anoxia; 0.001 mg/L,
respectively) impact lake chemistry in several ways.
The nitrogen cycle is complex but may shift to
decreased nitrification and increased denitrification
under anoxic conditions, resulting in higher ammo-
nium (NH,*) and variable, but often lower nitrate
(NO;™) concentrations (Gautreau et al. 2020; Romil-
lac 2019). In addition, periodic anoxic conditions in
the hypolimnion induces sediment release of phos-
phate (PO,*") (Mortimer 1971; North et al. 2014),
cDOM (Brothers et al. 2014; Peter et al. 2017; Peter
& Sobek 2018), nitrogen, and iron (Dimberg & Bryhn
2015; Von Wachenfeldt & Tranvik 2008) from car-
bon rich sediments or waters. Reversing these anoxic
processes by reoxygenating the hypolimnion would
thus likely result in decreased PO,*~ and NH,*, but
increased NO;~ concentrations especially in the
hypolimnion (Carey et al. 2022).

Algal and bacterial production are crucial com-
ponents for lake food webs that respond closely to
changes in biogeochemistry. Primary production
(PP) by phytoplankton follows spatial-temporal gra-
dients in nutrient, light and temperature conditions
over the water column and is mainly confined to the
epilimnion in stratified brown boreal lakes (Jones
1992; Puts et al. 2023), unlike temperate or boreal
clear-water lakes that often have a deep chlorophyll
maximum (Leach et al. 2018; Fee 1976; Tonin et al.
2022. During the stratification period, the epilimnion
of boreal lakes is mainly influenced by external inputs
of elements from catchments and by surface water
heating, capturing the seasonal climate variability in
summer (Bergstrom & Jansson 2000). In contrast, the
hypolimnion’s biogeochemical processes are sealed
off from these external influences due to stable ther-
moclines and are largely affected by variations in
oxygen concentration. In the absence of extreme
storm events, nutrients released from sediments due
to summer hypoxia are therefore unlikely to reach the
epilimnion, and for that reason likely to have minor
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impacts on primary production (PP). However, algae
may use nutrients from the hypolimnion during ver-
tical diel-migration, which is mostly recorded in
temperate lakes with high abundances of blue-green
algae (Ganf and Oliver 1982; Molot et al. 2014).
Blue-green algae are uncommon in northern Boreal
brown lakes (Deininger et al. 2017; Puts et al., 2023),
and hypolimnion-nutrient utilization would thus more
likely happen by migrating mixotrophic and auto-
trophic flagellates that are highly abundant in high
cDOM lakes (Hansson et al. 2019).

Heterotrophic bacterial communities, on the other
hand, adapt to the available electron donors, follow-
ing the electron tower hierarchy (in falling hierarchys;
O,, nitrate, iron, sulfate, CO,), resulting in distinct
bacterial producer patterns across depth and tempo-
ral-spatial gradients (Berggren et al. 2010; Martinez-
Garcia et al. 2013; Shade et al. 2008). Moreover,
redox conditions (specifically O, availability) deter-
mine the rates of CO, and CH, production, and thus
the emission potential of greenhouse gasses (Carlsen
et al. 2025; Pajala et al. 2023). Induced anoxic condi-
tions likely shift the microbial community from using
O, to using more energy demanding nitrate or sulfate
as electron acceptors, potentially reducing bacterial
production (BP) and degradation of organic mate-
rial (Burgin et al. 2011; Bush et al. 2017). However,
since organic material degradation is complex and
involves various factors (like photochemical oxida-
tion, nutrient and mineral availability) and organisms
(heterotrophic and autotrophic bacteria, fungi), it can
be complemented with measurements of organic mat-
ter degradation. Research has shown that reversing
oxic-anoxic conditions experimentally often results
in similar degradation rates (Bastviken et al. 2004),
indicating that the complexity in breakdown is accu-
rately constrained this way. Therefore, degradation of
standardized OM can be used as a complement for BP
measurements.

Overall, the effects of altered stratification patterns
on biogeochemistry, BP, PP and degradation and
resulting changes in oxygen levels on whole ecosys-
tems are understudied. Changes in stratification and
induced hypoxia are linked to warming and brown-
ing (De Wit et al. 2016; Leech et al. 2018) and are
projected to continue to increase with global change
with likely significant impacts on boreal lake ecosys-
tems. Despite the increasing occurrence of hypolim-
nion hypoxia and extended stratification periods and

strengths, studies isolating its impacts from climate
variability on whole lake ecosystems are rare. Exist-
ing studies often use a Before vs. After (BvA) design,
which does not control for other factors including
natural seasonal and interannual variability, or a Con-
trol vs. Impact (CvI) design, which does not account
for variation due to differences between the sites. To
address these limitations, a Before-After Control-
Impact (BACI) design is proposed, involving meas-
urements at both an impact site and a control site
before and after the intervention (Fisher et al. 2019;
Underwood 1994). This design requires double the
effort but helps attribute changes specifically and
minimizes the limitations of seasonality (BvA) and
site differences (CvIl). Given hypoxia’s long-term
effects occurring alongside natural and anthropo-
genic climatic changes, assessing its impact with-
out the confounding influences of seasonality and/
or site characteristics requires comprehensive BACI
measurements. The few previous lake reoxygenation
experiments (using BvA or Cvl) confirm complex
ecosystems impacts, with both reduced (Carey et al.
2022) and increased (Inoue et al. 2017; Riccardi and
Mangoni 1996) carbon and nutrient concentrations,
accompanied by altered electron acceptor pathways
(McClure et al. 2021). However, impacts on PP and
BP were not considered in previous studies in brown
boreal lakes, and neither were the effects of hypoxia
separated from weather variability. Here, we first
address this knowledge gap, and test how hypoxia
affects biogeochemistry, PP and BP, and the degrada-
tion of organic material. For this we use a four-year
BACIT setup where we reoxygenated the hypolimnion
in one of two well-separated basins of a small boreal
lake. Secondly, we compared conclusions of our
BACI design to the outcome of the BvA design.

We predict that oxygenation of the hypolimnion
results in the following observations:

1. Hypoxia and climate will have distinct independ-
ent effects on lake biogeochemistry, as well as
bacterial and primary production.

