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Abstract

Contrasting carbon: nitrogen: phosphorus (C: N: P) stoichiometry between phytoplankton and zooplankton affect consumer
growth and phytoplankton nutrient limitation via nutrient recycling by zooplankton. However, no study has assessed how
regional differences in terrestrial loadings of organic matter affect plankton N: P stoichiometry and recycling in systems
with low N deposition and N-limited phytoplankton. We address this question by using data from 14 unproductive headwater
arctic and boreal lakes. We found that boreal lakes had higher lake water- and seston C, N and P concentrations than arctic
lakes, whereas seston C: N, C: P and N: P ratios did not differ among regions. Boreal zooplankton were also richer in N
and P relative to C, with lower somatic N: P ratios, compared to arctic lakes. Consequently, the estimated N: P imbalances
between seston and zooplankton were negative in arctic lakes, indicating zooplankton feeding on phytoplankton of subop-
timal N content, resulting in low consumer driven N: P recycling (medians arctic sub-mid and high altitude lakes: 11 and
13). In boreal lakes, estimated N: P imbalance did not differ from zero, with a seston N: P stoichiometry matching the N:P
requirements of zooplankton, which resulted in higher consumer driven N: P recycling (median 18). Our results imply that
regional climate induced catchment differences, through enhanced terrestrial nutrient inputs, affect plankton stoichiometry
by raising consumer N: P recycling ratio and changing zooplankton from being mainly N- (arctic) to NP co-limited (boreal).
Browning of lakes, in regions with low N deposition, may therefore promote large-scale regional changes in plankton nutrient
limitation with potential feedbacks on pelagic food webs.
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Introduction terrestrial dissolved organic matter (DOM) (Karlsson et al.

2005; Lewis 2011; Solomon et al. 2015). In northern lakes

Lakes at northern latitudes are generally nutrient poor,
with low productivity, short growing seasons, and can vary
in color from clear to humic due to different loadings of
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with low atmospheric nitrogen (N) deposition phytoplank-
ton are primarily N-limited (Bergstrom et al. 2008, 2013)
with low somatic N: phosphorus (P) ratios (i.e. as measured
in seston) (Bergstrom et al. 2015; Deininger et al. 2017).
Earlier studies have shown that high inorganic N loadings
(mainly nitrate; cf. Hessen 2013) from atmospheric deposi-
tion in southern lakes have raised lake water N: P balances,
promoting large scale ecosystem shifts from N- to P-limita-
tion of algae and herbivores (Bergstrom and Jansson 2006;
Elser et al. 2009, 2010; Hessen 2013). This change in lake
water N: P stoichiometry has increased biomass (Bergstrom
and Jansson 2006) and somatic N: P ratios in phytoplank-
ton (i.e. in seston) (Elser et al. 2010) in many originally
N-limited northern hemisphere lakes (Bergstrom and Jans-
son 2006). Despite this knowledge we still know little about
how differences in catchments properties and terrestrial
DOM loadings influence lake water, and in turn, plankton
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N: P stoichiometry in northern lakes with low N deposi-
tion and N-limited phytoplankton. This is indeed timely to
assess considering that many northern lakes are impacted
by enhanced terrestrial DOM loadings (also refer to as lake
browning), attributed to recovery from sulphur deposition
(Monteith et al. 2007), as well as to direct and indirect
effects of climate warming (Weyhenmeyer and Karlsson
2009; Finstad et al. 2016; de Wit et al. 2016). Hence, earlier
comparisons made on plankton stoichiometry among differ-
ent climate regions (Elser and Hassett 1994; Hassett et al.
1997; Dobberfuhl and Elser 2000) are clearly constrained
by assessing lake regions where the N:P stoichiometry has
been raised, and where phytoplankton nutrient limitation has
been shifted from N- to P-limitation by high N deposition
(cf. Elser et al. 2010; Bergstrom et al. 2015).

Nutrient inputs and N: P stoichiometry affect important
ecosystem characteristics such as planktonic nutrient limi-
tation, energy and nutrient turnover, and lake productivity.
Here, terrestrial DOM inputs influence light availability for
phytoplankton through light absorption, but also affect nutri-
ent availability, as it serves as an important carrier of N and
P to lakes (Jones 1992; Karlsson et al. 2005). Since phyto-
plankton are plastic with high variability in their carbon (C)
to N: P ratio depending on light and nutrient availability
(Urabe and Sterner 1996; Sterner et al. 1997) differences
in lake DOM loadings have the potential to affect not only
phytoplankton production through changes in light: nutrient
availability (Seekell et al. 2015) but also their somatic C: N:
P stoichiometry (Sterner et al. 1997). Crustacean zooplank-
ton, on the other hand, are considered more homeostatic
with low variation in their intraspecific C to N: P stoichi-
ometry (Andersen and Hessen 1991; Sterner et al. 1992),
with high somatic N: P ratios in copepods and low somatic
N: P ratios in cladocerans, especially in Daphnids (Sterner
and Elser 2002).

As a result of their different abilities of changing their
C: N: P stoichiometry, situations may therefore occur in
lakes when there is a mismatch between the dietary N: P
stoichiometry (here seston) and the N: P requirements of
the consumers (here crustacean zooplankton) (Urabe and
Sterner 1996; Sterner et al. 1997). If the dietary N: P stoi-
chiometry is not optimal, this might impair reproduction
and buildup of zooplankton biomass (Sterner and Hes-
sen 1994) and have implications for nutrient and energy
flows in the pelagic food web (Andersen 1997). When
assessing these mismatches in ecological stoichiometry
models (Sterner 1990; Hassett et al. 1997), the seston
pool (i.e. particles < 50 um representing edible food for
zooplankton; cf. Burns 1968) is often assumed to serve
as a proxy for phytoplankton (Elser and Hassett 1994)
although proportions of the particles retained on filters
may be of non-algal origin (Hessen et al. 2003). If there is
a mismatch, ecological stoichiometry theory then predict
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that any difference in N: P ratios between phytoplankton
and the dissolved pool, and between the resources (seston)
and the consumers (crustacean zooplankton), result in a
nutrient imbalance (the latter expressed as: N: P ¢,,—N:
P onsumer) (cf. Hassett et al. 1997; Sterner and Elser 2002).
A positive nutrient imbalance (N: Pg.gon > Nt Poncumer)
here indicates that zooplankton are feeding on resources
with suboptimal P content relative to their N: P demand
(i.e. P-limited conditions), whereas a negative imbalance
(N:Pgogion < N:P ) indicates that zooplankton are
feeding on resources with suboptimal N content relative
to their N:P demand (i.e. N-limited conditions).

