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Effects of nitrogen enrichment on zooplankton biomass
and N:P recycling ratios across a DOC gradient in northern-
latitude lakes
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Abstract We used data from whole-lake studies to

assess how changes in food quantity (phytoplankton

biomass) and quality (phytoplankton community

composition, seston C:P and N:P) with N fertilization

affect zooplankton biomass, community composition

and C:N:P stoichiometry, and their N:P recycling ratio

along a gradient in lake DOC concentrations. We

found that despite major differences in phytoplankton

biomass with DOC (unimodal distributions, especially

with N fertilization), no major differences in

zooplankton biomass were detectable. Instead, phyto-

plankton to zooplankton biomass ratios were high,

especially at intermediate DOC and after N fertiliza-

tion, implying low trophic transfer efficiencies. An

explanation for the observed low phytoplankton

resource use, and biomass responses in zooplankton,

was dominance of colony forming chlorophytes of

reduced edibility at intermediate lake DOC, combined

with reduced phytoplankton mineral quality (en-

hanced seston N:P) with N fertilization. N fertiliza-

tion, however, increased zooplankton N:P recycling

ratios, with largest impact at low DOC where phyto-

plankton benefitted from light sufficiently to cause

enhanced seston N:P. Our results suggest that although

N enrichment and increased phytoplankton biomass
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do not necessarily increase zooplankton biomass,

bottom-up effects may still impact zooplankton and

their N:P recycling ratio through promotion of phy-

toplankton species of low edibility and altered mineral

quality.

Keywords Dissolved organic carbon � Light �
Nitrogen � Pelagic food web � Food quantity-quality �
Phosphorus

Introduction

Many northern oligotrophic lakes in the boreal and

arctic zones are undergoing large-scale changes in

biogeochemistry (Solomon et al., 2015; Creed et al.,

2018). This includes enhanced loadings of terrestrial

colored dissolved organic carbon (DOC) (lake brown-

ing) (Monteith et al., 2007; de Whit et al., 2016;

Finstad et al., 2016) and decreased or increased

loadings of nitrogen (N) and phosphorus (P) related

to browning (Jones, 1992), forestry or agricultural

activities (Kreutzweiser et al., 2013; Sponseller et al.,

2014), and changes in climate and atmospheric N

deposition (Eimers et al., 2009; Isles et al., 2018).

Together, alterations in colored DOC and nutrient

concentrations may have profound effects on the basal

production of lakes (Jansson et al., 2003; Solomon

et al., 2015; Deininger et al., 2017a, b). Yet, the

knowledge of the combined impact of colored DOC

and nutrient across wide gradients in lake DOC on

higher trophic levels, e.g., zooplankton, is much more

limited (Patoine et al., 2000, 2002; Kelly et al., 2016;

Deininger et al., 2017c; Hessen et al., 2017).

Zooplankton has a key role in lakes by serving as a

trophic link between basal trophic levels and fish

(Jansson et al., 2007), controlling phytoplankton

biomass and affecting turnover of nutrients through

nutrient recycling (Sterner & Hessen, 1994). Their

biomass development depends on the quantity and

quality of their food resources (Persson et al., 2007;

Müller-Navarra, 2008; Brett et al., 2009), and fish

predation (Hessen et al., 1995). The diet of zooplank-

ton contains a mixture of phytoplankton, bacteria and

detritus of different mineral and biochemical compo-

sition (Müller-Navarra, 2008; Persson et al., 2007;

Brett et al., 2009; Taipale et al., 2016; Wenzel et al.,

2021). Phytoplankton are considered as high-quality

food for zooplankton (Brett et al., 2009, 2017; Taipale

et al., 2013; Wenzel et al., 2021) depending on

community composition and fatty acid composition

(Taipale et al., 2013). The relationships between

phytoplankton (biomass and production) and lake

DOC appears to be unimodal because of the influence

of DOC on light availability (negative effect) and

nutrient availability (positive effect) (Kelly et al.,

2018; Bergström & Karlsson, 2019; Vasconcelos

et al., 2019), with the magnitude of the phytoplankton

peak determined by the DOC:nutrient stoichiometry

(Kelly et al., 2018). No clear relationships between

zooplankton and DOC, and the influencing role of

phytoplankton have to our knowledge been described

over wide gradients in lakes DOC (e.g., Patoine et al.,

2000, 2002; Planas et al., 2000; Deininger et al.,

2017a, b, c).