2. During stratification, epilimnion biogeochem-
istry remains unaffected by oxygenation of the
hypolimnion.

3. Increased NO;~ and reduced TN, TP, DOC,
PO,*~, NH,* in the hypolimnion.
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4. The results using BACI approach and analysis
will differ from the outcome using an analysis
based on a BvA design.

Methodology & approach
Experimental setup and approach

To test how hypoxia affects the biogeochemistry and
ecological functioning in boreal shallow lakes, we
adopted a backwards-experimental approach. We use
this approach because adding oxygen to the hypolim-
nion is easier than removing it, and we can leverage
a long history of hypolimnetic oxygenation technolo-
gies to maximize success. We oxygenated a naturally

Fig. 1 the Before-After
Control-Impact setup with

hypoxic hypolimnion in a typical boreal shallow lake
with two well-separated basins with brown water
(the “Ljusvattentjarn” lakes; coordinates in decimal
degrees: 39.311°, — 102.292°, seasonal average Kd
for the basins are 2.0+0.3 and 1.9+0.2) in north-
ern Sweden, and manipulated the hypolimnion of the
southern ("Impact”) basin while keeping the northern
adjacent basin as (untreated) reference (“Control”;
Fig. la—c). We monitored changes in water chem-
istry, basal (primary+ bacterial) productivity, and
degradation of standardized detritus material. To dif-
ferentiate the measured impacts from climatic varia-
tions, we implemented a Before-After Control-Impact
(BACI) design. The basins have a maximum depth of
9.1 m/9.5 m and a surface area of 0.63/1.09 ha for the
Impact and Control basin, respectively.

BACI design

(a) a schematic visualiza- a
tion indicating the hypolim-
nion oxygenation treatment
in the Impact lake, and
continuous thermal and
chemical stratification indi- !
cated by different color and O2 :
mixing arrows in the epi-
and hypolimnion for the
two Before (2017,2018, and
1st sampling 2019) and two
After (2019 minus st sam-

Thermal stratjfication

Control (Anoxic)

Before: 2017-2018
After: 2019-2020

Impact (Oxic)

c: Thermal stratjfication C:

pling, and 2020) lakes. (b) a
drone image of the Control
and Impact basin, and (c) a
scaled satellite image with
North-indication. (d) a
picture and (e) a schematic
overview of the Impact-
lake with the oxygenation
installation in the middle of
the lake

e A

\Control

1 |
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Oxygenation of the hypolimnion

The Impact basin was oxygenated between 19 June
and 26 August 2019, and turned on again on 25
November 2019, until the last sampling in 2020,
and thus commenced after sampling occasion “1” in
2019. Oxygenation of the hypolimnion was reached
using a full-lift aeration system with double tubes
hung at 6 m depth (Fig. 1d—e). The full-lift aeration
system was placed on a raft (Fig. 1d) at the deepest
part of the Impact basin, and oxygenation occurred
throughout the warm summer season. Compressed
O, was injected into hypolimnetic water through a
micro-diffuser at the bottom of a 0.6 m diameter tube
mounted vertically to a raft floating over the center
of the basin. The oxygen bubbles dissolved into the
hypolimnetic water as they draw it up to the surface,
where the cold oxygenated water spills over into the
space between the draft tube and a 1.2 m return tube
circumscribing it. The return tube extends to just
below the thermocline, where the oxygenated water
then spreads horizontally in the hypolimnion (Pajala
et al. 2023; Fig. 1d—e). The water moves through
the system fast enough so that there is no significant
change in water temperature, and there was no dis-
ruption of stratification because the moving water is
contained within tubes (Fig. 2). Water drains from
the reference basin to the experimental basin, ensur-
ing the treatment doesn’t impact the reference basin.
This setup is like other paired basin studies using
two basins of the same lake (Carpenter and Kitchell,
1993).

Field sampling and water chemistry

Water chemistry was analyzed in water sampled using
a Ruttner sampler at the deepest point in the basin at
1 m, 3 m and 6 m every third week during the ice-free
season for 4 consecutive years (May—October, years
2018-2020). The water chemistry during the first year
(2017) was measured on a mixture of 1 m, 3 m and
6 m, and the other years we analyzed the water chem-
istry for each specific depth. For each year, sampling
frequency and dates are identical for both basins, and
exact sample dates for each sampling per year can be
found in the openly available data. Dissolved oxygen
(DO), water temperature, and PAR were measured at
additional depths, specifically at 0 m, 0.25 m, 0.5 m,
1 m, and at each consecutive meter, until reaching the

basin bottom using a handheld probe (YSI ProODO
and LI-193 Spherical Quantum Sensor). Water chem-
istry was analyzed for total and inorganic nitrogen
and phosphorus (TN, TP, NO;™, NH4+, and PO43_),
dissolved organic and inorganic carbon (DOC and
DIC), in the epi- and hypolimnion (I m and 6 m
depth). After sampling, water was frozen and stored
dark and cool until analysis. TN and TP (unfiltered)
samples were stored frozen until analysis. Dissolved
nutrients and DOC were filtered through a 0.45 pm
filter (Sarstedt Filtropur) and stored in a refrigerator
and acidified (with HCI) to an end concentration of
12 mM before being analyzed within a few weeks
after sampling. DOC samples were acidified to an
end concentration of 12 mM using HCl and ana-
lyzed through high-temperature combustion using a
Formacs HT-I analyzer (Skalar). DIC samples, used
to calculate primary production, were prepared by
injecting 4 mL (air-free) water into a tightly sealed
18 mL glass vial (pre-flushed with N,) containing
0.1 mL 1.2 M HCI and analyzed as soon as possible
on a Clarus 500 gas chromatograph (Perkin Elmer)
using N, as carrier gas. Nutrients concentrations were
detected using a segmented flow analyzer (QuAAtro,
SEAL Analytical GmbH, Norderstedt, Germany).