It then follows that provided that the C:nutrient ratio is
sufficiently high in the food diet relative to zooplankton,
an N: P imbalance between the food diet and zooplankton,
implies that zooplankton growth becomes nutrient (N or P)
limited, actively retaining the limiting element while excret-
ing or egesting the element available in excess back into
the water column (i.e. the so called consumer driven N: P
regeneration). So the N: P imbalance between the diet and
the consumer do not only indicate the nutrient limitation
condition in zooplankton, but subsequently also determines
the consumer driven N: P regeneration (Sterner and Hessen
1994; Sterner and Elser 2002). The consumer driven N: P
regeneration (i.e. the N: P ratio of the nutrients recycled by
zooplankton) can in turn have important feedback effects on
lake ecosystem functioning such as on phytoplankton nutri-
ent limitation (Elser et al. 1988), trophic transfer efficiencies
and pelagic food web performance (Hessen and Anderson
2008; Hessen et al. 2013). However, to what extent the N:
P stoichiometry of water and phytoplankton is affected by
differences in terrestrial DOM loadings, and how this in
turn affects nutrient imbalances between the diet (seston)
and zooplankton, and the consumer driven N: P regenera-
tion ratios in lake ecosystems with low N deposition and
N-limited phytoplankton, is still much of an open question.

Here we present a study on the elemental stoichiometry of
water, seston and crustacean zooplankton in arctic and boreal
headwater lakes in northern Sweden with low N deposition,
where phytoplankton are primarily N- and NP co-limited
(Bergstrom et al. 2008, 2013). Our aims were to assess
regional differences in lake water chemistry and seston stoi-
chiometry (boreal and arctic), N: P imbalances between diet
(seston) and consumers (herbivorous zooplankton), and con-
sumer driven N: P regeneration ratios. We hypothesize that:
(1) boreal lakes have higher lake water and seston C, N and P
content than arctic lakes (due to higher terrestrial DOM and
nutrient loadings), (2) the N: P imbalances between seston
and zooplankton are negative in both arctic and boreal lakes
[due to low lake water DIN: TP ratios (cf. Bergstrom 2010)
promoting N-limited phytoplankton that possess low N: P
ratios], which results in low consumer-driven N: P regenera-
tion ratios in both arctic and boreal lakes.

consumer
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Materials and methods
Study area

The 14 study systems represent nutrient poor headwater
lakes, with a gradient from clear-water to humic, in north-
ern arctic and boreal Sweden. The arctic lakes (earlier
published in Bergstrom et al. 2015) are situated along an
altitudinal and climate gradient from sub- [450-650 m alti-
tude above sea level; (m a.s.l.)], to low-mid (600-990 m
a.s.l.), to high altitude vegetation zones (>990 m a.s.l.)
(Table 1). The arctic lakes were divided in two groups:
arctic sub-mid- (Agy; 2 + 3 lakes) and arctic high altitude
lakes (Ay; four lakes) (cf. Table 1). The boreal lakes (B;
five lakes) are situated at altitudes between 220 and 359 m
a.s.l. (Table 1). Mean annual air temperature at the arc-
tic- and boreal site is —1 to +1 °C and +2 to +4 °C,
respectively (Swedish Meteorological and Hydrological
Institute, http://www.smhi.se). Mean air temperatures
over the sampling period for the arctic lakes in 2011 were
7.2+0.2 °C and 9.3 +0.1 °C (Ay and Agy,) and for the
boreal lakes in 2012 10.8 + 0.2 °C. Air temperatures in the
arctic were gathered from the Abisko Scientific Research
Station (http://www.polar.se/ans), and estimated for each
lake sites using a lapse rate of 0.57 °C per 100 m eleva-
tion (Laaksonen 1976). For boreal lakes, air tempera-
tures were gathered from climate stations located close
to the lakes using HOBO U30 USB Weather Station data
loggers and HOBO S-THB-MO0002 temperature sensors

Table 1 Characteristics of the 14 study lakes in northern Sweden

(http://www.onsetcomp.com/products). The length of
the ice-free season varies from approximately 3 months
in arctic high, 4 months in arctic sub-mid, to 5 months
in the boreal lakes. Lake area and maximum lake depth
range between 1 and 27 ha, and 5 and 24 m, respectively.
The phytoplankton communities are dominated by chryso-
phytes and cryptophytes, with the exception of lake HA11
and Nistjarn where chlorophytes proportions are some-
what higher (Jansson et al. 2010; Deininger et al. 2017).
There are fish in seven of the arctic lakes [dominated by
Arctic char, Salvelinus alpinus (ASM3-8 and AH9)] with
one lake having populations of Ninespine sticklebacks
(SMADS). Four of the boreal lakes have fish (dominated by
Eurasian perch, Perca fluviatilis). Three arctic high alti-
tude lakes (AH10-12) and one boreal lake (Nistjérn) are
fishless. The lakes are all located on weathering resistant
bedrock (mostly granite, gneiss and amphibolites) (Jans-
son et al. 2001; Karlsson et al. 2005). The boreal lake
region is dominated by coniferous forest and mires (Jans-
son et al. 2001). The arctic sub alpine region is dominated
by mountain birch, the low-mid alpine region is dominated
by heath and scrub, and the high alpine region is composed
of sparsely vegetated grass heath, boulder fields and bed-
rock outcrops (Jansson et al. 2010). For the arctic lakes,
precipitation (mean annual precipitation 500 mm) (Karls-
son et al. 2005) and N deposition varies little with altitude
(wet DIN deposition < 0.3 kg N ha~! year™!) (Bergstrom
et al. 2013). For the boreal lakes mean annual precipita-
tion ranges between 700 and 800 mm, wet DIN deposition
between 1 and 2 kg N ha™! year™! (Bergstrom et al. 2008).

