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ABSTRACT

We combined decadal data (23-35 y) on nutrient concentrations for nine subarctic lakes with satellite imagery of vegetation
(NDVI) to link the ongoing nutrient declines to the climate change-induced greening of landscapes. Total phosphorus water
concentrations (Total-P) showed declining trends for all nine lakes, ranging from 1.5%-3.6%/y over the last decades. For most
of the lakes' drainage areas, NDVI showed a dramatic increase during the 1990s and leveled off between 2001 and 2020. P se-
questration in the lakes' drainage areas generally increased by 12%-30% between 1983-1994 and 2001-2020, with an exception
of one high-elevation lake for which P sequestration more than doubled. Area-specific P-sequestration estimates for 1983-1994
averaged 1.04 +0.10 tons P/km? among all lakes but increased by 12%-33% for eight of the nine lakes during 2001-2020. Similar
trends were found for nitrogen (N) sequestration, although these were an order of magnitude higher. These estimates illustrate
long-term changes in the sequestration of N and P by terrestrial vegetation in the region. Total-P and DIN water concentrations
showed negative correlations with both the NDVI
cover. These correlations explained 51.8%-75.4% of the variability in declining nutrient water concentrations and showed the

nax Of their drainage areas and plot-scale measurements of tundra dwarf shrub
strong links between terrestrial vegetation development and declines in nutrient inputs to downstream lakes. Similar processes
are likely ongoing in other parts of the Arctic where vegetation development is progressing, but are either not detected due to the
lack of long-term monitoring data or compensated for by nutrients released from thawing permafrost and/or thermokarst slumps.
Upscaling our P- and N-sequestration estimates for the nine lakes to the entire Arctic/alpine ecoregion in Sweden showed an
average increase of 12.0+ 1.7 Mtons P and 122.6 +£17.5 Mtons N between the periods 1982-1994 and 2001-2020.

1 | Introduction

The rate of global warming in the Arctic regions is more
than three times higher than the global average (IPCC 2021;
Rantanen et al. 2022), leading to permafrost thaws (Kokelj
et al. 2013; AMAP 2021), shorter ice cover duration on lakes
(Sharma et al. 2021), and increased vegetation development on

land (Myers-Smith et al. 2011; Elmendorf et al. 2012; Myers-
Smith and Hik 2018). Indeed, warming-induced greening of the
Arctic is currently a widely accepted concept (but see Myers-
Smith et al. 2020). Tundra vegetation development has been
largely attributed to summer warming (Berner et al. 2020),
especially so in Scandinavia (Hallinger et al. 2010; Myers-
Smith et al. 2015). There has, however, been a general lack of
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consensus regarding which climate variable is the main driver
of tundra shrub growth, likely illustrating that the tundra is a
heterogeneous biome (Myers-Smith et al. 2015).

Also in northern Scandinavia, tundra vegetation is gradually
being replaced by shrubs, mountain birch, and boreal forests,
a process that has only just begun (Lagergren et al. 2024).
Elmendorf et al. (2012) provided plot-scale evidence of wide-
spread tundra vegetation change across the Arctic, i.e., field-
level support for remote sensing observations that the Arctic
biome is greening (Pouliot et al. 2009; Beck and Goetz 2011;
Lagergren et al. 2024). Hedenas et al. (2016) used systematic
inventory data to show that both total tree canopy, as well as
tundra field vegetation (graminoids and dwarf shrubs) cover
in the Arctic/alpine ecoregion of Sweden increased by 29% and
20%, respectively, between 2003 and 2012. Observed green-
ing and vegetation development are a consequence of a longer
growing season (Callaghan et al. 2004; Piao et al. 2019) and
increased nutrient availability due to enhanced decomposition
(Hartley et al. 1999; Sarneel et al. 2020) and weathering rates
in soils (Thorn et al. 2001). Keenan and Riley (2018) showed
that warming increased vegetation greenness in cold northern
regions between 1982 and 2012, suggesting an expected decline
in temperature limitation of plant communities under future
warming scenarios. These terrestrial changes have important
implications for downstream freshwater ecosystems (Wrona
et al. 2016).

Concurrent with the greening of northern landscapes, lakes
and rivers in boreal and subarctic regions are becoming more
nutrient-poor (Eimers et al. 2009; Arvola et al. 2011; Huser
et al. 2018; Nilsson et al. 2024). For example, long-term data
have shown that Total-P concentrations in lakes in Sweden have
experienced successive declines (3%-4%/y) since the late 1980s
(Huser et al. 2018), forcing many northern lakes toward ultra-
oligotrophic conditions with likely effects on community com-
position and biological production. While increases in dissolved
organic carbon (DOC) concentrations have been observed in
many boreal lakes (EKIof et al. 2021 and references therein),
subarctic and high-elevation lakes generally have high water
transparency and have shown no apparent increasing DOC
trends (Isles et al. 2018, W. Goedkoop, unpublished data), likely
due to the fact that their catchments have thin soils and sparse
vegetation.

Dramatic declines in concentrations of key nutrients such as P
and N, and subsequent oligotrophication, have obvious negative
effects on the productivity of primary producers (i.e., algae, cya-
nobacteria) in lakes, both in pelagic (Isles et al. 2018; Bergstrom
et al. 2020) and benthic habitats (Vadeboncoeur et al. 2001).
Primary production and food webs in clearwater lakes are
primarily driven by benthic primary production, which can
occur down to much larger depths than in humic, boreal lakes
(Devlin et al. 2013; Vander Zanden and Vadeboncoeur 2002;
Vadeboncoeur and Power 2017). Cyanobacteria have compet-
itive advantages over algae under nutrient-poor conditions, as
many species have the capacity to fix N, (Diehl et al. 2018) and
strategies to cope with seasonally low P concentrations (Adams
et al. 2008; Sanz-Luque et al. 2020). Nutrient-induced shifts
among benthic primary producers from algae to cyanobacte-
ria may also influence the quality of basal resources, as algae,

especially diatoms, are rich in polyunsaturated fatty acids that
promote growth and development of consumers (Miiller-Navarra
et al. 2000; Goedkoop et al. 2007) and trophic transfer efficiency
(Brett and Miiller-Navarra 1997). Conversely, cyanobacteria lack
these fatty acids (Napolitano 1999) and may produce highly po-
tent neurotoxins (Christoffersen 1996; Metcalf and Codd 2014),
making them a lower-quality resource than algae. Such shifts in
primary producer assemblages and overall primary production
as a result of oligotrophication can thus have strong repercus-
sions on the structural and functional biodiversity of northern
and subarctic clearwater lakes.

In this study we quantified the sequestration of nutrients in veg-
etation in the drainage area of high-latitude mountain lakes in
Scandinavia and addressed the link between landscape green-
ing and the ongoing oligotrophication of these lakes. We sam-
pled tundra vegetation at multiple sites (3 plots/site) across a
latitudinal gradient (62.2°-68.4°N) and analyzed samples for
phosphorus (P) and nitrogen (N) concentrations. We then com-
bined these data with Sentinel-2 satellite imagery data to cre-
ate relationships between the normalized difference vegetation
index (NDVI) and plot-scale nutrient concentrations of ambi-
ent vegetation. We used the resultant relationships to calculate
decadal sequestration of P and N in the drainage areas of high-
latitude lakes and correlate these to the observed declines in lake
water nutrient concentrations since the late 1980s. Lastly, we
used vegetation data from National Inventories of Landscape in
Sweden (NILS) to further quantify the link between increased
vegetation coverage and nutrient declines in the study lakes. We
hypothesized that increased nutrient retention rates in vegeta-
tion, both as NDVT and vegetation coverage, correlate with the
long-term declines in lake nutrient concentrations. We further
hypothesized that the increase in sequestration rates of P and N
in vegetation would be weaker in the northernmost area com-
pared to the southern limit of the latitudinal gradient, because
vegetation development likely is temperature dependent.

2 | Materials and Methods
2.1 | Lake Descriptions

The nine study lakes are situated at elevations exceeding 400m
on the eastern slopes of the Scandes Mountain Range (Figure 1,
hereafter referred to as The Scandes), the mountain divide
that is part of the Arctic and alpine ecoregion in Scandinavia
(Nordic Council of Ministers 1984; Gustafsson and Ahlén 1996).
These lakes have been part of the Swedish National Monitoring
Program since the late 1980s or mid-1990s, with monitoring con-
ducted by the same accredited laboratory (SWEDAC, Swedish
Board for Accreditation and Conformity Assessment) over this
period. Alkalinity, pH, major ions, and nutrients have been mea-
sured consistently over time using standardized methods (see
Folster et al. 2014 for a detailed description of the Monitoring
Program). Here we use epilimnetic water samples (0.5-1.0m
water depth) collected three to four times per year, i.e., spring,
summer, fall, and winter. Morphometric and catchment size
data, as well as long-term mean water concentrations of total
phosphorus (Total-P), dissolved inorganic nitrogen (DIN), and
total organic carbon (TOC) are shown in Table 1. Catchment
size and land cover for the study lakes are given in Table 2.
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FIGURE 1 | Maps of northern Scandinavia showing the locations of the study lakes and their catchments (left panel): 1=Abiskojaure,
2=Latnjajaure, 3 =Béitkajaure, 4=Njalakjaure, 5=Louvvajaure, 6=Stor Tjultrdsk, 7=Dunnervattnet, 8 =Stor Bjérsjon, 9=0Ovre Fjitsjon, and of

the 59 NILS monitoring sites (purple) and 22 NILS-Alpine sites (yellow) where vegetation samples were collected for elemental analysis (right pan-

el). The black contour delineates the Arctic/alpine ecoregion in Sweden, and three meridians are shown to facilitate global orientation. For further

details see text.