Specifically, although responses in phytoplankton

biomass with DOC and N enrichment are largely

known on whole-lake scale (Bergström & Karlsson,

2019), questions remain regarding to what extent

changes in phytoplankton biomass and community

composition, and seston C:N:P stoichiometry, impact

zooplankton biomass and community composition,

C:N:P stoichiometry, and the N:P recycling ratio of

zooplankton. Modelling suggests that zooplankton

biomass express similar unimodal distributions with

DOC as phytoplankton (Vasconcelos et al., 2019).

However, to test these model results, empirical data

have hitherto been largely lacking (see Kelly et al.,

2014; Vasconcelos et al., 2019). Based on the general

coupling between zooplankton and phytoplankton

biomass (McCauley & Kalff, 1981), it seems reason-

able to assume that zooplankton biomass is also

unimodally distributed with DOC during natural and N

enriched conditions (Fig. 1A). However, this relation-

ship could be modified by changes in food quality with

increasing lake DOC, going in hand with increased

nutrient concentrations and reduced light availability.

According to ecological theory, amplified nutrient

imbalances between phytoplankton and zooplankton

will not only reduce growth (Sterner & Hessen, 1994;

Müller-Navarra et al., 2000), but also impact the N:P

recycling ratio of zooplankton (Sterner & Hessen,

1994; Hassett et al., 1997). A previous study

(Bergström et al., 2018) has shown that the N:P

recycling ratio of zooplankton is low in arctic low

DOC lakes (\ 16 molar ratio) and increases slightly

with increased colored DOC (ca. 18 in boreal high

123

Hydrobiologia



DOC lakes). This observation has been attributed

partly to shifts in zooplankton community, from a

dominance of calanoid copepods with high somatic

N:P, to a dominance of cladocerans and cyclopoids

copepods of low somatic N:P. A similar shift in

community composition with increased DOC has also

been shown in Canadian boreal shield lakes following

forest harvesting and logging (Patoine et al.,

2000, 2002). However, to what extent the N:P

recycling ratio of zooplankton change with N fertil-

ization has not yet been assessed at a whole-lake scale.

In contrast to phytoplankton, zooplankton have been

considered relatively more homeostatic (Andersen &

Hessen, 1991). Yet, the degree of homeostasis and

variation in N:P stoichiometry can vary between

species and taxonomic groups of zooplankton (Hood

& Sterner, 2010; Bergström et al., 2018), being

influenced by size distributions (Elser et al., 1988),

temperature (Bullejos et al., 2014), growth rates (Elser

et al., 2000; Vrede et al., 2002), reproduction modes

(Ventura & Catalan, 2005), and ontogeny (Villar-

Argaiz et al., 2002). Yet, since phytoplankton are

highly plastic (Sterner & Elser, 2002), they are likely

to respond stronger to N enrichment than do zoo-

plankton (Sterner & Hessen, 1994), with expected

declining trends in their C:N:P stoichiometry with

increasing lake DOC (Sterner et al., 1997; Diehl, 2007;

see Fig. 1B). The N:P recycling ratio of zooplankton

are therefore likely to change the most with N

enrichment in clear water lakes where light conditions

are favorable for promoting enhanced seston N:P (and

C:P) (Deininger et al., 2017c, Fig. 1C). If N fertiliza-

tion causes major changes in zooplankton community

composition, as well as their N:P stoichiometry, the

N:P recycling ratio of zooplankton may be affected in

addition.

In this study, we used data from natural and

fertilized small northern-latitude lakes in both boreal

and arctic regions to assess how changes in food

quantity (phytoplankton biomass) and quality (phyto-

plankton community composition, seston C:P and

N:P) with N fertilization, propagate to affect zoo-

plankton biomass, community composition, C:N:P

stoichiometry, and specifically the N:P recycling ratio

of zooplankton along a gradient in lake DOC concen-

trations. We predicted that:

1. Zooplankton biomass is (a) unimodally distributed

with DOC during reference conditions (moderate

hump shape) and after N fertilization (strong

hump shape), following the unimodal distribution

in phytoplankton (see Bergström & Karlsson,

2019); (b) when phytoplankton biomass increases

following N fertilization mineral food quality and/

or phytoplankton community composition

increase in importance in constraining zooplank-

ton biomass (see Deininger et al., 2017a).