Lake® Latitude Longitude Lake altitude CA Vegetated CA LA CA: LA Max. depth
CN) (°E) (mas.l) (ha) (%) (ha) (m)

AH-12 68°14.18' 18°49.44' 1140 532 1 26.6 20 24

AH-11 68°16.34' 18°41.49' 1045 249 4 174 14 12

AH-10 68°21.87" 18°41.81' 999 60 4 14 43 5

AH-9 68°16.71' 19°5.68' 998 124 70 17.4 7 16

ASM-8 68°17.62' 19°6.65' 865 156 90 10.9 14

ASM-7 68°17.87' 19°7.26' 850 21 82 1.9 11 8

ASM-5 68°12.26' 19°33.99' 710 25 100 35 7

ASM-4 68°26.39' 18°26.33' 470 17 100 2.0 9 14

ASM-3 68°26.06' 18°25.81' 450 58 100 35 17 11

B Nistjdrn 64°08.59' 18°48.03' 260 34 100 1.0 3 10

B Mangstrettjirnen 64°15.03' 18°45.455" 260 14 100 1.8 8 10

B Lillsjolidtjarnen 63°50.44' 18°36.56' 320 25 100 0.8 31 5

B Stortjdrnen 64°15.39' 19°45.44' 220 82 100 39 21

B Ovre Bjorntjirn 64°07.17 18°46.49' 359 284 100 4.8 59 8

CA catchment area, LA lake area

*Lake names indicate the vegetation zone in which the catchments are mainly situated: AH arctic high altitude, ASM arctic sub-mid altitude, B

boreal. Data for the arctic lakes are from Bergstrom et al. (2015)
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Sampling and analyses

Sampling of arctic (cf. Bergstrom et al. 2015) and boreal
lakes occurred over the growing season in 2011 and 2012,
respectively. Lake sampling covered the whole ice-free sea-
son (depending on altitude and site, ice out and beginning
of ice cover takes place in late May/early July and late Sep-
tember/late October, respectively). We used data from three
sampling occasions over the growing season and present
mean or median seasonal values for each lake, and each
lake region. On each sampling occassion, vertical profiles
of temperature and light were measured. The vertical light
extinction coefficient (ky, m™ 1), which is used as a proxy for
light availability, was calculated as the slope of the linear
regression of the natural logarithm of PAR versus depth.
Mean irradiance for the mixed water layer (I,,,, dimension-
less) was calculated from PAR profiles following the proce-
dure in Karlsson et al. (2009).

Composite water samples for analysis of lake water chem-
istry and chlorophyll a (Chl a) were collected on each occa-
sion within the mixed layer with a Ruttner sampler. These
were analysed for dissolved organic carbon (DOC), total
nitrogen (TN), ammonium (NH,*-N), nitrite plus nitrate
(NO,™ +NO;™—N), total phosphorus (TP), and Chl a fol-
lowing the procedure described in Bergstrom et al. (2008,
2013). Dissolved inorganic nitrogen (DIN) was calculated as
the sum of NH,*-N and NO,”+NO; -N. Composite water
samples were also taken from the mixed layer, prescreened
through a 50 um mesh size nylon net, and the filtrate was
used for seston particulate C, N, and P analyses (see below).
Samples for zooplankton biomass and composition analyses
were obtained by vertical hauls with a plankton net (mesh
size 100 pm) from 1 m from the bottom to the surface at the
deepest point in each lake. Samples were preserved with
Lugol’s solution, brought back to the lab and stored dark
and cold until counting. Zooplankton samples for stoichiom-
etry analyses (C: N: P) followed the same procedure as for
biomass, with the exception that several hauls were used to
make sure that sufficient plankton were collected. Samples
from the hauls were transferred to plastic 500 ml bottles in
the field and brought to the lab. In the lab, zooplankton were
then picked and sorted for C, N and P analyses.

For analysis of seston particulate C, N, and P, prescreened
lake water was passed through a pre-combusted (450 °C, 4 h)
and acid-washed (1.2 M HCI) 25 mm GF/F glass fibre filter
(Whatman Arbor technologies, Ann Arbor, MI, USA), until
the filter was clogged. One sample for C and N, and one for P
analysis was taken on each sampling occasion. The filters were
stored frozen until analyses. C and N were analysed using a
Costech ECS 4010 elemental analyser (Costech International
S. P. A)). Analyses for P were made according to Swedish
standard (ISO 15681-1, rev 4) using the molybdate blue
method after hydrolysis with persulphate using a FIAstar 5000
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(FOSS Inc.). Relative standard deviation (RSD) for seston C/N
and P analyses was <2% and 3.2%, respectively.

Crustacean zooplankton taxa were identified and counted
using inverted microscopy, and the dry weight (DW) was esti-
mated from length measurments and length-dry weight regres-
sions (Bottrell et al. 1976). Zooplankton were grouped into
cladocerans, calanoid copepods and cyclopoid copepods. In all
lakes, calanoid copepods included nauplii, calanoid copepo-
dites and adults, whereas cyclopid copepods (comprising nau-
plii, cyclopoid copepodites and adults) only were abundant in
boreal lakes. For C, N and P determination, zooplankton were
pooled into groups of cladocerans, calanoid and cyclopoid
copepods, respectively. For analyses of C and N, primarily
large specimens from each group were picked and placed onto
pre-weighed combusted (450 °C, 4 h) GF/C filter (Whatman
Arbor technologies, Ann Arbor, MI, USA). The same proce-
dure was repeated for P, but using burned, pre-weighted and
acid-washed (1.2 M HCI) GF/C filters. Filters were then dried
(60 °C) over night, and then weighed (Mettler Toledo MTS5;
resolution + 1 pg) to determine the dry weigh. For the arctic
lakes, C and N contents were analysed on a Costech ECS 4010
elemental analyser (Costech International S. P. A.), whereas
for the boreal lakes these were measured on a continuous-flow
isotope ratio mass spectrometer (PDZ Europa 20-20). Analy-
ses for P (all lakes) was made according to Swedish standard
(ISO 15681-1, rev 4) using a FIAstar 5000 (FOSS Inc.), as
described above. Relative standard deviation (RSD) for zoo-
plankton C/N and P analyses was <2% and 1.1%, respectively.
The zooplankton C, N and P content are all reported as percent
per unit dry weight (%DW).