The Arctic/alpine ecoregion traverses the Arctic circle in
northern Scandinavia and is part of the global subarctic re-
gion, but its high elevation contributes to the Arctic tempera-
ture regimen even at relatively low latitudes (i.e., between
62° and 69° north). Mean annual temperatures in the ecore-
gion range from 0°C in the south to —3°C in the north, the
growth period is <140 d/y, and permafrost is patchy/dis-
continuous (Brown et al. 2000). The ecoregion is covered by
mountain birch forest (Betula pubescens var. czerepanovii),
shrubs (Salix spp) at low and intermediate elevation, and
dwarf shrubs (i.e., species belonging to Vaccinium, Cassiope,
Kalmia, Empetrum, Phyllodoce, Rhododendron, Calluna,
Arctostaphylos, Harrimanella, Arctous, Andromeda) vegeta-
tion and bare rock above the treeline. The treeline is currently
at 700-1000m but has been expanding markedly during the
last century in response to warming (Kullman 2010, 2018).
The region has experienced continuous warming since the
1980s with highly significant increases in daily air tempera-
tures, i.e., the June-September monthly average has increased
by 0.038°C +0.005°C/y between 1985 and 2020 across our
study lakes (Figure S1). The predominant land-use is rein-
deer herding by Indigenous Sami people, who use the high-
elevation areas for reindeer grazing in summer. Otherwise the

mountain range is mostly used for hiking and fishing, while
ski resorts cause limited local stress on ecosystems. The re-
mote study lakes are not affected by hydropower and receive
negligible point source pollution. Lake size and catchment
size of the study lakes ranged from 0.33-5.25km? and 4.06-
370 km?, respectively (Table 1).

2.2 | Vegetation Monitoring Sites and Sample
Collection

The Swedish alpine vegetation has been monitored from 2003 to
2020 at 59 monitoring sites (5km x 5km) above the treeline along
the Scandes as part of the NILS vegetation monitoring program
(Stahl et al. 2011). The monitoring sites are split into five an-
nually sampled subsets, which all comprise evenly distributed
quadrats over the alpine region (Figure 1). Thus, one fifth of the
total sample size is inventoried each year, and each monitoring
site is revisited after 5years (see Stahl et al. 2011 for details).
Within each NILS site, 12 sample plots are regularly placed. In
contrast to Hedenas et al. (2016), we analyzed changes in ground
and field layer vegetation coverage of three small 0.28-m radius
subplots (0.25m?) instead of the whole 10-m radius sample plot
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TABLE1 |

(Total-P), dissolved inorganic nitrogen (DIN), and total organic carbon (TOC).

Morphometric and catchment size data, as well as long-term (1988/1996-2022) annual mean water concentrations of total phosphorus

Latitude Longitude Elevation Area D_ . Catchment Total-P DIN TOC
Lake (dec) (dec) (ma.sl) (km?) (m) (km?) (ug/L) (ug/L (mg/L)
Latnjajaure 68.3506 18.4883 976 0.74 16.5 9.46 2.7 25 [6.6-58) 1.0
(0.5-7.3) (0.5-5.2)
Abiskojaure 68.4453 18.6139 487 2.79 12.8 366.9 4.5 32 (15-73) 1.6
(1.8-9.6) (1.0-5.1)
Batkdjaure 66.9145 16.6113 631 0.63 4.2% 4.76 2.5 14 (5.5-38) 2.6
(1.2-6.5) (1.9-5.7)
Njalakjaure 66.8169 16.6221 849 0.33 5.8* 4.28 3.1 19 (5.0-33) 1.5
(1.4-9.0) (0.7-4.3)
Louvvajaure 66.3931 18.1695 456 0.82 4.9% 4.16 3.6 18 (6.8-42) 3.5
(1.7-10.3) (2.5-7.2)
Stor 65.9625 16.0554 532 5.25 21.2 2774 4.8 43 (21-86) 2.3
Tjultrdsket (2.3-10.4) (1.3-3.3)
Dunnervattnet 64.2835 14.6917 445 2.67 5.8* 100.8 4.0 28 5.9
(2.3-6.0) (13-110) (4.7-8.1)
Stor Bjorsjon 63.6151 12.2426 561 0.33 4.7 20.54 4.0 22 (8.8-41) 4.8
(2.5-9.5) (3.8-6.1)
Ovre Fjitsjon 62.2359 12.7684 743 0.91 4.2 43.19 8.3 41 (17-84) 4.4
(3.8-26.7) (3.4-7.6)
Note: Concentrations are given as mean annual values (based on 3-5 monthly surface water values) and the range for the period 1988/1996-2022. D ... =Mean depth.
Note that mean depths marked with an asterisk were calculated according to Sobek et al. (2011).
TABLE 2 | Catchment size and land cover for the nine study lakes.
Catch- Water Bare
ment surface Forest Wetland rock Tundra Developed Other
Lake (km?) (km?) (km?) (km?) (km?) veg. (km?) land (km?) (km?)
Latnjajaure 9.46 0.77 0 0.01 7.09 1.58 0 0
Abiskojaure 366.9 15.02 18.61 2.19 117.40 193.95 0 0
Bétkajaure 4.76 0.75 0.38 0.18 0.18 3.27 0 0
Njalakjaure 4.28 0.36 0 0.03 3.65 0.25 0 0
Louvvajaure 4.16 0.80 2.40 0.09 0 0.34 0.04 0.48
Stor Tjultrasket 277.4 14.99 52.26 16.50 63.45 129.67 0.11 0.37
Dunnervattnet 100.8 7.89 58.39 14.97 0.84 15.46 0.37 2.87
Stor Bjorsjon 20.54 0.88 2.04 5.13 0 7.76 0.04 0.01
Ovre Fjitsjon 43.19 2.23 6.59 5.38 1.00 2791 0.03 0

Note: Forest mainly refers to mountain birch forest, but with an increasing share of pine and spruce at lower elevations and latitudes. Tundra vegetation (Tundra
veg.) refers to dwarf shrubs (i.e., species belonging to Vaccinium, Cassiope, Kalmia, Empetrum, Phyllodoce, Rhododendron, Calluna, Arctostaphylos, Harrimanella,
Arctous, Andromeda). Note that the sum of land cover does not sum up to 100% for Abiskojaure and Stor Bjorsjon, as part of their catchments, i.e., 19.72km? (or 5.4%)

and 4.68km? (or 22.8%), respectively, are located in Norway.

in order to minimize observer variation. These three 0.25-m?
plots were placed just outside the larger plots and had similar
vegetation (as judged from field images). The coverage estima-
tion was done by using a simple Horvitz-Thompson estimator
(Horvitz and Thompson 1952) and calculated with the survey
library (Lumley 2004). Using these data, we computed a 5-y
moving average of the mean for dwarf shrub cover estimates for
our analysis.

In 2021 the design of NILS was modified and got a more rep-
resentative (225 monitoring sites, 1 km?) and effective two-step,
balanced sampling design in which each site, consisting of 12
sampling plots (radius 10m), was visited every 5th year. Within
half of the sites visited in 2021, we selected two sample plots
of twelve for biomass collection in three subplots (see below).
These plots were chosen as they are predominated by tundra
vegetation, i.e., dwarf shrubs and grasses. In order to avoid
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removing vegetation within the 10-m radius plots used for long-
term vegetation monitoring, three smaller plots (area 0.25m?)
were placed just outside of these 10-m plots (north, south-east,
south-west, i.e., a 120° angle between them) and marked with a
ring. Within this ring surface, the total ground and field layer
plant coverage, the mean height of vegetation, and the coverage
of bare soils/rock were estimated.

The plots were then photographed before and after above-
ground vegetation was removed quantitatively using a scissor.
Collected plant biomass from each of 38 sites (n = 3 plots per site)
was air-dried, transferred to marked paper bags, and packed
for transport to the laboratory. The samples were stored at 4°C
in the dark and then processed and analyzed for N and P. For
this, samples were dried (65°C, 24h) and weighed to determine
dry mass, homogenized using a blender, and stored in desicca-
tors. Subsamples were analyzed for N using a LECO TruMac
elemental analyzer. QA/QC for these analyses included two
reference materials (a commercially available wheat standard
and an internally produced standard soil). Internal standards
of these materials were run with every batch (40 samples) to
guarantee analytical accuracy (i.e., deviation was <3%). Also
an internal standard was also analyzed (every 10th sample)
to check for instrumental performance. Total-P was analyzed
using an ICP-Avio 200 after digestion with concentrated HNO,
(SS-28311 2017).

2.3 | Catchments, NDVI, Water Chemistry,
and Temperature Data

The NILS-monitoring sites, with their good coverage of sites
across the Arctic/alpine ecoregion in Sweden, provide infor-
mation on vegetation change at the landscape level (Figure 1).
The catchments of the study lakes are all embedded within
this landscape. Catchments were delineated by snapping
the sample site coordinates to the lake outlet and calculat-
ing the watersheds upstream from directional d8 rasters that
are based on a modified 10-m resolution digital elevation
model (DEM10) of Sweden supplied by the Swedish Mapping,
Cadastral and Land Registration authority. The DEMI10 is
a resampling of a 2-m resolution DEM augmented with the
national map of hydrography, available from the Swedish
Meteorological and Hydrological Institute. This was done
using a python script (vivan2) using tools from ArcGIS python
library arcpy. Drainage areas were calculated by subtracting
the lake area from the catchment size.