Basal production and decomposition
Bacterial- and primary production

Pelagic primary- and bacterial production (PP and
BP) measurements were performed on water taken at
different depths over the water column using isotopic
tracers. The BP was measured from water at similar
depths as water chemistry (1 m, 3 m (additional),
and 6 m), by incubating the water in triplicates with
an isotopically labeled tracer (°*H, leucine) in the
laboratory as soon as possible after the water sample
was acquired. The water was incubated for approxi-
mately 1 h at in situ temperature in the dark, accord-
ing to Smith and Azam (1992) with slight modifi-
cations (Karlsson et al. 2001). To estimate average
areal BP (“lake BP”), the BP at specific depths were
integrated over the water column using trapezoid
integration, up to 9 m depth. The PP was measured
in situ using a '*C isotopic tracer as described by
(Schindler et al. 1972) at 0 m, 0.25 m, 0.5 m, 1 m,
and at every following meter, up to the depth where
no light was available for photosynthesis (at 4 m

@ Springer
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Fig. 2 Depth profiles during monitoring season of (a) dis-
solved oxygen (DO) and (b) temperature profiles of the impact
(top panels) and control (bottom panels) lakes for the Before

depth). We filled (single or triplicate, see openly
available data) transparent glass bottles with water
from the sampling depth, and dark bottles at shal-
lowest and deepest measurements only, and sub-
tracted the dark bottle values at deep (respectively
shallow) depths from deep (respectively shallow)
measurements below (respectively above) 2 m depth.

@ Springer
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(2017 and 2018, 1st sampling 2019 and After (2019 minus st
sampling and 2020) years

Bottles were incubated in-situ at sampling depth for
about 4 h during midday. Average areal PP (“lake
PP)” was estimated by integrating the rates over the
water column, also by trapezoid integration.
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Degradation of organic material

Decomposition rates were measured by mass-loss
rates of rooibos and green tea, that represent two types
of standardized plant material enclosed in plastic
mesh bags (Keuskamp et al. 2013). The tea bags were
weighted, and pairs of one rooibos and one green
tea bag (non-woven mesh material) were enclosed
in cases of coarse plastic mesh (1 cm). The cages
were deployed at four depths (0, 2, 4, 6 m depth) in
the deepest point of the basin in summer 2018, 2019,
and 2020, and retrieved after ca 90 days. Bags were
dried at least 48 h at 60 °C and the mass loss of the
tea in the bag was calculated (% day™'). To account
for differences in incubation duration in before and
after years, we calculated the mass loss rate assum-
ing an exponential decay: (In(M,)-In(M,))/T, where
M, is the mass at the start, and M, is the mass after
incubation and T is the incubation duration in days.
Since the tea bags were not dried at the start, we first
determined the moisture from the air in the tea from
eight additional bags per tea type (4.25%+0.18 S.E.
for green tea and 5.74%=+0.04 S.E. for rooibos) and
then corrected all starting masses by subtracting this
fraction from the starting mass of the tea inside the
bags. Values were represented by the average loss
rate of bags hung at 0 m and 2 m (epilimnion) and
4 m and 6 m (hypolimnion) depth, resulting in dupli-
cates in the epi- and hypolimnion for each year, and
only assessed hypolimnion values in the pairwise
comparison.

Data interpretation

‘We monitored the response of seasonal average water
chemistry, production, and decomposition in the epi-
and hypolimnion for all four years (three years for
decomposition, and first year water chemistry with
mixed water column values as described below). We
removed the 1st sampling of all years from statisti-
cal data interpretation, as the oxygen treatment had
only started at the 2nd sampling in 2019. We com-
pared the natural variation measured in six sampling
episodes for two years (“Before”, of which the 1st
year mixed water column samples were used) with
the variation after experimental oxygenation of the
hypolimnion for two years (“After”), resulting in 12
“Before” and 12 “After” datapoints (after removal
of sampling 1 from each year). Firstly, we used

ANOVAs to evaluate our experimental setup and the
similarity of the two lakes (CvI) and natural varia-
tion (BvA), where we excluded the 1st year of mixed-
water chemistry. Secondly, we assessed significant
changes post-impact (oxygenation) in our BACI setup
using the ePower package (referred to as “BACI” and
described in detail below) using water chemistry of
all four years. Thirdly, we compared the statistical
results of the BACI impact to the outcome of the BvA
(here: “BvA” term, sensu Carey et al. 2022; McClure
et al. 2021). Additionally, to quantify the magnitude
of impacts, we assessed the average paired difference
(per sampling) between the Impact and the Control
basin in the Before years to the After years, indicating
direction of changes in % of annual averages for the
biological parameters (PP, BP, PP:BP, green tea and
rooibos mass loss). Additionally, we investigated how
DO correlates with different water chemistry vari-
ables (Supplementary). We further tested what water
chemistry variables best predicted lake PP, lake BP,
and BP rates in the epilimnion and hypolimnion in a
multiple linear regression (MLR) with forward selec-
tion, where Akaike values are included to assess the
model performance.

We separated (excluded) the effect of natural vari-
ability among years from experimentally induced
variation by the oxygen treatment in the “epower”
package designed for BACI interpretations (Fisher
et al. 2019). In the “epower” package, two Bayes-
ian Generalized Linear Models are compared—one
with, and one without interaction terms. The signifi-
cance of the impact is determined by comparing the
probabilities of these models, e.g. when the probabil-
ity is higher with the interaction effect, it means the
observed effect is due to the oxygen treatment and not
due to seasonal climate variability (BvA) or to differ-
ences between sites (CvI) variation. This is true under
certain assumptions, most notably the parallel trends
assumption (eg. see Wauchope et al. 2021; Roth et al.
2023). In the epower package, a probability ratio
greater than 0.5 indicates stronger support for the
BACI interaction model and an effect of the oxygen
treatment. Following the parameters of essential ele-
ments for a BACI design as presented in Fisher et al.
2019, in our BACI design “BA” terms were years,
“Time” was 6 samplings per year (sampling events
2-7), CI were the two basins (control vs oxygenated).
“Location" replicates are represented by double years
per location (2017-2018, and 2019-2020, resp.). The
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package could not be run for tea degradation because
measurements were missing from 2017. The pack-
age was run independently for measurements from
the epi- and hypolimnion. All models were run using
default integrated nested Laplace approximation
(INLA) priors, and probability integration transform
(PIT) plots were generated to assess each model. We
chose gamma or gaussian distribution depending on
the datatype, as suggested by the package. Analyses
were carried out using the package ‘epower’ V1.3
(BMT 2019) as described in Fisher et al (2019) and
based on the statistical programming platform R
(R-Core Team 2025).