Predicted elemental imbalances between resources (seston)
and consumers (zooplankton) and the stoichiometry of the
nutrients recycled by the zooplankton (all estimated in molar)
were based on stoichiometric models according to Sterner
(1990) and Hassett et al. (1997), where:

= N:P - N:Pconsumer' €))

A positive nutrient imbalance (N: P >N: P )
indicates that zooplankton are feeding on resources with sub-
optimal P content relative to their nutrient demand, whereas a
negative imbalance (N: P, <N: P, .mer) indicates that zoo-
plankton are feeding on resources with suboptimal N content
relative to their nutrient demand. The N: P stoichiometry of the
nutrients recycled by the zooplankton were then estimated as:

N:P imbalance seston

If N: Pimbalance > 0’ then
. (N * Poegion =N : Pconsumer) AE (2
N: Precycled = 1 - AE ’
X . N . Pseslon (1 - AE)
If N: Pipaance < 0, then N : Precycled = | — AEN:Po
N Peansumer
3
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where AE is the maximum accumulation efficiency of the
limiting element. For P the AE has been reported to range
from 0.5 to 0.9 (most common AEs in the upper range of 0.7
to 0.9) (DeMott 1998; DeMott et al. 1998), whereas values
for N are less known. We assume a similar AE (0.75) for
both elements (cf. Sterner 1990), but also calculated the N:
P recycled using AE equal to 0.5 and 0.9 (cf. Bergstrom
et al. 2015). The N: P elemental imbalances and recycling
ratios were calculated for calanoid and cyclopoid copep-
ods and cladocerans separately (in molar), as well as for
all zooplankton combined (in molar), the latter by using
weighted means based on their relative proportion of the
total zooplankton biomass. The nutrient N: P imbalances
and regenerations estimates for the arctic lakes have earlier
been published in Bergstrom et al. (2015), but are in this
study presented differently as seasonal means for two sepa-
rate lake categories [i.e. arctic sub-mid- (Agy,) and arctic
high altitude (Ap) lakes]. Importantly, in this study we have
then evaluated N: P elemental imbalances, as well as the
consumer-driven N: P recycling of zooplankton, and how
these were affected by seston and zooplankton stoichiometry
in the boreal and arctic sub-mid and high altitude lakes.

Statistical analyses

Relationships and differences in nutrient concentrations,
environmental factors, stoichiometry of lake water, seston
and zooplankton among regions and lake groups were ana-
lyzed using Pearson’s product-moment correlation, and one-
way ANOVAs followed by Holm-Sidak method test (nor-
mally distributed data) or Kruskal Wallis One Way analyses
of Variance on Ranks followed by Dunn’s method test (non-
normally distributed data) (SigmaPlot 13.0). Differences in
nutrient imbalances and consumer-driven N: P regenera-
tion among lake regions were also analyzed using one-way
ANOVAs followed by Holm-Sidak method test (normally
distributed data) or with Kruskal Wallis One Way analyses
of Variance on Ranks followed by Dunn’s method test (non-
normally distributed data) (SigmaPlot 13.0). All statistical
test were performed at a significance level of a = 0.05.

Results

Epilimnion temperatures during the ice-free season
(June—September) declined with increasing altitude (Sup-
plementary Table S1), with significantly higher tempera-
tures in boreal (15.1 +£0.6 °C) compared to the arctic lakes
(means for Ay and Agy: 9.0+0.9 and 10.7+0.8 °C) (one-
way ANOVA followed by Holm-Sidak test; df=2, F=79.6,
P <0.001). The DOC concentrations in the epilimnion
were also higher in boreal (median 14.5 mg L™!) than
in arctic (medians for A and Agy, 1.7 and 3.6 mg L™1)

(Kruskal-Wallis One-way ANOVA followed by Dunn’s test;
df=2,H=11.6, P<0.001) (Supplementary Table S1). The
k4 increased with increasing DOC concentrations (R=0.93,
P <0.001) and I, ranged between 0.17 and 0.74 (Supple-
mentary Table S2). Epilimnetic TN and TP concentra-
tions were related to DOC concentrations (Supplementary
Fig. 1a), with significantly higher concentrations in boreal
(means for TN 392+33 ug L™, TP 14.1+3.4 uyg L™ ") than
in arctic lakes (means for Ay and Agy; TN 100+ 18 ug L™,
TP3.1+1.1pugL " and TN 161 +26 ug L™, TP5.1+2.4 ug
L~!) (One-way ANOVAs followed by Holm-Sidak tests;
df=2, F=151.5 and 24.7, P<0.001). The epilimnetic
TN: TP ratios (weight) (boreal 29 +7; Agy; 39.5+23; Ay
37+7), did not differ among lake groups (one-way ANOVA;
P=0.579). The DIN concentrations (Fig. 1b; Supplementary
Table S1) in the epilimnion were higher in boreal and arctic
high (medians 18 and 22 ug L™") than in arctic sub-mid lakes
(4 ug L™ (Kruskal-Wallis One-way ANOVA followed by
Dunn’s test; df=2, H=8.2, P<0.001). Only in the arctic
high low DOC lakes with poorly developed catchment vege-
tation cover (cf. Table 1), DIN contributed to more than 10%
of the TN concentrations. In all other lakes, DIN proportions
were < 6% of TN (Supplementary Fig. 1c). The epilimnetic
DIN: TP ratios (molar), followed the same pattern; i.e. were
high in arctic high low DOC lakes (range 20-50), and <7 in
all other lakes (Supplementary Fig. 1c). Both DIN: TN and
DIN: TP were significantly higher in arctic high (medians:
DIN: TN 20.5; DIN: TP 16.9) compared to arctic sub-mid
and boreal lakes (medians: DIN: TN 2.5; DIN: TP 2.4 and
DIN: TN 4.5; DIN: TP 2.2, respectively) (Kruskal-Wallis
one-way ANOVAs followed by Dunn’s tests; df=2, H=6.5
and 8.5, P<0.05). The mean Chl a concentrations ranged
between 0.4 and 2.3 pg L™ (Supplementary data Table S1),
and did not differ among lake regions (One-way ANOVA;
P=0.655).