NDVI data for the drainage areas of our study lakes (i.e.,
catchment area minus area of the study lake) were extracted
from the NOAA Climate data record (NOAA 2023, normal-
ized NDVI version 4, Vermote et al. 2014) using Google Earth
engine (Gorelick et al. 2017) through the R package rgee
(Aybar 2023). NDVI quantifies vegetation biomass by calcu-
lating the differences between near-infrared (which vegeta-
tion reflects) and red light (which vegetation absorbs) divided
by their sum. For each catchment, the maximum NDVI value
> 0.2 for the snow-free period of the year was extracted for
each year and the mean of NDVI___over the whole drainage
area was calculated. NDVI values taken before 7:00am were
filtered out. By doing so we could compile NDVI_ . data back

to 1983. Annual peak NDVI (or NDVI_, ) have shown good
correlation with total aboveground phytomass in earlier stud-
ies (Shippert et al. 1995; Walker et al. 2003).

For each of the 38 NILS sample plots where plant biomass was
collected in 2021 (see above), the NDVI . values for 2021 were
derived from Sentinel-2 scenes (10 m X 10 m resolution). As each
NILS sample plot of 314 m? covered 4-8 Sentinel pixels, we
first calculated the mean NDVI value of these pixels and then
selected the maximum NDVI for the snow-free period for each
plot (i.e., NDVI ). The procedure is summarized in Figure S2.
We then carefully scrutinized the photos of the vegetation sites
and omitted five plots where not all vegetation could be removed
and another four plots that were partly snow-covered, resulting
in a data set covering 29 sites. As a next step, relationships were
established between NDVI_ of NILS monitoring plots and the
concentrations of P and N of the tundra vegetation samples col-
lected there.

NDVI data were then recalculated into units of P and N using
established relationships between NDVI __ and the concentra-
tions of P and N in collected tundra vegetation samples from the
NILS sites. These calculations provided an estimate of vegeta-
tion development in the drainage areas (i.e., catchment size ex-
cluding water surfaces) of the study lakes over the time frame
of the study (i.e., 1983-2020). P- and N-sequestration by vege-
tation in the drainage areas for most lakes was calculated for
the periods of 1983-1994 and 2001-2020, but for Abiskojaure
we compared sequestration for the periods of 1983-1992 with
those for 2001-2020 as NDVI increased markedly already in
1993. These data were then upscaled to the entire Arctic/alpine
ecoregion (i.e., 46,528km?) by using the mean (+SE) of these
nine drainage areas. In addition, we used a high-resolution map
of tundra vegetation from the Swedish Mapping, Cadastral and
Land Registration Authority in order to upscale our P- and N-
sequestration data to the tundra part (i.e., 33,935km? or 73%) of
the Arctic/alpine ecoregion in Sweden.

Water chemistry data for the lakes were extracted from data-
bases for national freshwater monitoring (see above) available at
the Swedish University of Agricultural Sciences (SLU). Swedish
or European standards have been used for spectrometric analy-
ses of Total-P (SS-EN ISO 6878:2005), NH,-N (SS-EN ISO 15923-
1:2024), and NO,+NO,-N (SS-EN ISO 13395:2005). Because the
lab has changed analytical methods for Total-N several times,
resulting in inconsistent data series, we chose to use the sum of
concentrations of dissolved inorganic nitrogen (DIN, i.e., sum
of NO,-N, NO,-N and NH,-N) to analyze long-term changes in
nitrogen concentrations. DIN has shown to be a good indicator
of nitrogen availability for phytoplankton production in north-
ern lakes (Lau et al. 2021), while the DIN/Total-P ration has
been used as an indicator for nutrient limitation regimes of phy-
toplankton in northern lakes (Bergstrom 2010). Annual mean
values based on 3 or 4 monthly sampling occasions were used in
time series analysis.

Air temperature data were obtained from the Climate Research
Unit Time-series database CRU TS version 4.06 (Harris
et al. 2020). Lake coordinates were used to extract daily mean
temperatures on 0.5° latitude X0.5° longitude grids for the
months June, July, August, and September of 1985-2020. These
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FIGURE 2 | Temporal trends in annual mean total phosphorus water concentrations (Total-P) for the nine study lakes. Line fits show the result

of a simple GAM smooth fit. Sen's slopes and p-values (Mann-Kendall) are given in the panels.

months reflect the annual growth season, i.e., the months in
which no temperatures below 0°C were recorded.

2.4 | Statistical Analysis

Generalized Additive Mixed Effect Models (Hastie and
Tibshirani 1990) were used to analyze relationships between
lake nutrient water concentrations (i.e., Total-P and DIN) and
NDVI_ . and dwarf shrub coverage monitoring data, respec-
tively, using R (R Core Team 2023), including the packages mgcv
(Wood 2011), dplyr (Wickham et al. 2023), terra (Hijmans 2024),
sf (Pebesma and Bivand 2023) and ggplot2 (Wickham 2016).
These models analyzed the overall relationships between land-
scape greening and lake oligotrophication. Time series analyses
of nutrient water concentrations and NDVI__  were done in
R, using mixed-generalized mixed models (GAM) smooth fits
with lake as a random factor and year as a predictor, to visualize
trends for each of the study lakes. Mann-Kendall tests were then
used for testing these temporal trends for their significance.
Student t-tests, to compare nutrient sequestration between time
periods, and other statistics were done using JMP (JMP Pro
15 2019) with alpha set at 0.05.

3 | Results

Total-P water concentrations showed highly significant declin-
ing trends for all nine lakes (Figure 2), ranging from 1.5%/y (Ovre
Fjdtsjon, 1986-2020) to 3.6%/y (Njalakjaure, 1996-2020) over

the last few decades. For example, mean Total-P in Njalakjaure
declined from 5.3 to 1.2 ug/L between 1996 and 2020 (or 3.1%/y),
while the much larger lake Stor-Tjultrdsket showed a similar
decline, i.e., from 8.5 to 1.8ug/L between 1989 and 2020 (or
2.5%/y). All lakes except for the southernmost Ovre Fjitsjon had
Total-P concentrations that declined to values close to or below
3ug/L for the latest years in the data set. DIN-water concentra-
tions showed negative slopes for all lakes, ranging from —0.125
(Louvvajaure) to —0.697 (Latnjajaure). The declining DIN-
trends were significant for six of nine lakes, i.e., Abiskojaure,
Bétkdjaure, Njalakjaure, Dunnervattnet, Stor-Bjorsjon, and Stor-
Tjultrdsket, and borderline significant (p =0.075) for Latnjajaure
(Figure 3). These declining trends in nutrient concentration il-
lustrate the severe oligotrophication of lakes in the region.

Time series of the NDVI . for the lake catchments showed in-
stead strong positive trends from the 1980s (Figure S3), demon-
strating a gradual, warming-induced increase in vegetation
development. For most of the lakes' drainage areas, NDVI__in-
creased dramatically already during the 1990s, but then leveled
off between 2001 and 2020. The only lake that showed an op-
posite trend was Bétkajaure, a high-elevation lake that instead
showed an increase in NDVI_  during later years in the data
set. These results were supported by plot-level measurements
of dwarf shrub coverage that showed a 7% increase (i.e., from
15% to 22%) on tundra sites during 2003-2020 from the NILS-

monitoring program (Figure 4).

Concentrations of P and N in vegetation samples showed
highly significant linear relationships with plot-scale NDVI_

6 of 15

Global Change Biology, 2025

85U8017 SUOWOD aAIIa1D) 3|qeotjdde ay) Aq peusenob a e ssjole YO ‘8sn JO S3|NJ 10j ARIq1IT 8UIUO 8|1 UO (SUONIPUOD-PUE-SWBI W00 A8 1M Aeq|1Bul [UO//SdNY) SUONIPUOD Pue S | 81 88S *[S5202/20/82] Uo ARiqIT 8ulluO A8]IM ‘SS0WBIS [IMNOLBY JO AISBAIUN USIPBMS Ad 102 GOB/TTTT 0T/I0p/W0D A8 |1 Ake.q i jpuluo//:sdny wouy papeojumoq . ‘SZ0Z ‘9872G9ET



Slope ~0.656, p=.075 Slope -0.637, p<.001 °
80 Pe P Slope -0.453, p=.028
60 °
40
So. S
@
S o ° % o0 %o
® o °
80 Slope -0.125, p=.283 Slope -0.548, p<.010
{ ]
2"
~ 4 ®
= 0 ® ® . .
= ° oo ® L] e ®
=) ° ®e o oo o ® °
20| oo ° = r“—.ws m
[ ) ) '..
80 Slope -0.250, p=.043 Slope -0.697, p<.001 Sope -0.186, p=426
=42
[ ] [ ]
60 ® o °®
() ° )
(]
0 "‘"“\k e
L] ®
LB ° %
o [
20 e ° o o o%
o
gaar O
1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020
year

FIGURE 3 | Temporal trends in mean annual dissolved inorganic nitrogen water concentrations (DIN) for nine study lakes. Line fits show the

result of a simple GAM smooth fit. Sen's slopes and p-values (Mann-Kendall) are given in the panels.