The water chemistry measurements run on water
combined from 1 and 6 m depth (in 2017) provide a
Control vs. Impact comparison and are included in the
environmental monitoring data (Table 1; presented in
the epilimnion values). However, as a central ques-
tion of the experimental set-up regards distinguishing
processes in epi- and hypolimnion, we excluded these
measurements from statistical analyses that specifi-
cally investigate differences in these habitats (Table 1
and related figures and analyses). PO,*~ values that
were negative, indicating they are at the detection
limit, were set to 0. Analyses and graphics were per-
formed in R and SPSS. All data, including replicates,
can be found in the openly available data (https://doi.
org/10.5281/zenodo.14930455 and https://zenodo.
org/records/15517814).

Results
Experimental conditions

Pre-oxygenation and oxygenation conditions
of biogeochemistry and production

The oxygenation of the hypolimnion in the Impact-
basin was successful (annual average + SD DO values
in mg/L Before: 2.2+0.8, After: 6.1 +1.7) although
less impactful in the first Impact-year (2019) com-
pared to the second Impact-year (2020) (Fig. 2). The
experimental oxygenation did not affect the thermal
stratification nor basin water temperature (Fig. 2,
4a—b; Table 1: (i.e., DO in the hypolimnion was
reduced according to the BACI and BvA p-value, but
temperature did not change). To assess the similarity
of the two basins, we compared them in the Before
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years (Cvl in the Before years; Table S1). The Con-
trol basin had slightly higher annual average hypolim-
nion DO concentrations (Control: 4.0+1.5 and
Impact: 2.2 +£0.8) and did also stratify somewhat later
and at deeper depths compared to the Impact basin
(Fig. 2). Differences in water chemistry between the
basins occurred mostly in the hypolimnion, whereas
epilimnion values were similar (Fig. 3, Table S1).
Higher annual average NO;™ (11.9+6.6 vs 5.0+ 1.4),
and lower TN (309 £25 vs 552 +88), TP (13.5+4.2
vs 40.1+8.8), NH,* (93.5+£24.6 vs 311.2+61.6)
and PO,*~ (6.8+4.3 vs 36.3+8.1) occurred in the
hypolimnion of the Control compared to the Impact
basins, respectively (Table S1). The basins were on
average similarly dark as indicated by Kd values (Kd;
2.0+£0.3 vs 1.7+0.4 for Control and Impact basin,
respectively; Table S1). There were no differences
in lake PP, lake BP, lake PP:BP, and degradation and
BP in either epilimnion or hypolimnion between the
Control and the Impact basin during the before years
(Table S1: Fig. 4). Hence, the basins were similar in
the epilimnion at the onset of oxygenation although
slight differences in the hypolimnion chemistry
occurred in the Before years, while no differences in
the measured biological responses were observed.

Weather and environmental (natural) variability
in water chemistry among Before and After years

The temperature variation between the years was
substantial; while 2018 (second “Before” Year) was
an exceptionally warm year, 2019 (first “After” year)
was a more normal year/summer with a later warm
period (sampling 6 and 7; Figs. 2b; 4b). Seasonal
onsets of warm and cold periods also varied: both
“Before” years (2017 and 2018) had a warm peak
around the 4th sampling (between 28 and 30 July). In
“After” year 2019 such a warm peak was absent and
in 2020 two more dampened warm peaks occurred,
early and later in the year (2nd and 5th sampling;
16-18 June and 16-21 August resp.; Figs. 2b, 4b).
The variability in seasonality (the onset of warm and
cold periods) and weather (the average and peak tem-
peratures) between years resulted in a slightly colder
seasonal average epilimnion and hypolimnion during
the “After” period compared to the “Before” period
(Table 1; Figs. 2b, 4b). The basins were thermally
stratified during the sampling seasons, except for
the first and last sampling occasions in some years
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Table 1 Annual average+SD of water physico-chemistry the Before vs After (BvA) assessment in an ANOVA, BA*CI
and biology measured as lake estimates, and in the epi- and probability ratio and effect direction calculated using the
hypolimnion for the BACI design, along with the p-value for epower package (significant effects in bold)
Before After BvA BACI (ePower) BvVA vs
(p-value) BACI design
Control* Impact Control Impact Control ~ Impact BA*CI Direction

Lake estimates

Lake PP (mgC  61.0+62.9 60.0+53.0 433+28.1 3724212 0.385 0.182  0.011 Decrease
m~2 day™!)

Lake BP (mgC  24.0+16.0 2524163 36.21+123 352+19.3 0.048 0.183  0.900 Decrease
m~2 day™")

Lake PP:BP 3.5+4.1 3.5+4.5 1.2+0.8 1.3+1.0 0.077 0.120 0.015 Decrease

Kd (m™) 2.0+0.3 1.7+0.4 1.9+0.2 1.840.2 0.119 0.665  0.009 Increase

Epilimnion

NO;” (ugL™")  6.2+33 4.4+22 9.8+11.6 49+3.7 0.556 0.788  0.015

NH,* (ugL™)  11.1+3.3 9.7+4.1 10.0+4.0 8.6+5.0 0.589 0.443  0.030

PO (ugL™h)  3.5+33 5.7+6.6 1.0£1.0 0.8+0.9 0.084 0.037 NA False

DOC (mgL™) 10313 11.9+4.2 10.9+4.0 10.0+3.7 0.583 0.396  0.007

TP (ugL™") 6.7+18 5.6+12 73+13 75+19 0.462 0.057  0.013 False

TN (ug L") 233+12 259437 242413 239420 0.192 0.169  0.013

Twater (°C) 14.7+4.6 15+4.6 13.6+3.1 13.3+3.2 0.516 0.336  0.004

DO (mg L") 8.8+0.7 8.7+0.6 8.8+0.6 8.8+0.6 0.483 0423 0.001

BP 39+29 4.0+29 7.7+3.6 6.9+3.9 0.009 0.054 0.535 Decrease
(ngL™"day™)

Green tea mass  0.024 +0.003 0.025 +0.006 0.015+0.003 0.015+0.002 0.027 0.024 - -
loss
(% day™)

Rooibos mass 0.005+0.001 0.005 +£0.001 0.003 £0.001 0.003 £0.000 0.035 0.053 - -
loss

(% day™)