The seston C, N and P concentrations were related to
DOC concentrations (for seston C, N and P: R=0.67, 076
and 0.83, respectively; P <0.05 for all) (Supplementary
Fig. S2). Seston N was higher in boreal compared to arctic
lakes (Fig. 1b) (Supplementary Table S2 and S3). For ses-
ton C and P, concentrations were higher in boreal compared
to arctic high, but did not differ between boreal and arctic
sub-mid, or between arctic sub-mid and high altitude lakes
(Fig. 1a, ¢) (Supplementary data Table S2 and S3). Seston C:
P, C: N and N: P ratios did not differ among the lake groups
(Fig. 1d-f) (one way ANOVAs; P=0.238 or higher), and
were not related to mean PAR (I,,) in the mixed layer (for
all R=0.41 or lower, P=0.148 or higher). Median seston N:
P ratios in each lake region were: boreal 25; arctic sub-mid
26; and arctic high 30.

The crustacean zooplankton biomass (Table 2) was
higher in arctic sub-mid (mean 47.5 +2.7 ug L™") compared
to arctic high altitude lakes (mean 23.9+ 12 ug L™!), but
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did not differ among the other lake groups (mean boreal:
36.7+12.3 ug L) (one-way ANOVA followed by Holm-
Sidak test; df=2, F=4.0, P <0.05). Zooplankton biomass
was not related to seston C, N or P concentrations (for all:
R=0.4 or lower, P=0.15 or higher). Calanoid copepods
dominated the crustacean zooplankton biomass in all arctic
lakes except in two of the high altitude lakes (AH12 and
AH10) (Table 2). In the arctic lakes the cladocerans con-
sisted mainly of Bosmina spp., Daphnia spp. and Holope-
dium gibberum. In one boreal lake (Nistjédrn), the crustacean
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zooplankton biomass was dominated by copepods (calanoids
and cyclopoids), whereas in the other boreal lakes propor-
tions of cladocerans were much higher (range 40-58%)
(Table 2). In those lakes the cladocerans consisted mainly
of small sized Bosmina spp., Ceriodaphnia spp., Diaphano-
soma brachyurum and Daphnia spp. with the exception of
Ovre Bjorntjirn where Holopedium gibberum was abundant
in June.

The C content (Fig. 2a, Supplementary Table S2) of
different zooplankton taxa did not differ from each other
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Table 2 Zooplankton biomass

(dry mass) and biomass Lake? Zoopl_alnkton Calanoids Cyclopoids Cladocerans
proportions (%) of copepods (el %) % %)
and cladocerans, in the 14 arctic AH-12 25+9 40+30 60+30
and boreal study lakes AH-11 1746 10040 040
AH-10 35+30 44+32 56+32
HA-9 56+53 88+6.1 12+6
ASM-8 47+19 86+8 14+8
ASM-7 8758 85+5 15+5
ASM-5 83+38 88+8 12+8
ASM-4 54+21 8712 13+12
ASM-3 59+49 86+16 14+16
B Nistjérn 21+10 60+18 30+9 102
B Mangstrettjirnen 46+38 21+16 39+5 40+12
B Lillsjolidtjarnen 48+12 506 3+4 47+30
B Stortjdrn 43+12 0+0 S51+24 49+32
B Ovre Bjorntjirn 25+21 11+5 3117 58+12

Values show means + standard deviations

“Lake names indicate the vegetation zone in which the catchments are mainly situated: AH arctic high alti-
tude, ASM arctic sub-mid altitude, B boreal. Data for the arctic lakes are from Bergstrom et al. (2015)

(range of medians 49.8-53.4%), neither did the weighted
C content in all zooplankton (medians boreal 51.8%; Agy
51%; Ay 52.4%) (Fig. 2d; Supplementary Table S2). The
N content was higher in boreal calanoids (median 11.7%)
than in all other taxa in the arctic lakes (medians ranged
between 8 and 9.3%), whereas cyclopoids (medians 10.6%)
and cladocerans (medians 9.9%) in boreal lakes did not dif-
fer from any of the taxa in boreal or arctic lakes (Fig. 2b;
Supplementary Table S2). The weighted N content in all
zooplankton was significantly higher in boreal (mean 10.6%)
than in arctic sub-mid (mean 8.4%) and high altitude (mean
8.4%) lakes (Fig. 2e; Supplementary Table S2). The P con-
tent was higher in cyclopoids (mean 1.2%) than in all other
taxa except for cladocerans in the boreal lakes (mean 0.9%).
Lowest P content was found in calanoids (mean 0.3%) in arc-
tic high altitude lakes. The P content in calanoids in boreal
lakes (mean 0.6%) did not differ from cladocerans in arctic
sub-mid (mean 0.6%) and high altitude lakes (mean 0.6%),
or calanoids in the arctic sub-mid altitude lakes (mean 0.4%)
(Fig. 2c; Supplementary Table S2). The weighted P content
in all zooplankton was significantly higher in boreal (mean
0.92%) than in arctic sub-mid (mean 0.43%) and high alti-
tude (mean 0.34%) lakes (Fig. 2f; Supplementary Table S2).
Hence, crustacean zooplankton communities were overall
richer in N and P in boreal compared to arctic lakes.

There were variations and significant differences in N:
P ratios among taxa and among lake regions. For all lake
regions, N: P ratios of calanoids were generally higher than
for cladocerans and cyclopoids, and N: P ratios of all taxa in
boreal lakes were generally lower compared to arctic lakes
(Fig. 3a; Supplementary Table S2). Lowest N: P ratios

could be seen in cyclopoids (median 19) in boreal lakes. As
a result of these differences the N: P ratios were significantly
lower in zooplankton (based on mean weighted biomass)
in boreal (median 28) than in arctic sub-mid (median 45)
and high altitude (median 52) lakes (Fig. 3d; Supplementary
Table S2).

There were also differences in N: P imbalances among
taxa (Fig. 3b; Supplementary Table S2). The N: P imbal-
ances of all taxa in boreal lakes were overall less negative
than in arctic lakes. Highest predicted N: P imbalance (mean
10) could be seen in cyclopoids (Fig. 3b). Since seston N:
P ratios did not differ among lake groups (cf. above), the
predicted N: P imbalance in all zooplankton (based on
mean weighted biomass) (Fig. 3e; Supplementary Table S2)
became negative in the arctic lakes (medians: Agy —22; Ay
—30), but did not differ significantly from O in the boreal
(median — 1) lakes (one-sample two tailed t test; P =0.77).