25

20

Dwarf shrub cover @)

10

2005 2007 2009 2011

Year

2013 2015 2017
FIGURE 4 | Temporal trend in dwarf shrub vegetation cover from
the NILS-alpine monitoring program collected during 2003-2020. Data
points show a five-year moving average based on 507 observational plots
of tundra vegetation at 59 monitoring sites (see Figure 1). Dwarf shrubs
include species belonging to Vaccinium, Cassiope, Kalmia, Empetrum,
Phyllodoce, Rhododendron, Calluna, Arctostaphylos, Harrimanella,
Arctous, and Andromeda.

(Figure 5). These relationships between the NDVI . and nutri-
ent concentrations of tundra plot vegetation were then used to
calculate the overall temporal trends in P- and N-sequestration
by vegetation in the drainage area of the study lakes and the
area-specific sequestration for the two selected time periods.

This upscaling from plot-scale to the drainage area showed that

the rapid increase in NDVI . during the 1990s translated into
marked increases in annual sequestration rates of P in drain-
age area vegetation, which then leveled off after the turn of the
century for most lakes (Figure 6). P sequestration generally in-
creased by 12%-30% between the time periods 1983-1994 and
2001-2020, with the exception of the high-elevation Njalakjaure
that more than doubled P sequestration in its small drainage
area (3.92km?). The total increase in sequestered P between
the two periods ranged between 0.54 (Bétkajaure) and 77.6 tons
(Abiskojaure) among the nine lake drainage areas. Trends for
N-sequestration in the drainage area were similar to those for P,
with increases between 1983-1994 and 2001-2020 ranging from
10% to 27% among eight of nine lakes, but substantially higher
for Njalakjaure at 74% (Figure 7). The increase in sequestered
N between the two periods ranged from 5.5 tons (Batkajaure)
to 792 tons (Abiskojaure) among the nine lakes drainage areas.

Area-specific P-sequestration estimates for 1983-1994 averaged
1.04£0.10 tons P/km? among lakes and ranged from 0.46 +0.07
(Njalakjaure) to 1.37+0.03 tons P/km? (Dunnervattnet), but
then increased by 12%-33% for eight of nine lakes during the
period of 2001-2020, whereas the increase in sequestration for
Njalakjaure was 110% (Table 3). Area-specific N-sequestration
averaged 12.91+1.02 tons P/km? during 1983-1994 and
15.54+0.78 tons N/km? during 2001-2020, implying relative
increases of 10%-74%. These estimates illustrate the long-term
sequestration of N and P by terrestrial vegetation in the region.
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Upscaling our P- and N-sequestration estimates, using the
mean (£SE) area-specific differences in sequestration rates be-
tween 1982-1994 and 2001-2020 for the drainage areas of the
nine study lakes, resulted in an increase of 12.0+1.7 Mtons P
and 122.6+17.5 Mtons N being sequestered across the entire
Swedish Arctic/alpine ecoregion. Similar values for only the
share of tundra vegetation in this ecoregion (which was 73% of
the total area) were 8.8+ 1.2 Mtons P and 89.4+12.7 Mtons N.
Considering that most of the increase occurred over a time in-
terval of 22.5years (i.e., between the mid-interval years) implies
annual sequestration rates in above-ground biomass of tundra
vegetation of 390 tons P/y and 3973 tons N/y.

Both Total-P and DIN water concentrations for the nine lakes
showed strong, negative correlations with the NDVI___ values
of their drainage areas, which explained 69.3% and 51.8% of the
variability, respectively (Figure 8A,B). Similarly, significant neg-
ative correlations were observed between Total-P and DIN water
concentrations and plot-scale measurements of dwarf shrub

coverage, which explained 75.4% and 59.3% of the variability in

nutrient concentrations, respectively (Figure 8C,D). These rela-
tionships show the strong links between two measures of vege-
tation development in the drainage area and concurrent declines
in nutrient concentrations in downstream lakes.

4 | Discussion

Our study provides unique estimates of N and P sequestered by
expanding vegetation in the drainage areas of subarctic lakes.
This evidence demonstrates that temporal trends in catchment-
scale greening (as NDVI) and terrestrial vegetation development
(as plot-scale coverage) are closely associated with the ongoing,
dramatic oligotrophication of lakes (as nutrient declines). Both
the marked increasesin NDVI__ and aboveground dwarfshrub
coverage data explained a significant share of the decline in lake
Total-P and DIN concentrations (Figure 8). Moreover, these
findings support experimental findings by Aerts et al. (2006) and
that climate warming impacts on both the phenology and per-
formance of plants from the cold biomes. Indeed, shrubification
and tree line expansion are progressing also in the Scandes and
have accelerated when the unusually cold 1980s were followed
by markedly warmer decades and substantially longer vegeta-
tion periods (SMHI 2024; Kullman 2021a). Observed nutrient
sequestration rates increased rapidly during the warm years of
the 1990s (Figures 4 and 5), and coincided with the period of
most dramatic declines in Total-P water concentrations in the
study lakes (Figure 2). These comparisons suggest that a num-
ber of exceptionally warm years apparently were a trigger for
long-lasting, positive effects on the establishment and growth
of plants at higher elevations, which was the main driver of the
concurrent lake oligotrophication.

Similar vegetation development is ongoing elsewhere in the
Arctic but the association between terrestrial sequestration of
P and N and lake oligotrophication is either not detected due to
the lack of long-term monitoring data or the fact that changes
were masked by nutrients released during large-scale perma-
frost thaws (Reyes and Lougheed 2015) or regional thermokarst
slumps (Kokelj et al. 2013). In the subarctic region of northern
Scandinavia, where permafrost is patchy and discontinuous and
such permafrost-derived nutrient subsidies are likely marginal,
this is reflected by the absence of increasing DOC trends for
our high-latitude study lakes. Our large-scale results show that
any positive effects of warming on nutrient availability are in-
deed entirely counteracted by an increased uptake by terrestrial
vegetation.

The low NDVI__ values early in the time series can be at-
tributed to the unusually cold 1980s, when soil tempera-
tures in the mid-range of the Scandes were 3°C-5°C lower
(and around zero) than during the 1990s (Kullman 2021a).
During the 1980s, germinability of tree species was sup-
pressed and snow fields over the summer were more common
(Kullman 2002). During the warmer 1990s, the joint effects of
snow cover decline (Kullman 2002; Callaghan et al. 2011), in-
creased tundra vegetation development (Figure 3, but see also
Hedenas et al. 2016), and the progression of mountain birch
forest stands to higher elevations (Kullman 2021b; Nygaard
et al. 2022) have contributed to an increased greening of
the region. This expansion of vegetation is associated with
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the observed gradual increase in NDVI___ during the recent canopy cover increased only during 2008-2012. Similarly,

warmer decades compared with the colder period from 1983-
1994 (Figure S1). Using data from 1740 long-term vegetation
monitoring plots, Hedenas et al. (2016) reported that the ex-
tension of birch forest cover in the Swedish Scandes was sim-
ilar between the periods 2003-2007 and 2008-2012, but total

Hedenads et al. (2016) found that the coverage of graminoids
and dwarf shrubs, as well as the total vegetation cover in-
creased in both tundra and the understory in birch forest
stands. These observations support our finding that NDVI
increased until approximately 2010, and was then followed by
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a leveling off in most catchments (Figure S3). These findings
are in concordance with Berner et al. (2020), who showed that
summer warming is the main driver of widespread greening
of the Arctic tundra and that effects are stronger in the Low
Arctic and Oro Arctic (i.e., alpine, tundra), to which northern
Scandinavia belongs.

Our estimates of nutrient sequestration, however, have po-
tential inherent errors as relationships established for tundra
vegetation (Figure 5) were used to extrapolate to entire drain-
age areas that also contain slowly extending mountain birch
and to a lesser extent coniferous tree stands. Forest cover in
the catchments was between 0% and 9% for the four north-
ernmost lakes and Stor Bjorsjon, but substantially higher for
the more easterly situated, lower-elevation lakes Louvvajaure
and Dunnervattnet (58% and 59%, respectively) (Table 2).
This potential error should, however, contribute to a system-
atic underestimation, due to the saturation effect of NDVI,

i.e., the phenomenon that NDVI shows little or no change
at higher vegetation density (Gao et al. 2023) and thus does
not accurately reflect the development of understory vege-
tation. Because this potential error would be more likely to
occur in forests where spatial heterogeneity is higher (Baloloy
et al. 2018), we expect the share of birch forest in the catch-
ment to some degree contribute to an underestimation of
greenness. Shippert et al. (1995, Figure 5) identified a NDVI of
0.7 as a threshold above which saturation may become prob-
lematic for plant biomass estimation. Our sites, however, had
no or only single NDVI___values exceeding 0.7, with the ex-
ception of Dunnervattnet, which also had the largest share of
forest in the catchment among our study lakes. Furthermore,
the gradual, long-term decline in summer snow patches could
have contributed to an increase in NDVI, especially for the
lakes at the highest latitudes and elevations (e.g., Latnjajaure,
Njalakjaure). The fact that our sequestration estimates of N-
and P-sequestration are based on aboveground biomass of
green vegetation only further emphasizes the conservative na-
ture of these estimates. This is because NDVI measures green
biomass, which is likely accompanied by increases in biomass
of aboveground structural plant parts as well as belowground
root systems. The review by Iversen et al. (2015) emphasizes
that the average ratio of belowground to aboveground biomass
for different functional tundra plant types varies between 2.7
and 8.2, further reinforcing our conclusion.