Hypolimnion

NO;™ (ugL™h) 11.9+6.6 50+1.4 23.3+23.1 63.0+£37.5 0.370 0.004 0.721 Increase

NH,* (ug L™ 93.5+24.6 311.2+61.6 30+16.5 37.8+39.9 <.001 <.001  0.069 False

PO (ugL™")  6.8+43 36.3+8.1 1.7+14 53435 <.001 <.001 0.047 False

DOC (mg L™ 129+4.6 17.8+7.9 103+1.4 11.5+6.2 0.095 0.249 0.012

TP (ug LY 13.5+42 40.1+8.8 9.8+3.2 14+2.8 0.062 <.001 0.158 False

TN (ug L™ 309+25 552+88 270+34 337+47 0.033 <.001 0.389 False

Twater (°C) 7.1+13 6.6+1.8 5.6+1.0 57+1.2 0.058 0.552 0.008

DO (mg L™ 4+1.5 22+0.8 39+1.6 6.1+1.7 0.765 <.001  0.591 Increase

BP 2.8+22 3.0+2.8 32+1.2 34+22 0.603 0.733 0.100
(ng-L™"-day™")

Green tea mass ~ 0.014+0.001 0.013+0.001 0.011+0.002 0.009+0.001 0.061 0.005 - - Decrease
loss (% day™")

Rooibos mass 0.004 +£0.000 0.003 +0.000 0.002+0.001 0.002 +0.000 0.096 0.007 - - Increase

loss (% day™")

A BA*CI probability ratio of > 0.5 indicates a stronger support for the BACI interaction model, and an effect of the treatment. In the
“BvA vs BACI design” column is indicated if the significant effect found in the BvA effect in the Impact basin is “FALSE” com-
pared to the effect found with the epower package. Epilimnion values are seasonal average values of the water column at 1 m, and
hypolimnion 6 m below water surface. Data from 2017 and 1st sampling of each year are excluded. The rooibos and and green tea
mass loss rates presented are calculated assuming an exponential decay

(Fig. 2b), and there was a distinct thermocline and seasonal and climate variations, where Before years
nutricline (Figs. 2, 3). In summary, the experiment were somewhat warmer than the After years, with dif-
was carried out over a 4-year period with substantial ferent timing of the warm peak.
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Fig. 3 Water chemistry concentrations of (a) NO;~, (b) NH,*
(c) PO43_, and (d)DOC in the epilimnion (black and grey) and
hypolimnion (light and dark blue) for the Impact (solid lines)

Substantial variability (measured over 3 years in
the Control basin) was observed for the nutrient con-
centrations, specifically in the hypolimnion (Fig. 3).
Annual average NO;~ concentrations were higher and
much more variable in the hypolimnion during the
Before years compared to the After years, but not so
in the epilimnion (Table 1; Fig. 3). In the hypolim-
nion of the control basin, lower annual averages were
observed in the After period compared to the Before
period for NH,*, PO,*~ and TN (Table 1).

Natural biological variability in Before and After
years

The lake PP measurements were confined to the
epilimnion and were influenced by variations in
water temperature (Fig. 4b—c; average +SD PP rates
(ug'L™"-day™!); 27.2+33.0 vs 1.8 +5.0 for all meas-
urements between 0-2 m depth and 2-4 m depth,
respectively (see open data)). Annual average lake PP
and temperature were slightly lower in both basins
in the after years when comparing Before and After
years (Table 1; Fig. 4). In contrast, lake BP was
higher in both basins in the slightly cooler After years
(Before: 24.0+16.0 vs After: 36.2+12.3; p<0.05
for Control basin) and therefore did not strictly fol-
low temperature variations (Fig. 2; Table 1). The
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and Control (dotted lines) lakes over seven sampling occasions
each during the Before ((2017, 2018)) and After (2019 and
2020) years, with years depicted in panels

lake PP:BP ratios were not different when compar-
ing the After and Before years in both basins, (BVA,
Table 1). Green tea mass loss decreased in the epilim-
nion and hypolimnion in the Control basin, while
Rooibos mass loss decreased only in the epilimnion
in the Control basin (Table 1, BvA; Fig. 4).

Oxygenation impacts

Effects of hypolimnic oxygenation on water chemistry
in epi- and hypolimnion

Oxygenation of the hypolimnion increased hypolim-
nion NO;~ but statistically significant effects on
other variables were not detected (TN, TP, PO43_,
NH,*, and DOC; Table 1: BACI). Furthermore,
the water chemistry in the epilimnion was unaf-
fected by the oxygen treatment (Fig. 3; Table 1). The
BACI assessment indicates that only the increase in
DO values, and the increase in NO;~ values in the
hypolimnion are due to the experimental oxygenation
(BA*CI=0.72 and 0.59, resp.; Table 1). Still, (insig-
nificant) patterns in altered water chemistry occurred.
Essentially, these patterns are similar to a tradi-
tional BVA setup as described below and in Table 1.
These patterns include that water in the hypolimnion
shifted from domination of NH," (BA*CI=0.07)
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Fig. 4 Responses of (a) dissolved oxygen, (b) temperature, (c)
lake primary production, and (d) lake bacterial production (e)
green tea and (f) rooibos mass loss rates to the Before-After
Controlled-Impact (BACI) treatments. In (a—d), seasonal
changes in epilimnion (black and grey: Impact and Control,
respectively) and hypolimnion (light and dark blue: Impact and
Control, respectively) are shown for the Impact (solid lines)
and Control (dotted lines) lakes over seven sampling occasions
each during the Before (2017, 2018, and 1st sampling 2019)

to domination of NO;~ (BA*CI=0.72) after oxy-
genation, and that PO/~ (BA*CI=0.047) values
decreased after hypolimnion oxygenation (Fig. 4;
Table 1). However, for all other water chemistry vari-
ables besides NO;~ the BA*CI term was lower than
0.5, indicating the probability is higher that these
patterns are most likely due to climate and envi-
ronmental variability. Scatterplots of DO against
other water chemistry variables for both basins per
year, in both the epilimnion and hypolimnion, show
that PO43_ (and TP) concentrations are elevated
in low oxygen conditions in the hypolimnion dur-
ing 2018 (Before year), but not in the After years

and After (2019 minus 1st sampling and 2020) years. Dis-
solved oxygen and temperature are taken at 1 m and 6 m depth
in the epilimnion and hypolimnion, respectively. In e,f, means
(black=Impact, grey=Control) are shown with standard
errors and the number above the bar indicates the replication
on which each mean is based. Hypolimnion primary produc-
tion in (c) is negligible in both Control and Impact lake and
left out of this Figure. *PP:BP is log 10 transformed in the fig-
ure