The predicted consumer driven N: P regeneration ratio
of all zooplankton (based on mean weighted biomass) was
in most cases below the Redfield ratio (molar ratio of 16)
in the arctic sub-mid and high altitude lakes (medians 11
and 13, respectively) whereas in boreal lakes ratios were
higher (median 18) (Fig. 3f). The N: P regeneration for all
zooplankton was significantly higher in boreal than in arc-
tic sub-mid lakes, whereas the other lake groups did not
differ from each other (Fig. 3f; Supplementary Table S2).
There were differences among taxa and lake groups (Fig. 3c;
Supplementary Table S2). Cyclopoids (boreal) had higher
N: P regeneration ratio (median 35) than crustacean zoo-
plankton in arctic sub-mid (medians 12 and 13 in calanoids
and cladocerans, respectively) and calanoids in arctic high
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Fig.2 a Carbon (C), b nitrogen
(N) and ¢ phosphorus (P)
content (% of DW) in cyclopoid
and calanoid copepods, cla-
docerans, and for the whole
zooplankton community in d
for (C), in e for (N), and in f for
(P) in five boreal (B), five arctic
sub-mid altitude (Agy,) and four
arctic high altitude (Ap) lakes,
respectively. The thin and the
thick line within the box show
median and mean, respectively,
the box 25 and 75% percentiles
and the whisker 10 and 90%
percentiles. Different letters
show significant differences.
The data for the arctic lakes are
from Bergstrom et al. (2015)
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Fig.3 a The N: P ratios, the
predicted (b) N: P imbalances,
and ¢ consumer driven N: P
regeneration in cyclopoid and
calanoid copepods, cladocerans,
and the whole zooplankton
community in d for N: P ratios,
e for predicted N: P imbalances,
and f predicted consumer driven
N: P regeneration in five boreal
(B), five arctic sub-mid altitude
(Agy\p and four arctic high
altitude (Ay) lakes, respectively.
The thin and the thick line
within the box show median and
mean, respectively, the box 25
and 75% percentiles and the
whisker 10 and 90% percentiles.
Different letters show sig-
nificant differences. Horizontal
hatched lines in ¢ and f shows
N: P = 16 (Redfield ratio). The
data for the arctic lakes are from
Bergstrom et al. (2015)

altitude lakes (median 13), but did not differ from the other
taxa (Fig. 3c). When varying the AE (0.5, 0.75 and 0.9) in
the stoichiometry models, the median consumer driven N:P

Zooplankton N:P
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regeneration of all zooplankton (Fig. 4) increased from 15
to 32 in boreal lakes, but declined from 17 to 7 (Agy,) and 17
to 8 (Ap) in the arctic lakes. Hence, irrespectively of varying
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Fig.4 Median and mean predicted consumer driven N: P regenera-
tion calculated with accumulation efficiencies (AE) of 0.5, 0.75 and
0.9 for zooplankton (based on weighted mean biomass) in the studied
lakes. The thin and the thick line within the box show median and
mean, respectively, the box 25 and 75% percentiles and the whisker
10 and 90% percentiles. Horizontal hatched line shows N: P=16
(Redfield ratio). The data for the arctic lakes are from Bergstrom et al.
(2015)

the AE, the predicted N: P regeneration was always close to,
or below, the Redfield ratio of 16 in the arctic lakes.

Discussion

In line with our hypotheses, we found higher C, N and P
content in lake water and in seston of boreal compared to
arctic lakes. Despite low seston N: P ratios, and primarily
N- (boreal) and N- to NP co-limited (arctic) phytoplankton
(cf. Bergstrom et al. 2008, 2013), the estimated median N:
P imbalance between seston and crustaceans zooplankton
was negative (implying N-limited condition in zooplank-
ton) only for arctic but not for boreal lakes. In boreal lakes
the imbalance did not differ significantly from 0, implying
that zooplankton were feeding on resources with N: P stoi-
chiometry more or less matching the N: P requirements of
the consumers promoting NP co-limitation in zooplankton;
i.e. in contradiction to our second hypothesis. This in turn
resulted in generally low consumer driven N: P regeneration
ratios in all lakes but with somewhat higher ratios in boreal
(median 18) compared to the arctic sub-mid (median 11) and
high altitude (median 13) lakes. Hence, our results implies
regional differences in plankton stoichiometry and herbivore
N: P recycling which could not be attributed to differences
in N: P ratios of the resources (seston) among lake regions.

We suggest that differences among lake regions largely
is a function of climate-mediated differences in catchment
properties. Climate differences with higher mean annual
temperatures, weathering rates (Humborg et al. 2004) and
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terrestrial production (Jansson et al. 2008), thus, contrib-
ute to significantly higher terrestrial DOM (i.e. DOC)
(Jansson et al. 2008; Hessen et al. 2009; Laudon et al.
2012) and N and P loadings to boreal than arctic lakes
(cf. Supplementary Fig. S1 and Table S1, Karlsson et al.
2005). It is also evident from our results that these differ-
ences in catchment properties influenced the lake water
N: P stoichiometry. Despite low N deposition, arctic high
altitude lakes with poorly developed catchment vegetation
cover and with low lake water TP concentrations, were
the only lakes with high DIN: TN and DIN: TP ratios,
and where short term bioassays experiments earlier have
showed P-limitation in phytoplankton in mid-summer
(Bergstrom et al. 2013). When more vegetated, the catch-
ment efficiently retains inorganic N from deposition (Elser
et al. 2009; Bergstrom 2010; Hessen 2013), but at the same
time provides organic N and TP as a structural component,
or bound to the terrestrial DOM. Boreal lakes were there-
fore overall much nutrient richer (DOC, TN, TP), with
DIN concentrations comparable to the arctic high altitude
lakes. As a result, for lakes situated in more organic rich
catchments (arctic sub-mid and boreal), the DIN: TP ratios
(and the DIN:TN proportions) of lake water were overall
low, which in turn contributed to N- and NP co-limitation
in phytoplankton (cf. Bergstrom 2010; Bergstrom et al.
2013).