Changes in grazing pressure may also affect vegetation cover
and NDVIvalues, and the Sami People use these high-elevation
landscapes for reindeer herding during the Arctic summer.
Our observed increase in vegetation development could, how-
ever, not be explained by declines in grazing pressure as the
reindeer population in the Swedish part of the Scandes has
been relatively stable since 2004 (Sami Parliament 2024).
Reindeer populations declined by 13% (from 253,200 to 219,300
individuals) during 1995-2001, and then rapidly recovered to
a relatively stable population of 250,846 +6024 individuals
during 2004-2020 (interannual mean + SD, data not shown).
These numbers should, however, be seen as underestimates,
as they are based on winter counts after the annual slaugh-
ter, whereas summer populations of reindeer are ca. 50%-60%
larger, after calving in spring. These populations have been
stable since 2004, and our data thus show that vegetation de-
velopment occurred despite an increase in reindeer population
size in the late 1990s. Although grazing by lemmings may also
impact vegetation cover during years with peak populations
(Olofsson et al. 2012), this likely did not impact our results.
Lemming populations in the Scandes peaked for the first time
in many years in 2011 (Olofsson et al. 2012), but effects on the
catchment-scale NDVI . were not apparent in our time series
(Figures 5 and S3).

Warming-induced greening of landscapes is likely to be fur-
ther stimulated by the expected increase in wet (i.e., pluvial)
precipitation and increased weathering and decomposition
of organic matter (nutrient regeneration) in soils (Hartley
et al. 1999) as the climate warms. Increases in wet precipi-
tation could potentially contribute to the dilution of run-off
(Isles et al. 2023), but this explanation was rebutted by Huser
et al. (2018) and Nilsson et al. (2024) for Swedish lakes and
rivers, respectively. Increased warming could, however,
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TABLE 3 | Area-specific sequestration rates of P and N (as ton/km?) stored in drainage area vegetation (mean+1 standard deviation) of nine
Arctic/alpine lakes for time periods 1983-1994 and 2001-2020, as well as the relative increase (A%).

P (ton/km?) N (ton/km?)

Lake 1982-1994 2001-2020 A% 1982-1994 2001-2020 A%

Latnjajaure 0.88+0.09 1.17£0.06 33%* 11.24+0.86 14.17+£0.58 26%*
Abiskojaure 0.74+0.06! 0.96£0.02 30%* 9.80+0.63! 12.05£0.20 23%*
Batkdjaure 1.16 £0.05 1.30+£0.04 12* 14.13+£0.55 15.51+0.35 10%*

Njalakjaure 0.46+0.07 0.96 £0.07 110%** 6.93+0.71 12.05+0.75 T4FEE
Louvvajaure 1.07£0.03 1.42+0.02 3%k 13.22+0.26 16.75+0.15 27H*¥
Stor-Tjultrasket 1.22+£0.05 1.43+0.02 17%%* 14.73£0.48 16.89+0.18 15%%*
Dunnervattnet 1.37£0.03 1.61+£0.02 18* 16.23+0.32 18.68 £0.20 15%%%
Stor Bjorsjon 1.34+0.03 1.50+0.02 12%%* 15.95+£0.26 17.63£0.16 11%%*
Ovre Fjatsjon 1.14+0.03 1.36£0.03 19%%* 13.93£0.30 16.14+0.29 16%**
Average 1.04+£0.10 1.30+0.07 12.91+1.02 15.54+£0.78

Note: Asterisks show the level of significance for ¢-tests (*0.05>p>0.01, **0.01 > p>0.001; ***p <0.001). Lakes ordered north to south.

11983-1992. See text.
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contribute to increased sorption of P to recalcitrant soil P frac-
tions such as iron oxyhydroxides and/or clays, as shown by
Tian et al. (2023) for forested sites in the Austrian Alps. In
addition, while slight increases in soil pH can affect P sorp-
tion in soils, the increased formation of P-binding metals (e.g.,
iron- and aluminum-oxyhydroxides) may limit P mobility in
the drainage area (Huser et al. 2018). This has been particu-
larly addressed in studies on the recovery from acidification
(Kopéacek et al. 2015). However, our study lakes are situated in
a region that has been minimally affected by acid deposition
in the 1960s-1980s, so this would have contributed only mar-
ginally to the declining Total-P water concentrations in the
current study. In contrast, we infer that the sequestration of
Total-P by drainage area vegetation is by far the predominant

process that explains the loss of Total-P in run-off and ulti-
mately lake Total-P concentrations.

4.1 | Consequences of Oligotrophication for Lake
Food Webs

The loss of nutrients in run-off appears to push these clear-
water lakes to ultra-oligotrophic conditions with possible neg-
ative effects on whole-lake productivity. However, analyses of
decadal monitoring data on phytoplankton biovolume and chlo-
rophyll a show no significant temporal trends for these lakes
(W. Goedkoop, unpublished data). This may be attributed to
the high share of mixotrophs that typically predominate the
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phytoplankton communities of oligotrophic clearwater lakes
(Bergstrom et al. 2003; Waibel et al. 2019). Mixotrophs have
the ability to alternate between photosynthesis and phagotro-
phy on bacteria and organic particles, which is advantageous
in these ultraoligotrophic lakes where dark conditions pre-
dominate during the long winter. While planktonic primary
producers are strongly dependent on nutrient water concentra-
tions, benthic algae, that predominate primary production in
oligotrophic clearwater lakes (Vadeboncoeur et al. 2003), may
be less affected by declining surface water nutrient concen-
trations because they can obtain nutrients from the sediment
(Vadeboncoeur et al. 2006). Therefore, climate-driven trends in-
cluding higher water temperatures, deeper stratification, and a
longer ice-free season in these subarctic lakes may instead have
a stimulatory effect on primary production and overall lake pro-
ductivity. However, nutrient- and warming-induced changes in
the assemblage composition of benthic primary producers to-
ward a larger share of cyanobacteria, which are favored by low-
nutrient conditions and warming (Schartau et al. 2022), will
result in lower basal resource quality, reduced trophic transfer
efficiency, and a drop in overall ecosystem productivity (Brett
and Miiller-Navarra 1997).

5 | Conclusions/Outlook

Our unique time series of nutrient water concentrations and
vegetation monitoring data, together with satellite imagery, re-
vealed landscape-level consequences of ongoing climate warm-
ing. These data also contribute to addressing the challenge of
linking satellite-based greenness to field-level observations
(Piao et al. 2019). We demonstrate strong links between ter-
restrial vegetation development, i.e., landscape greening, and
the ongoing loss of nutrients (primarily P) from lakes. These
changes, together with longer ice-free periods and warmer wa-
ters, will likely alter the productivity and composition of basal
resources in these lakes and may have yet unforeseen conse-
quences for their unique biodiversity (Heino et al. 2020), includ-
ing Arctic char (Muhlfeld et al. 2024; Kangosjirvi et al. 2024).
Due to the lack of monitoring in many parts of the remote
Arctic region (Goedkoop et al. 2022), however, such ecological
changes are seldom observed or the underlying processes iden-
tified. While increased vegetation development (i.e., increased
CO, uptake) may imply negative feedback on climate change,
warming-induced oligotrophication may have negative effects
on freshwater ecosystem health and services, including fish-
eries production, that are of key importance to the Indigenous
Peoples and other residents of the Arctic.

Author Contributions

Willem Goedkoop: conceptualization, data curation, formal analysis,
funding acquisition, investigation, project administration, resources,
visualization, writing — original draft, writing - review and editing.
Sven Adler: conceptualization, data curation, formal analysis, investi-
gation, methodology, resources, software, validation, writing — original
draft. Brian Huser: data curation, investigation, methodology, writing
- review and editing. Hans Gardfjell: data curation, validation, writ-
ing - review and editing. Danny C. P. Lau: conceptualization, investi-
gation, validation, writing - review and editing.

Acknowledgements

We acknowledge the Swedish Environmental Protection Agency
for funding the REFINE-Project (contract NV-08138-18 to Willem
Goedkoop) and for funding the National Inventory of Landscapes
in Sweden (NILS). We also acknowledge funding from the Swedish
Research Council for Environment, Agricultural Sciences and Spatial
Planning (FORMAS dnr 2021-01062 to Danny C. P. Lau) and the
Swedish Agency for Marine and Water Management for consistent fund-
ing of national monitoring of freshwater ecosystems. We are grateful to
all staff that have contributed to the production of valuable monitoring
data through the years and to Liesbeth van Ravenhorst for processing
vegetation samples. Lastly, we thank Stefan Hellgren for producing the
maps, and Joseph Culp and two anonymous reviewers for valuable com-
ments on an earlier draft of this manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available
in the Swedish National Data Service (SND) at https://doi.org/10.
5878/ytfc-gk90. Water chemistry data are openly available from the
MVM Soil, Water and Environmental data platform at https://miljo
data.slu.se/MVM/Search. Temperature data were obtained from
Climate Research Unit Time-series database (CRU TS version 4.06) at
https://crudata.uea.ac.uk/cru/data/hrg/. NDVI data were extracted
from the NOAA Climate data record (normalized NDVI version 4)
using the Google Earth engine. https://www.ncei.noaa.gov/produ
cts/climate-data-records and are available at https://doi.org/10.7289/
V5PZ56R6. Data on reindeer population size have been extracted
from the Swedish Sami parliament https://www.sametinget.se/stati
stik/renhjorden.