(Figure Sla-b). Moreover, hypolimnetic PO43_ con-
centrations appear to be influenced by dissolved oxy-
gen (DO) levels; consistently low PO43_ under high
DO conditions suggests that hypoxia may trigger
sedimentary release of phosphate (Figure Sl1b).
NO;™ concentrations increase with rising oxygen
concentrations in the hypolimnion, but not in the
epilimnion (Figure Slc—d). The pattern for DOC is
different in the epilimnion and hypolimnion; values
below 20 mg/L exhibit a slight positive correlation
with oxygen levels in the epilimnion, while show-
ing a slight negative correlation in the hypolimnion
(Figure Sle-f).
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Oxygenation impacts on production
and decomposition and the magnitude of change

The lake BP decreased due to the hypolimnion oxy-
genation in the Impact basin, and increased in both
basins, but less so in the Impact basin (Table 1;
BA*CI=0.900, Fig. 4d). The effect was modest, as
the annual average lake BP only decreased by 6.1%,
calculated using the average paired difference (per
sampling) between the basins, and annual average
lake BP in the Control basin over four years (Table 2).
Annual average lake PP, lake PP:BP, and rooibos and
green tea mass loss in the hypolimnion only slightly
changed (- 11.7%, 4.2%, — 6.0% and 7.3%, respec-
tively) and changes were not detected with the BACI
assessment (Table 2). Thus, lake BP was the only bio-
logical parameter that significantly decreased with the
reoxygenation of the hypolimnion according to the
BACI design (Table 1; BACI epower).

However, further analysis comparing the effects
at different depths (1 and 6m depth) show that the
changes in lake BP are primarily attributed to high
epilimnetic values in the °After’ years in both the
Control and Impact basins, but mostly in the Con-
trol basin (Table 1). To understand better what
drove changes in lake BP, BP in the epilimnion and
hypolimnion, and in lake PP at 1m depth, we tested
which water chemistry variables (DO, NO;™, NH4+,
PO,*~, DOC, TP, water temperature at depth (T,,.,),
Year) correlated best with these variables in MLR
analyses with forward selection. These results show
that lake PP correlates positively with T,

water, 1m

and negatively to NO;~ (Table 3; Fig S2). Lake BP
and BP in the epilimnion correlates positively with
DO and negatively with NH,* and NO;~. The BP
in the hypolimnion correlated positively with TN
(Table 3). Therefore, the epilimnetic BP changes in
the After years overshadowed the response in BP in
the hypolimnion, and there was no significant effect
of reoxygenation on BP in the hypolimnion based on
the seasonal average (Tables 1-3). In addition, PP is
primality correlated to water temperature (Table 2;
Fig S2).

Comparing the BACI design with a traditional BvA
setup

We compared the outcome of the BACI design to
the simplified BvA design that does not control for
other variables, such as natural seasonal and inter-
annual variations. The BvA setup (BvA in Impact
basin) identified changes due to oxygenation for
several parameters compared to the BACI (Table 1,
“BvA vs BACI”). In the BvA analyses for the Impact
basin, oxygenation affected PO43_, TP, and green
tea mass loss in both the epilimnion and hypolim-
nion, and NO,~. NH,*. PO,*~, TP, TN, and rooibos
mass loss in hypolimnion only (Table 1). None of the
other productivity measurements (lake PP, lake BP,
lake PP:BP) were affected in the BvA setup for the
Impact basin. Since these effects were not significant
when accounting for natural variability using a BACI
design (not available for tea degradation), the effects

Table 2 Quantifying the impacts of oxygenation by tracking the average paired differences (Impact-Control) per sampling event for

the Before (dBefore) and After (dAfter) samplings

Proxy dBefore dAfter dAfter-dBefore Seasonal 2y avg % change of ~ Sig-

(Impact-Control) (Impact-Control) (Impact effect) (Control basin, seasonal avg nificant
After) BACI?

Lake PP (mg C m~2 day™) - 1.02 —-6.08 5.06 43.3+28.1 —11.69%  No

Lake BP (mg C m~2 day™") 1.19 —1.00 -2.19 36.21+12.3 - 6.05% Yes

PP:BP —-2.27 —-2.22 0.05 1.2+0.8 4.17%  No

Green tea mass loss (% —9.13E-04 — 1.55E-03 — 6.38E-04 1.07E-02 —5.96% -

day~h*
Rooibos — 1.29E-04 4.66E-05 1.75E-04 2.40E-03 732% -

mass loss (% day~!)*

Changes in average paired differences (% change of seasonal avg) are expressed as percentage of the annual average of all years and
samplings of the Control basin (annual avg) compared to the outcome of the BACI analyses presented in Table 1

*Tea decomposition is represented for hypolimnion values
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Table 3 Multiple linear regression results with forward selection of variables for predicting lake PP, and BP in the epilimnion and

hypolimnion

Coefficients of explanatory vari- R? (adj) DF AIC F Deselected vari-

ables ables

Lake PP

3.656' T, uer, 1m 0.209 51 387.034 80.795 0,,NO; ™. NH,*.
PO,*~. DOC.
TP. TN. Year

4.482-Tyier, 1m — 1.288 NO;™ 0.645 50 382.539 48.200 0,, NH,™. PO43‘.
DOC. TP. TN.
Year

Lake BP

3.534 0, 0.735 51 305.219 145.511 NO,~. NH,*.
PO,>~. DOC.
TP. TN. Year,
Twaler. Im

4.142:0, — 0.228-NH,* 0.787 50 294.842 97.214 NO;™. PO43_.
DOC. TP. TN.
Year’ Twater, Im

4.811-0, — 0.227-NH,* 0.816 49 288.214 77.925 PO43’. DOC.

—0.622-NO5~ TP. TN. Year,

Twaler, Im

BP epilimnion (1m)

0.687 O, 0.637 51 92.169 NO;™. NH,*.
PO~. DOC.
TP. TN.
Twaler. Im* Year

0.802-0, — 0.045-NH,* 0.680 50 56.350 NO;™. PO43‘.
DOC. TP. TN.
Twaler. Im* Year

0.950-0, — 0.045-NH,* 0.709 49 43.208 PO,*~. DOC. TP.