The higher nutrient loadings were seemingly transferred
into the pelagic food resource base as indicated by higher
seston C, N and P concentrations in boreal than in arctic
sub-mid and high altitude lakes. Despite differences in
light:nutrient availability (cf. Sterner et al. 1997) among
lake regions (cf. Supplementary Table S1) seston C: P, C:
N did not differ among lake regions. Neither did the seston
N: P ratios, which were low and in the same magnitude as
reported from lakes with low N deposition and N-limited
phytoplankton (Elser et al. 2010; Deininger et al. 2017).
However, if seston composition greatly differed among lake
regions this could in turn affect our interpretation of our
results in the ecological stoichiometry models (cf. below)
since zooplankton are known to preferentially feed upon
high quality phytoplankton food (Hessen et al. 2003). We
therefore estimated the proportions of phytoplankton and
bacteria in seston C using literature data from the lake
regions for bacterial biomass (Jansson et al. 2001, 2010)
and by converting our Chl-a data to C using a conversion
factor of 50 pg C/ug Chl-a (Ahlgren 1983). From these esti-
mates we found that proportions of phytoplankton, bacterial
and detritus C were similar among lake regions (31 + 18%,
30+5%, and 23 + 10% (phytoplankton), 9 + 3%, 13 +2%,
and 8 +3% (bacteria) and 60+ 19%, 57 + 6% and 68 +12%
(detritus) for high, sub-mid and boreal lakes, respectively).
These proportions are very similar to the ones reported for
oligotrophic Norwegian lakes (Hessen et al. 2003), i.e. with
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a relative large proportion of the seston pool being detritus
of autochthonous and allochthonous origin.

Further, in the same study (Hessen et al. 2003) the ele-
mental C: N: P contributions from phytoplankton and detri-
tus in seston was modelled and evaluated. The authors found
that the C: P ratios in seston, especially in oligotrophic lakes,
greatly overestimated C: P in phytoplankton as caused by
large contributions of allochthonous detritus C in seston.
However, model-derived estimates for N: P ratios (molar)
were nearly equal for phytoplankton (15.4) and allochtho-
nous detritus (16) suggesting that large fractions of the detri-
tus pool is derived from phytoplankton, implying a close link
between living and dead cells, and that seston seems to carry
the stoichiometric N: P footprint from phytoplankton. This
highlights that caution should be made when using seston
C: P ratios in ecological stoichiometry models when gaug-
ing food quality limitation, whereas seston N: P ratios seem
more conservative and more reliable in indicating the N: P
ratios in phytoplankton and the food resources (Hessen et al.
2003). Based on this, and that the phytoplankton commu-
nity composition (primarily dominated by chrysophytes and
cryptophytes) (cf. Jansson et al. 2010; Deininger et al. 2017)
were similar, we cannot relate differences in zooplankton N
and P content (cf. below) to any quality differences in seston
composition among lake regions.

We therefore suggest that herbivore consumers seemed
to have incorporated larger amounts of more nutrient rich
diet in boreal lakes since median zooplankton somatic N
and P, but not C, contents were higher in all zooplankton
taxa in boreal than in arctic lakes. The zooplankton C, N
and P contents were in the same range as those reported
in other studies (Andersen and Hessen 1991; Sterner et al.
1992), with the exception of somewhat lower P content in
cladocerans in the arctic lakes (cf. Bergstrom et al. 2015)
and higher P content in cyclopoid copepods. The P content
of cyclopoid copepods in our study (1.1% P per DW) was
substantially higher than those reported (0.7 and 0.5% P per
DW) by Hessen and Lyche (1991) and Ventura and Catalan
(2005), respectively, but lower than reported (1.5% P per
DW) by Bullejos et al. (2014). Hence, these results indicate
that there is a substantial variation in C: N: P stoichiometry
of zooplankton within taxonomic groups and among regions.

There are several potential explanations for this pattern.
Differences in P content among zooplankton have been sug-
gested to be linked to different specific growth rates, where
higher growth rates require greater ribosomal RNA which
increase the %P per DW (Elser et al. 2000; Vrede et al. 2004;
Bullejos et al. 2014). Ingestion rates of filter feeding zoo-
plankton, and, thus, acquisition of C and nutrients, is further
negatively affected by lower temperature and increased water
viscosity (Loiterton et al. 2004). Differences in nutrient con-
tent may also be linked to reproduction mode, where the
P content in cladocerans and calanoids, unlike cyclopoids,

seems to decline during reproduction (Ventura and Cata-
lan 2005). Ontogeny (interstage variability) in zooplankton
has also been shown to affect the elemental (C, N, P) con-
tent in calanoid copepods (Villar-Argaiz et al. 2002). Some
zooplankton are also capable of lipid storage (Hiltunen
et al. 2014; Mariash et al. 2017), taking place in late sum-
mer and autumn in order for zooplankton to sustain living
and for actively overwintering under the ice (Mariash et al.
2017)—a strategy suggested to be of special importance
and common in low productivity alpine and subarctic lakes
(Larsson and Wathne 2006; Mariash et al. 2017). However,
since our data represent mean seasonal values of primarily
large individuals we do not consider ontogeny to have any
large impact on our results. In addition, lipid accumulation,
potentially affecting C: N: P stoichiometry in zooplankton,
could also have taken place among the zooplankton com-
munities in our boreal lakes which are situated far north with
substantial ice cover and long winters.

The regional differences, with significantly higher N and
P content among zooplankton taxa in boreal compared with
arctic lakes, combined with higher proportions of cladocer-
ans and cyclopoids in boreal lakes, contributed to signifi-
cantly lower weighted zooplankton N: P ratios in boreal
than in arctic sub-mid and high altitude lakes (cf. Fig. 3d).
Since seston N: P ratios did not differ among lake regions,
estimated nutrient imbalances increased from strongly nega-
tive values (median — 25 and — 30 for arctic sub-mid and
high altitude lakes, respectively) up to levels close to stoi-
chiometric balance (median — 1; boreal). As shown earlier,
these results indicate that zooplankton in arctic lakes were
feeding on resources (seston) with suboptimal N content (cf.
Bergstrom et al. 2015), whereas in the boreal lakes the N: P
stoichiometry of the resources equaled and matched the N:
P requirements of zooplankton. The results therefore suggest
that in arctic lakes low terrestrial exports of nutrients, and
low seston C, N and P concentrations of low N: P ratios,
resulted in primarily N-limited zooplankton (cf. Bergstrom
et al. 2015). In boreal lakes, the higher terrestrial nutrient
loadings contributed to higher seston amounts with higher N
and P content of low N: P ratios, where zooplankton seem-
ingly incorporated more nutrients (became N and P richer),
which resulted in co-limitation by N and P in zooplankton
(cf. Figs. 2, 3).