References

Adams, M. M., M. R. Gomez-Garcia, A. R. Grossman, and D. Bhaya.
2008. “Phosphorus Deprivation Responses and Phosphonate Utilization
in a Thermophilic Synechoccus sp. From Microbial Mats.” Journal of
Bacteriology 190: 8171-8184.

Aerts, R., J. Cornelissen, and E. Dorrepaal. 2006. “Plant Performance
in a Warmer World: General Responses of Plants From Cold, Northern
Biomes and the Importance of Winter and Spring Events.” Plant Ecology
182: 65-77.

AMAP. 2021. AMAP Arctic Climate Change Update 2021: Key Trends
and Impacts. Arctic Monitoring and Assessment Programme (AMAP).
viii + 148 pp.

Arvola, L., M. Jdrvinen, and T. Tulonen. 2011. “Long-Term Trend
and Regional Differences of Phytoplankton in Large Finnish Lakes.”
Hydrobiologia 660: 125-134.

Aybar, C. 2023. “rgee: R Bindings for Calling the ‘Earth Engine’ API_.”
https://github.com/r-spatial/rgee/. https://r-spatial.github.io/rgee/.
https://github.com/google/earthengine-api/.

Baloloy, A. B., A. C. Blanco, C. G. Candido, et al. 2018. “Estimation of
Mangrove Forest Aboveground Biomass Using Multispectral Bands,
Vegetation Indices and Biophysical Variables Derived From Optical
Satellite Imageries: Rapideye, Planetscope and Sentinel-2.” ISPRS
Annals of the Photogrammetry, Remote Sensing and Spatial Information
Sciences 3: 29-36.

Beck, P. S. A, and S. J. Goetz. 2011. “Satellite Observations of High
Northern Latitude Vegetation Productivity Changes Between 1982 and
2008: Ecological Variability and Regional Differences.” Environmental
Research Letters 6: 045501.

12 of 15

Global Change Biology, 2025

85U8017 SUOWOD aAIIa1D) 3|qeotjdde ay) Aq peusenob a e ssjole YO ‘8sn JO S3|NJ 10j ARIq1IT 8UIUO 8|1 UO (SUONIPUOD-PUE-SWBI W00 A8 1M Aeq|1Bul [UO//SdNY) SUONIPUOD Pue S | 81 88S *[S5202/20/82] Uo ARiqIT 8ulluO A8]IM ‘SS0WBIS [IMNOLBY JO AISBAIUN USIPBMS Ad 102 GOB/TTTT 0T/I0p/W0D A8 |1 Ake.q i jpuluo//:sdny wouy papeojumoq . ‘SZ0Z ‘9872G9ET


https://doi.org/10.5878/ytfc-gk90
https://doi.org/10.5878/ytfc-gk90
https://miljodata.slu.se/MVM/Search
https://miljodata.slu.se/MVM/Search
https://crudata.uea.ac.uk/cru/data/hrg/
https://www.ncei.noaa.gov/products/climate-data-records
https://www.ncei.noaa.gov/products/climate-data-records
https://doi.org/10.7289/V5PZ56R6
https://doi.org/10.7289/V5PZ56R6
https://www.sametinget.se/statistik/renhjorden
https://www.sametinget.se/statistik/renhjorden
https://github.com/r-spatial/rgee/
https://r-spatial.github.io/rgee/
https://github.com/google/earthengine-api/

Bergstrom, A. K. 2010. “The Use of TN:TP and DIN:TP Ratios as
Indicators for Phytoplankton Nutrient Limitation in Oligotrophic Lakes
Affected by N Deposition.” Aquatic Sciences 72: 277-281.

Bergstrom, A.-K., M. Jansson, S. Drakare, and P. Blomqvist. 2003.
“Occurrence of Mixotrophic Flagellates in Relation to Bacterioplankton
Production, Light Regime and Availability of Inorganic Nutrients in
Unproductive Lakes With Differing Humic Contents.” Freshwater
Biology 48: 868-877.

Bergstrom, A.-K., A. Jonsson, P. D. F. Isles, I. F. Creed, and D. C. P. Lau.
2020. “Changes in Nutritional Quality and Nutrient Limitation Regimes
of Phytoplankton in Response to Declining N Deposition in Mountain
Lakes.” Aquatic Sciences 82: 31.

Berner, L. T., R. Massey, P. Jantz, et al. 2020. “Summer Warming
Explains Widespread but Not Uniform Greening in the Arctic Tundra
Biome.” Nature Communications 11: 4621.

Brett, M. T., and D. C. Miiller-Navarra. 1997. “The Role of Highly
Unsaturated Fatty Acids in Aquatic Foodweb Processes.” Freshwater
Biology 38: 483-499.

Brown, J., K. M. Hinkel, and F. E. Nelson. 2000. “The Circumpolar
Active Layer Monitoring Program (CALM): Research Design and Initial
Results.” Polar Geography 24: 165-258.

Callaghan, T. V., L. O. Bjorn, Y. Chernov, et al. 2004. “Effects of Changes
in Climate on Landscape and Regional Processes, and Feedbacks to the
Climate System.” Ambio 33: 459-468.

Callaghan, T. V., M. Johansson, R. D. Brown, et al. 2011. “The Changing
Face of Arctic Snow Cover: A Synthesis of Observed and Projected
Changes.” Ambio 40: 17-31.

Christoffersen, K. 1996. “Ecological Implications of Cyanobacterial
Toxins in Aquatic Food Webs.” Phycologia 35: 42-50.

Devlin, S. P, J. M. Vander Zanden, and Y. Vadeboncoeur. 2013.
“Depth-Specific Variation in Carbon Isotopes Demonstrates
Resource Partitioning in Littoral Zoobenthos.” Freshwater Biology 58:
2389-2400.

Diehl, S., G. Thomsson, M. Kahlert, J. Guo, J. Karlsson, and A. Liess.
2018. “Inverse Relationships of Epilithic Algae and Pelagic Phosphorus
in Unproductive Lakes: Roles of N, Fixers and Light.” Freshwater
Biology 63: 662-675.

Eimers, M. C., S. A. Watmough, A. M. Paterson, P. J. Dillon, and H.
Yao. 2009. “Long-Term Declines in Phosphorus Export From Forested
Catchments in South-Central Ontario.” Canadian Journal of Fisheries
and Aquatic Sciences 66: 1682-1692.

Ekl6f, K., C. von Bromssen, N. Amvrosiadi, J. Folster, M. B. Wallin, and
K. Bishop. 2021. “Brownification on Hold: What Traditional Analyses
Miss in Extended Surface Water Records.” Water Research 203: 117544.

Elmendorf, S. C., G. H. R. Henry, R. D. Hollister, et al. 2012. “Plot-Scale
Evidence of Tundra Vegetation Change and Links to Recent Summer
Warming.” Nature Climate Change 2: 453-457.

Folster, J., R. K. Johnson, M. N. Futter, and A. Wilander. 2014.
“The Swedish Monitoring of Surface Waters: 50Years of Adaptive
Monitoring.” Ambio 43: 3-18.

Gao, S., R. Zhong, K. Yan, et al. 2023. “Evaluating the Saturation
Effect of Vegetation Indices in Forests Using 3D Radiative Transfer
Simulations and Satellite Observations.” Remote Sensing of Environment
295:113665.

Goedkoop, W., J. M. Culp, T. Christensen, et al. 2022. “Improving the
Framework for Assessment of Ecological Change in the Arctic - A
Circumpolar Synthesis of Freshwater Biodiversity.” Freshwater Biology
67:210-223.

Goedkoop, W., M. Demandt, and G. Ahlgren. 2007. “Interaction Between
Food Quality (Long-Chain Polyunsaturated Fatty Acids) and Quality on

Growth and Development of the Midge Chironomus riparius.” Canadian
Journal of Fisheries and Aquatic Sciences 64: 425-436.

Gorelick, N., M. Hancher, M. Dixon, S. Ilyushchenko, D. Thau, and
R. Moore. 2017. “Google Earth Engine: Planetary-Scale Geospatial
Analysis for Everyone.” Remote Sensing of Environment 202: 18-27.

Gustafsson, L., and I. Ahlén, eds. 1996. Geography of Plants and
Animals. Almqvist & Wiksell International.

Hallinger, M., M. Manthey, and M. Wilmking. 2010. “Establishing a
Missing Link: Warm Summers and Winter Snow Cover Promote Shrub
Expansion Into Alpine Tundra in Scandinavia.” New Phytologist 186:
890-899.

Harris, 1., T. J. Osborn, P. Jones, and D. Lister. 2020. “Version 4 of
the CRU TS Monthly High-Resolution Gridded Multivariate Climate
Dataset.” Scientific Data 7, no. 1: 109.

Hartley, A. E., C. Neill, J. M. Melillo, R. Crabtree, and F. P. Bowles. 1999.
“Plant Performance and Soil Nitrogen Mineralization in Response to
Simulated Climated Change in a Subarctic Dwarf Shrub Heath.” Oikos
86:331-343.