- 0133NO3_ TN. Twuter. 1m*

Year

BP hypolimnion (6m)

0.011-TN 0.726 39 107.017 0,,NO; ™. NH,*.
PO,*~. DOC.
TP Twatcr, 6m-*
Year

DF degrees of freedom, AIC Akaike Information Criterion

identified by the traditional BvA setup are concluded
to be within the range of natural variability (Table 1).

Discussion

Our four-year BACI experiment demonstrates that
hypolimnetic oxygen concentrations have a moderate
impact on lake biogeochemistry and basal produc-
tion (PP, BP). Re-oxygenation altered nitrification
pathways (increased NO;™) of the hypoxic hypolim-
nion, and only modestly decreased lake BP (— 6.1%

of annual average). The decrease in lake BP was
driven by changes in the epilimnion, and therefore the
decrease was more likely due to natural variations.
Litter degradation (in the hypolimnion) of rooibos
increased, while green tea degradation decreased, but
could not be assessed in a BACI setup due to missing
the first year. No statistically detectable changes in
other water chemistry parameters (TP, PO43_, NO;™,
NH,*, DOC) and PP were observed when consider-
ing the impacts by oxygenation alone, while account-
ing for natural variability among years. Moreover, we
found that across sampling dates PP was primarily
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positively correlated to water temperature, and not
to water chemistry. We compared two experimen-
tal designs —one that accounts for natural variation
(BACI) and one that does not (BvA)— and found that
the BvA approach showed more significant effects
from oxygenation than the BACI design. Our results
therefore suggest that changes induced by oxygena-
tion are mostly within the range of natural variation,
and that only NO;~ and lake BP and epilimnion BP
are significantly, but modestly, affected. Natural vari-
ation in climate as well as variability in stratification
among years is therefore likely to have a larger impact
on humic boreal lake functioning than hypolimnion
hypoxia itself, at least during the stratification period.

Climate effects rather than hypoxia drive lake
biogeochemical functioning

In the hypolimnion, reoxygenation increased
NO;™ concentrations as expected in the impact basin
(prediction 3). However, only significant reductions
in PO,*~, NH,*, TN, and TP were observed when
considering the BvA setup in the Impact basin but
not in the BACI analysis. Decreased TN, NH4Jr and
PO,>~ were also present in the Control basin when
interpreting the BvA term, confirming strong effects
of natural variations in the hypolimnion (Table 1).
These findings are further supported by a large-scale
study including 64 lakes in Sweden, that found no
relationship between hypolimnetic hypoxia and TP
(Dimberg & Bryhn 2015). Nonetheless, the experi-
mentally induced increase in NO;~, and reductions
due to natural variation in PO43‘, NH,*, TN, and TP
in the hypolimnion of the oxygenated Impact basin
are likely to due to increased nitrification (Gautreau
et al. 2020; Romillac 2019) and inhibited sediment
release of PO43‘ (Mortimer 1971; North et al. 2014)
during the sampling period. In the epilimnion we
found no effects of oxygenation on the water chem-
istry within the BACI approach. However, very
weak decreases of annual average TP and PO,*~ in
the Impact basin and nearly significant changes in
NH,* and TN in the Control basin were identified
in the BvA analyses, which suggest mixed effects of
natural variation and oxygenation. Altogether, our
results indicate that hypolimnion oxygenation signifi-
cantly increases nitrification (increase in NO;7), but
without further affecting the nutrient pools or other
water chemistry. This contrasts with potential effects
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on (type and magnitude of) greenhouse gas emis-
sions, as redox conditions (specifically O, availabil-
ity) determine the rates of CO, and CH, production
(Carlsen et al. 2025; Pajala et al. 2023). Furthermore,
variations in nutrient (PO43_, TP, TN, DOC) concen-
trations in both the epilimnion and hypolimnion are
more influenced by seasonal changes than by hypoxia.

Indeed, the seasonal patterns of water chemistry
and temperature fluctuated throughout the year and
varied substantially across the four years of monitor-
ing with notably warmer temperatures in the Before
compared to the After years. In contrast, the temper-
atures in the hypolimnion were lower and consider-
ably more stable due to the separation of these water
masses caused by the thermoclines (Bartosiewicz
et al. 2019; Jones 1992; Pilla et al. 2018). In both
basins during the Before-years, and in the Control
basin in the After-years, the concentrations of DOC
were significantly higher in the hypolimnion com-
pared to the epilimnion. This suggests a degree of
seasonal fluctuation also in the hypolimnion water
chemistry, which is likely due to the limited and
somewhat variable mixing of the basins during spring
and/or autumn circulation (Dimberg & Bryhn 2015).
Moreover, DOC-DO patterns differed between the
epilimnion and hypolimnion; values below 20 mg/L
showed a slight positive trend with oxygen in the
epilimnion and a slight negative trend in the hypolim-
nion (Figure Sle—f), reflecting sediment release of
DOC under low to anoxic conditions, and terrestrial
runoff of DOC entering the epilimnion. High sea-
sonal variability in climate among years has also been
observed in other settings with experimental oxygen-
ation in a BvA approach without accounting for sea-
sonal impacts (Carey et al. 2018, 2022; McClure et al.
2021; Riccardi & Mangoni 1996). The results of these
studies indicate that observed significant changes in
hypolimnion biogeochemistry due to altered oxygen
regimes in the hypolimnion may be overestimated, as
seasonal variability is not accounted for.

Our results suggest that the water chemistry in the
epilimnion is strongly driven by weather fluctuations
and the hydrological connectivity of the lakes and
their catchments (Einola et al. 2011; Puts et al. 2022;
Rantakari & Kortelainen 2008). On the other hand,
the chemistry in the hypolimnion is more linked to
physical-chemical drivers, such as sediment—water
interactions, oxygen availability, and water mixing
events (North et al. 2014), illustrating that these water
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masses are differentially impacted by climate change
and increasing hypoxia. Natural (including seasonal)
fluctuations have a significant impact on nutrient
cycling, even in the hypolimnion with a constant
mean temperature. This suggests that climate effects
and their impact on temperature and stratification pat-
terns, rather than just variations in oxygen concentra-
tions and anoxia alone, are more important drivers for
biogeochemical functioning in shallow, brown, boreal
lakes, at least during the stratification period.