The differences in plankton stoichiometry between the
arctic and boreal lakes affected the estimated consumer
driven N: P regeneration (at AE=0.75). This was below the
Redfield ratio (N: P molar ratio of 16) in the arctic (median
11 and 13 for Ag,, and Ay lakes, respectively) (cf. Berg-
strom et al. 2015), and slightly above this ratio in boreal
lakes (median 18). Although the Redfield ratio might not
be optimal to use as an indicator of N- and P-limitation
(N-limitation < 16 < P-limitation) in phytoplankton, since the
ratio might change and vary depending on growth conditions
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and growth rates (Sterner and Elser 2002; Hillebrand et al.
2013) and phylogenetic groups of phytoplankton (Peltomaa
et al. 2017), as earlier suggested in Bergstrom et al. (2015)
the low consumer driven N: P regeneration estimated for
the arctic lakes should underpin and sustain N-limitation
of phytoplankton in these lakes. In boreal lakes, the slightly
higher consumer driven N: P regeneration might, especially
during situations of low flow condition in mid-summer when
external nutrient loadings to lakes are low (cf. Bergstrom
et al. 2015), to some extent affect nutrient limitation patterns
in phytoplankton moving them from primarily N-(Bergstrom
et al. 2008) towards more NP co-limited conditions.

Interestingly, the consumer driven N: P regeneration in
boreal lakes was only slightly higher than the ones in arctic
lakes, despite the former having higher proportions of P-rich
cladocerans and cyclopoids. The cladocerans community N:
P ratio depends on the species composition, where for exam-
ple Bosmina have lower somatic P content than Daphnia
(Urabe and Watanabe 1992), and low biomass numbers and
small size distributions in zooplankton may further con-
tribute to lower consumer driven N: P regeneration (Elser
et al. 1988). Hence, low but significant different consumer
driven N: P regeneration ratios among regions can partly
be explained by a dominance of calanoid copepods in the
arctic lakes (high somatic N: P), and higher proportion of
small sized cladocerans taxa and cyclopoid copepods (with
low somatic N: P) combined with low biomass in the boreal
lakes.

To what extent the community composition influenced
the consumer driven N: P regeneration became especially
apparent when varying the AE (cf. Fig. 4). As illustrated
earlier in Bergstrom et al. (2015), for the arctic sub-mid and
high altitude lakes dominated by calanoid copepods (high
somatic N: P) the influence was low, i.e. the N: P regenera-
tion was always close to, or lower than 16, irrespectively of
AE, with a declining trend with increased AE. For boreal
lakes, however, higher proportions of cladocerans and
cyclopoids (low somatic N: P ratios) promoted an opposite
trend where the N: P regeneration increased from values
below, to slightly above 16 (AE 0.5 and 0.75), to values
well > 16 (AE of 0.9) (cf. Fig. 4). Thus, although community
differences were apparent among regions, only at the very
highest AE used in the model a high N: P regeneration was
estimated for the boreal lakes.

The consumer driven N: P regeneration ratio estimates in
our study (medians: 18, 11 and 13; AE=0.75) are on average
5-10 times lower than the estimates made for northern Wis-
consin and Michigan lakes (US) (90-100), the Experimental
Lake Area lakes (Ontario, Canada) (125) (cf. Hassett et al.
1997, Dobberfuhl and Elser 2000), but similar to those of
estuarine (25) and ocean (18) sites (cf. Hassett et al. 1997).
The previously documented general differences in elemen-
tal stoichiometry between marine and freshwater sites, in
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which imbalances are positive (P-limited conditions) with
high predicted consumer driven N: P regeneration in fresh-
waters, and negative imbalance (N-limited conditions) with
low consumer driven N: P regeneration in marine systems
(cf. Elser and Hassett 1994), can therefore be questioned
as being a general rule. In addition to catchment properties
and climate differences affecting lake nutrient (TN, TP) con-
centrations and plankton stoichiometry in lakes with low N
deposition (this study), lake TN concentrations and seston
N: P ratios can also be elevated by N deposition (Bergstrom
et al. 2005; Elser et al. 2009, 2010), thereby promoting an
increase in consumer driven N:P regeneration (cf. Bergstrom
et al. 2015). Hence, in the absence of N deposition, lake and
ocean N: P stoichiometry seems very similar (cf. this study
and Hassett et al. 1997).

Global warming is affecting terrestrial production and
export of DOM and nutrients to lakes (Solomon et al. 2015).
Our results indicate that these climate driven changes on
catchment scales can have consequences for plankton stoi-
chiometry and, hence, ecosystem function in lakes with low
N deposition. Our results illustrate that climate mediated
differences in catchment properties are unlikely to affect
nutrient limitation in phytoplankton qualitatively, which will
remain primarily N- and NP co-limited (cf. Bergstrom et al.
2008, 2013) with low N: P ratios in seston, but that terres-
trial nutrient loadings and seston C, N, and P concentrations
will increase. Enhanced nutrient and plankton diet availabil-
ity will promote higher uptake and incorporation of limiting
nutrients (especially N but also P) in herbivore zooplankton,
thereby lowering their body N: P ratio, raising consumer N:
P regeneration and changing zooplankton from being mainly
N- (arctic) to NP co-limited (boreal). This change can pro-
mote feedbacks on e.g. nutrient limitation in phytoplankton,
but also increase zooplankton growth and reproduction since
their nutrient requirements [both quantitatively and quali-
tatively (based on elemental N:P stoichiometry)] are better
fulfilled in boreal compared to arctic lakes, which in turn
should enhance the trophic transfer of energy and nutrients
in pelagic food webs.
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