Hastie, T. J., and R. J. Tibshirani. 1990. Generalized Additive Models.
Chapman and Hall.

Hedenés, H., P. Christensen, and J. Svensson. 2016. “Changes in
Vegetation Cover and Composition in the Swedish Mountain Region.”
Environmental Monitoring and Assessment 188: 1-15.

Heino, J., J. M. Culp, J. Erkinaro, et al. 2020. “Abruptly and Irreversibly
Changing Arctic Freshwaters Urgently Require Standardized
Monitoring.” Journal of Applied Ecology 57: 1192-1198.

Hijmans, R. 2024. “_terra: Spatial Data Analysis_.” R Package Version
1.7-83. https://CRAN.R-project.org/package=terra.

Horvitz, D. G.,and D. J. Thompson. 1952. “A Generalization of Sampling
Without Replacement From a Finite Universe.” Journal of the American
Statistical Association 47: 663-685.

Huser, B. J., M. N. Futter, R. Wang, and J. Folster. 2018. “Persistent
and Widespread Long-Term Phosphorus Declines in Boreal Lakes in
Sweden.” Science of the Total Environment 613/614: 240-249.

IPCC. 2021. “Summary for Policymakers.” In Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change,
edited by V. Masson-Delmotte, P. Zhai, A. Pirani, et al. Cambridge
University Press.

Isles, P.D., I. F. Creed, D. O. Hessen, et al. 2023. “Widespread Synchrony
in Phosphorus Concentrations in Northern Lakes Linked to Winter
Temperature and Summer Precipitation.” Limnology and Oceanography
Letters 8: 639-648.

Isles,P.D.F.,I.F.Creed,and A.-K. Bergstrém. 2018. “Recent Synchronous
Declines in DIN:TP in Swedish Lakes.” Global Biogeochemical Cycles
32:208-225.

Iversen, C. M., V. L. Sloan, P. F. Sullivan, et al. 2015. “The Unseen
Iceberg: Plant Roots in Arctic Tundra.” New Phytologist 205: 34-58.

JMP 15 Pro. 2019. Statistical Software Package. SAS Institute Inc.

Kangosjdrvi, H., P-A. Amundsen, P. Bystrom, et al. 2024.
“Environmental Drivers of Food Webs in Charr and Trout-Dominated
Cold-Water Lakes.” Fish and Fisheries 24: 858-875.

Keenan, T. F., and W. J. Riley. 2018. “Greening of the Land Surface in
the World's Cold Regions Consistent With Recent Warming.” Nature
Climate Change 8: 825-828.

Kokelj, S. V., D. Lacelle, T. C. Lantz, et al. 2013. “Thawing of Massive
Ground Ice in Mega Slumps Drives in Stream Sediment and Solute Flux
Across a Range of Watershed Scales.” Journal of Geophysical Research.
Earth Surface 118: 681-692.

13 0of 15

85U8017 SUOWOD aAIIa1D) 3|qeotjdde ay) Aq peusenob a e ssjole YO ‘8sn JO S3|NJ 10j ARIq1IT 8UIUO 8|1 UO (SUONIPUOD-PUE-SWBI W00 A8 1M Aeq|1Bul [UO//SdNY) SUONIPUOD Pue S | 81 88S *[S5202/20/82] Uo ARiqIT 8ulluO A8]IM ‘SS0WBIS [IMNOLBY JO AISBAIUN USIPBMS Ad 102 GOB/TTTT 0T/I0p/W0D A8 |1 Ake.q i jpuluo//:sdny wouy papeojumoq . ‘SZ0Z ‘9872G9ET


https://cran.r-project.org/package=terra

Kopacek, J., J. Hejzlar, J. Kaia, S. A. Norton, and E. Stuchlik. 2015.
“Effects of Acidic Deposition on In-Lake Phosphorus Availability: A
Lesson From Lakes Recovering From Acidification.” Environmental
Science & Technology 49: 2895-2903.

Kullman, L. 2002. “Rapid Range-Margin Rise of Tree and Shrub Species
in the Swedish Scandes.” Journal of Ecology 90: 68-77.

Kullman, L. 2010. “A Richer, Greener and Smaller Alpine World:
Review and Projection of Warming-Induced Plant Cover in the Swedish
Scandes.” Ambio 39:159-179.

Kullman, L. 2018. “A Review and Analysis of Factual Change on the
Max Rise of Swedish Scandes Treeline, in Relation to Climate Change
Over the Past 100Years.” Journal of Ecology and Natural Resources 2:
000150.

Kullman, L. 2021a. “Recent Spruce (Picea abies) Treeline Ecotonal
Progression Since the Late 1980s in the Swedish Scandes — A Repeat
Photography Narration and Analysis.” IJSRA 4: 67-85.

Kullman, L. 2021b. “Recent Local Birch Forest (Betula pubescens ssp.
czerepanovii) Evolution in the Treeline Ecotone of the Swedish Scandes-
Response to Earlier Snow-Melt.” Recent Research Advances in Biology
11: 29-44.

Lagergren, F., R. G. Bjork, C. Andersson, et al. 2024. “Kilometre-
Scale Simulations Over Fennoscandia Reveal a Large Loss of Tundra
Vegetation due to Climate Warming.” Biogeosciences 21: 1093-1116.

Lau, D. C. P, A. Jonsson, P. D. Isles, I. F. Creed, and A.-K. Bergstrom.
2021. “Lowered Nutritional Quality of Plankton Caused by Global
Environmental Changes.” Global Change Biology 27: 6294-6306.

Lumley, T. 2004. “Analysis of Complex Survey Samples.” Journal of
Statistical Software 9: 1-19.

Metcalf,J. S.,and G. A. Codd. 2014. Cyanobacterial Toxins (Cyanotoxins)
in the Water Environment. Foundation for Water Research.

Mubhlfeld, C. C., T.J. Cline, A. G. Finstad, et al. 2024. “Climate Change
Vulnerability of Arctic Char Across Scandinavia.” Global Change
Biology 30: €17387.

Miiller-Navarra, D. C., M. T. Brett, A. M. Liston, and C. R. Goldman.
2000. “A Highly Unsaturated Fatty Acid Predicts Carbon Transfer
Between Primary Producers and Consumers.” Nature 403: 74-77.

Myers-Smith, I. H., S. C. Elmendorf, P. S. A. Beck, et al. 2015. “Climate
Sensitivity of Shrub Growth Across the Tundra Biome.” Nature Climate
Change 5: 887-891.

Myers-Smith, I. H., and D. S. Hik. 2018. “Climate Warming as a Driver
of Tundra Shrubline Advance.” Journal of Ecology 106: 547-560. https://
doi.org/10.1111/1365-2745.12817.

Myers-Smith, I. H., D. S. Hik, C. Kennedy, et al. 2011. “Expansion of
Canopy-Forming Willows Over the Twentieth Century on Herschel
Island, Yukon Territory, Canada.” Ambio 40: 610-623.

Myers-Smith, I. H., J. T. Kerby, G. K. Phoenix, et al. 2020. “Complexity
Revealed in the Greening of the Arctic.” Nature Climate Change 10:
106-117. https://doi.org/10.1038/s41558-019-0688-1.

Napolitano, G. E. 1999. “Fatty Acids as Trophic and Chemical Markers
in Freshwater Ecosystems.” In Lipids in Freshwater Ecosystems, edited
by M. T. Arts and B. C. Wainman, 21-44. Springer.

Nilsson, J. L., S. Camiolo, B. HUser, O. Agstam-Norlin, and M. Futter.
2024. “Widespread and Consistent Oligotrophication of Northern
Rivers.” Science of the Total Environment 955: 177261.

NOAA. 2023. Climate Data Record of Normalized NDVI Version 4.
https://doi.org/10.7289/V5PZ56R6.

Nordic Council of Ministers. 1984. Naturgeografisk Regionindelning av
Norden, 289. Berlings.

Nygaard, P. H., F. Bohler, B.-H. @yen, and B. Tveite. 2022. “Long-Term
Spatiotemporal Dynamics in a Mountain Birch (Betula pubescens

ssp. czerepanovii) Forest in South-East Norway.” Plant-Environment
Interactions 3: 155-169. https://doi.org/10.1002/pei3.10087.

Olofsson, J., H. Tommervik, and T. V. Callaghan. 2012. “Vole and
Lemming Activity Observed From Space.” Nature Climate Change 2:
880-883.

Pebesma, E., and R. Bivand. 2023. Spatial Data Science: With
Applications in R. Chapman and Hall/CRC.

Piao, S., X. Wang, T. Park, et al. 2019. “Characteristics, Drivers and
Feedbacks of Global Greening.” Nature Reviews Earth and Environment
1: 14-27.

Pouliot, D., R. Latifovic, and I. Olthof. 2009. “Trends in Vegetation
NDVI From 1 km AVHRR Data Over Canada for the Period 1985-
2006.” International Journal of Remote Sensing 30: 149-168. https://doi.
0rg/10.1080/01431160802302090.

R Core Team. 2023. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.R-
project.org/.

Rantanen, M., A. Y. Karpechko, A. Lipponen, et al. 2022. “The Arctic
has Warmed Nearly Four Times Faster Than the Globe Since 1979.”
Communications Earth & Environment 3: 168. https://doi.org/10.1038/
$43247-022-00498-3.