Oxygenation affects bacterial production and
detritus degradation with minimal effects on primary
production

Oxygenation of the hypolimnion decreased the
annual average lake BP and the BP in the epilimnion
but had no effects on lake PP and lake PP:BP (BACI
in Table 1). However, the oxygenation effect on
lake BP was not significant in the BvA setup for the
Impact basin, which illustrates that the BvA approach
underestimates the effect of oxygenation on lake BP
(Table 1). Tea degradation rates, a key measure of
bacterial functioning, could not be assessed in the
BACI design because of the absence of measurements
from the first control year. However, in the BvA term,
tea degradation rates were differently affected by
the oxygenation treatment, with decreased green tea
degradation and increased rooibos degradation in
the hypolimnion. These differences -though small in
absolute terms- may be driven by different responses
of decomposer communities to various litter types.
Alternatively, we observed more algal growth on
green tea compared Rooibos tea, suggesting that
hypolimnion oxygenation may have stimulated algae
growth on green tea. Since the algae couldn’t be sepa-
rated from the final mass, this could have decreased
the mass loss rates of green tea more than Rooibos.
The observed effects in decreased lake BP and
potentially in degradation rates are likely because of
several processes connected to reoxygenation. The
overall impact of hypoxia on lake BP is a balance of
several opposing processes: i.e. increased PO43_ and
DOC release from sediments (positive effect) and
losses of O, as the most efficient electron donor
(negative effect; (Burgin et al. 2011; Garcia et al.
2013; Shadeet al. 2008). Nonetheless, lake BP was
thus higher in years with slightly colder water tem-
peratures in After years especially in the epilimnion

in both basins with somewhat higher epilimnion
DOC concentrations, a difference most likely caused
by seasonal variability in catchment input of bio-
available colored DOC influencing the BP (Table 1,
Figure S1b—c); Berggren et al. 2010; Bergstrom and
Jansson 2000). While increased oxygen availability
was associated to reduced lake BP -due to a reduc-
tion in the epilimnion-, the Rooibos degradation
increased (Table 2). This might be due to simulta-
neous decreases in available PO,>~ and temperature
(Jansson et al. 1999; Rulli et al. 2022). Consequently,
yearly climatic variations were able to override the
expected impact of oxygen treatment on a whole-eco-
system scale when accounting for effects induced by
natural variability. This highlights the importance of
whole-ecosystem BACI studies; laboratory and BvA
or CvI studies might simply conclude that oxygena-
tion leads to altered BP and degradation rates with
increased oxygen, but this isn’t always the case in
natural systems.

We further observed weak trends of decreasing
lake PP (— 11.7%) and increasing lake PP:BP (4.1%:
Seasonal average paired differences; Table 2). The
patterns of slightly decreased lake PP and increased
lake BP resulted in increased lake PP:BP ratios in
the pairwise comparison, although PP:BP decreased
from around 3 in the Before years, to ratios around
1 in the After years for both lakes. The largest part
of this “shift” is attributed to PP primarily related
to water temperatures, and lake and epilimnion BP
related to DO, NH4Jr and NO;~ (Table 3). This sug-
gests that the impact of natural climate variations on
the conditions in the epilimnion of stratified humic
boreal lakes during summer overrides the effects of
changes in hypoxia on the net ecosystem balance and
ecosystem functioning. In addition, to some extent
the lake PP:BP ratio could further have been modi-
fied by changes in the food web structure (fish, zoo-
plankton and phytoplankton community composition)
impacting the response in lake PP and lake BP across
seasons. In our system only one fish species (Eurasian
Perch, Perca fluviatilis) existed within the two basins,
and there was no observable effect of the oxygena-
tion treatment on the fish population dynamics, or
their stomach content, during the period which this
experiment was conducted. Thus, our findings imply
that considerable variations in lake PP:BP are likely
to occur in humic boreal, shallow lakes in the future.
The magnitude and occurrence of these fluctuations
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depend on the oscillations of natural climate vari-
ability related to the ongoing (long-term) changes in
climate, that impact lake temperatures, precipitation
and catchment loadings of colored DOC and nutrient
to lakes.

In all, our results suggest a modest direct impact
of local O, conditions and hypoxia on lake BP and
litter degradation. These findings partly support pre-
diction 1 and 2; the hypothesis that reoxygenation of
the hypolimnion does not impact PP as it is confined
to the epilimnion and show that the impact of climate
is relatively stronger than the impact of reoxygenation
as lake BP and lake PP responded most to environ-
mental changes in the epilimnion.

Conclusion

As global change continues to drive significant altera-
tions in the stratification and surface temperature of
boreal lakes, understanding these dynamics and how
they are linked to natural variation in climate is cru-
cial for predicting and managing the impacts on lake
food webs and freshwater ecosystems. Our results
indicate that hypoxia had minor influence on nutrient
cycling and the lower food web in a seasonally strati-
fied and small humic boreal lake. Our study high-
lights the complex interplay between hypolimnetic
hypoxia and natural climate variation embedded in
ongoing global changes. In contrast to the potential
magnitude and type of greenhouse gas emissions, that
follow redox conditions, we find biogeochemistry is
minimally affected. Still, as our study of 2 years of
oxygenation had limited effects on water chemis-
try and basal productivity it remains to be assessed
if long-term effects of oxygen are delayed past the
scope of the study, possibly impacting biogeochem-
istry and ecology of the system during autumn turn-
over and during winter. We predicted that hypoxia
and weather variations would have distinct effects
on lake biogeochemistry and BP and PP (prediction
1). Our results contradict our hypothesis and under-
line that climate variations affecting the conditions
of stratified boreal lakes during summer override the
effects of changes in hypoxia on ecosystem function-
ing. Moreover, the results imply that results of studies
that do not account for seasonal variability and find
significant changes of hypolimnion biogeochemistry

@ Springer

may lead to flawed conclusions, as a large part of
effects can be due to natural weather variations (pre-
diction 4). The magnitude and occurrence of these
fluctuations depend on natural climate variability and
ongoing long-term climate changes, impacting lake
temperatures, stratification depth, strength, and dura-
tion, precipitation, and catchment loadings of colored
DOC and nutrients, and lake DO concentrations.
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