Reyes, F. R., and V. L. Lougheed. 2015. “Rapid Nutrient Release From
Permafrost Thaw in Arctic Aquatic Ecosystems.” Arctic, Antarctic, and
Alpine Research 47: 35-48.

Sami Parliament. 2024. Statistics on Reindeer Population Size in Sweden.
https://www.sametinget.se/statistik/renhjorden.

Sanz-Luque, E., D. Bhaya, and A. R. Grossman. 2020. “Polyphosphate:
A Multifunctional Metabolite in Cyanobacteria and Algae.” Frontiers in
Plant Science 11: 938.

Sarneel, J. M., M. K. Sundqvist, U. Molau, M. P. Bjorkman, and J. M.
Alatalo. 2020. “Decomposition Rate and Stabilization Across Six
Tundra Vegetation Types Exposed to >20 Years of Warming.” Science of
the Total Environment 724: 138304.

Schartau, A.-K., H. L. Mariash, K. S. Christoffersen, et al. 2022. “First
Circumpolar Assessment of Arctic Phytoplankton and Zooplankton
Diversity: Spatial Patterns and Environmental Factors.” Freshwater
Biology 67: 141-158.

Sharma, S., D. C. Richardson, R. I. Woolway, et al. 2021. “Loss of Ice
Cover, Shifting Phenology, and More Extreme Events in Northern
Hemisphere Lakes.” Journal of Geophysical Research: Biogeosciences
126:€2021JG006348.

Shippert, M. M., D. A. Walker, N. A. Auerbach, and B. E. Lewis. 1995.
“Biomass and Leaf Area Index Maps Derived From SPOT Images for
Toolik Lake and Imnavait Creek Areas, Alaska.” Polar Record 31:
147-154.

SMHI. 2024. Climate Indicators at the Website Swedish Meteorological
and Hydrological Institute. https://www.smhi.se/en/climate/clima
te-indicators/climate-indicators-1.91461. - select data for “Northern
Norrland”.

Sobek, S., J. Nisell, and J. Folster. 2011. “Predicting the Depth and
Volume of Lakes From Map-Derived Parameters.” Inland Waters 1:
177-184.

SS-28311. 2017. Determination of Trace Elements in Soil by Extraction
With Nitric Acids. Swedish Standards Institute.

SS-EN ISO 13395. 2005. Water Quality — Determination of Nitrite
Nitrogen and Nitrate Nitrogen and the Sum of Both by Flow Analysis
(CFA and FIA) and Spectrometric Detection (ISO 13395:1996).

SS-EN ISO 15923-1. 2024. Water Quality - Determination of Selected
Parameters by Discrete Analysis Systems - Part 1: Ammonium,
Nitrate, Nitrite, Chloride, Orthophosphate, Sulphate and Silicate With
Photometric Detection (ISO 15923-1:2013, IDT).

14 of 15

Global Change Biology, 2025

85U8017 SUOWOD aAIIa1D) 3|qeotjdde ay) Aq peusenob a e ssjole YO ‘8sn JO S3|NJ 10j ARIq1IT 8UIUO 8|1 UO (SUONIPUOD-PUE-SWBI W00 A8 1M Aeq|1Bul [UO//SdNY) SUONIPUOD Pue S | 81 88S *[S5202/20/82] Uo ARiqIT 8ulluO A8]IM ‘SS0WBIS [IMNOLBY JO AISBAIUN USIPBMS Ad 102 GOB/TTTT 0T/I0p/W0D A8 |1 Ake.q i jpuluo//:sdny wouy papeojumoq . ‘SZ0Z ‘9872G9ET


https://doi.org/10.1111/1365-2745.12817
https://doi.org/10.1111/1365-2745.12817
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.7289/V5PZ56R6
https://doi.org/10.1002/pei3.10087
https://doi.org/10.1080/01431160802302090
https://doi.org/10.1080/01431160802302090
https://www.r-project.org/%3e
https://www.r-project.org/%3e
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43247-022-00498-3
https://www.sametinget.se/statistik/renhjorden
https://www.smhi.se/en/climate/climate-indicators/climate-indicators-1.91461
https://www.smhi.se/en/climate/climate-indicators/climate-indicators-1.91461

SS-EN ISO 6878. 2005. Water Quality — Determination of Phosphorus —
Ammonium Molybdate Spectrometric Method (ISO 6878:2004).

Stahl, G., A. Allard, P. A. Esseen, et al. 2011. “National Inventory of
Landscapes in Sweden (NILS)—Scope, Design, and Experiences
From Establishing a Multiscale Biodiversity Monitoring System.”
Environmental Monitoring and Assessment 173: 579-595.

Thorn, C. E., R. G. Darmody, J. C. Dixon, and P. Schlyter. 2001. “The
Chemical Weathering Regime of Kéarkevagge, Arctic-Alpine Sweden.”
Geomorphology 41: 37-52.

Tian, Y., C. Shi, C. U. Malo, et al. 2023. “Long-Term Soil Warming
Decreases Microbial Phosphorus Utilization by Increasing Abiotic
Phosphorus Sorption and Phosphorus Losses.” Nature Communications
14: 864.

Vadeboncoeur, Y., E. Jeppesen, M. J. VanderZanden, H. H. Schierup,
K. Christoffersen, and D. M. Lodge. 2003. “From Greenland to Green
Lakes: Cultural Eutrophication and the Loss of Benthic Pathways in
Lakes.” Limnology and Oceanography 48: 1408-1418.

Vadeboncoeur, Y., J. Kalf, K. Christoffersen, and E. Jeppesen. 2006.
“Substratum as a Driver of Variation in Periphyton Chlorophyll and
Productivity in Lakes.” Journal of the North American Benthological
Society 25:379-392.

Vadeboncoeur, Y., D. M. Lodge, and S. R. Carpenter. 2001. “Whole-Lake
Fertilization Effects on Distribution of Primary Production Between
Benthic and Pelagic Habitats.” Ecology 82, no. 4: 1065-1077.

Vadeboncoeur, Y., and M. E. Power. 2017. “Attached Algae: The Cryptic
Base of Inverted Trophic Pyramids in Freshwaters.” Annual Review of
Ecology, Evolution, and Systematics 48: 255-279.

Vander Zanden, M., and Y. Vadeboncoeur. 2002. “Fishes as Integrators
of Benthic and Pelagic Food Webs in Lakes.” Ecology 83: 2152-2161.

Vermote, E., C. Justice, I. Csiszar, et al. 2014. NOAA Climate Data
Record (CDR) of Normalized Difference Vegetation Index (NDVI), Version
4. [Indicate Subset Used]. NOA A National Climatic Data Center. https://
doi.org/10.7289/V5PZ56R6.

Waibel, A., P. Hannes, and R. Sommaruga. 2019. “Importance of
Mixotrophic Flagellates During the Ice-Free Season in Lakes Located
Along an Elevational Gradient.” Aquatic Sciences 81: 45.

Walker, D. A., H. E. Epstein, G. J. Jia, et al. 2003. “Phytomass, LAI, and
NDVI in Northern Alaska: Relationships to Summer Warmth, Soil pH,
Plant Functional Types, and Extrapolation to the Circumpolar Arctic.”
Journal of Geophysical Research 108: 1-18.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag.
Wickham, H., R. Francois, L. Henry, K. Miiller, and D. Vaughan. 2023.

dplyr: A Grammar of Data Manipulation. R Package Version 1.1.4.
https://CRAN.R-project.org/package=dplyr.

Wood, S. N. 2011. “Fast Stable Restricted Maximum Likelihood and
Marginal Likelihood Estimation of Semiparametric Generalized Linear
Models.” Journal of the Royal Statistical Society, Series B: Statistical
Methodology 73: 3-36.

Wrona, F. J., M. Johansson, J. M. Culp, et al. 2016. “Transitions in
Arctic Ecosystems: Ecological Implications of a Changing Hydrological
Regime.” Journal of Geophysical Research: Biogeosciences 121: 650-674.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

150f 15

85U8017 SUOWOD aAIIa1D) 3|qeotjdde ay) Aq peusenob a e ssjole YO ‘8sn JO S3|NJ 10j ARIq1IT 8UIUO 8|1 UO (SUONIPUOD-PUE-SWBI W00 A8 1M Aeq|1Bul [UO//SdNY) SUONIPUOD Pue S | 81 88S *[S5202/20/82] Uo ARiqIT 8ulluO A8]IM ‘SS0WBIS [IMNOLBY JO AISBAIUN USIPBMS Ad 102 GOB/TTTT 0T/I0p/W0D A8 |1 Ake.q i jpuluo//:sdny wouy papeojumoq . ‘SZ0Z ‘9872G9ET


https://doi.org/10.7289/V5PZ56R6
https://doi.org/10.7289/V5PZ56R6
https://cran.r-project.org/package=dplyr

	Climate Change-Induced Landscape Alterations Increase Nutrient Sequestration and Cause Severe Oligotrophication of Subarctic Lakes
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Lake Descriptions
	2.2   |   Vegetation Monitoring Sites and Sample Collection
	2.3   |   Catchments, NDVI, Water Chemistry, and Temperature Data
	2.4   |   Statistical Analysis

	3   |   Results
	4   |   Discussion
	4.1   |   Consequences of Oligotrophication for Lake Food Webs

	5   |   Conclusions/Outlook
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