2. Zooplankton community composition shifts from

dominance of calanoid copepods (high N:P) to

dominance of cladocerans (low N:P) with increas-

ing lake DOC (see Patoine et al., 2000, 2002;

Bergström et al., 2018).

3. Zooplankton C:N:P ratio of specific species is

neither affected by DOC, nor N fertilization, given

consumer homeostasis. Rather, changes in the

overall zooplankton stoichiometry (C:N:P) will

reflect changes in community composition.

4. The N:P recycling ratio of zooplankton during

reference conditions increase with increasing lake

DOC (see Bergström et al., 2018). During N

fertilized conditions, the N:P recycling ratio of

zooplankton increase with increased seston N:P

and declines with increasing lake DOC. Net

changes in N:P recycling ratio of zooplankton

following N fertilization are highest in clear water

lakes (high light, high seston N:P) and lowest in

humic lakes (low light, low seston N:P) (see

Deininger et al., 2017c).

Methods

Site description

Data was compiled from a total of 14 small lakes (lake

area 0.01–0.1 km2) in northern boreal (n = 8) and

arctic Sweden (n = 6), of which 5 lakes were subject

to whole-lake inorganic nutrient enrichment

(Table S1, 3 in boreal, 2 in arctic). Lakes are small,

shallow, vary in watercolor, DOC and nutrient

content, and differ in food web structures (Table S1).

The study regions have low atmospheric N deposition

(Isles et al., 2018), and except from forestry in the

boreal region, anthropogenic influences on the lakes

are low. Lake catchments consist mainly of open mires

and coniferous forests (boreal) or mountain birch

(Betula pubescens) (sub-alpine arctic). Boreal lakes
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usually stratify from mid-May until mid to late

September, whereas arctic lakes stratify from mid-

June until early September or remain unstratified over

summer.

Whole lake fertilization experiments

The whole–lake experiments are explained in detail in

the original publications (summarized in Bergström &

Karlsson, 2019). We used data from three pairs of

boreal experimental lakes representing three levels in

DOC (one reference and one N fertilized lake in each

lake pair). The experiment had one reference year

(2011; all lakes) and two impact years (2012, 2013, N

fertilization in 3 of 6 lakes). N in the form of dissolved

potassium nitrate (KNO3, in 2012) and concentrated

nitric acid (16 M HNO3 in 2013) were used. The

whole water column was fertilized once during ice

cover (late March 2012; early April 2013), and then

biweekly from the onset of stratification (late May/

early June) until late August. In 2013, fertilization was

performed weekly in the high DOC N lake, as adjusted

to its’ shorter water residence time. The areal artificial

N loading to the lakes were: Fisklösan: 1 g N m-2 -

year-1; Lapptjärn: 1.1 g N m-2 year-1 and Nedre

Björntjärn: 1.8 g N m-2 year-1 (Deininger et al.,

2017a).

These whole-lake fertilization experiments were

complemented with data from similar ones conducted

in arctic lakes in the 1970s in the Kuokkel area, close

to Abisko (Holmgren, 1983; Persson, 1984). Here, one

lake served as a reference (Stugsjön 1971–1974) and

two as enrichment lakes (Magnusjaure ? N, Hymen-

jaure ? P). For Magnusjaure, 1973 was a reference

year, and 1974 was an N fertilization year. For

Hymenjaure, 1971 was a reference year, and

1972–1974 were P fertilization years. The fertilization

procedure was similar among lakes—that is lakes

were fertilized equally across the lake surfaces on a

weekly basis from early June until late August/early

September. Ammonium-nitrate was used for N and

phosphoric acid (H3PO4) was used for P fertilization.

The areal artificial nutrient loadings were: Magnus-

jaure: 3.86 g N m-2 (1974); Hymenjaure: 0.094 g P

m-2, 0.246 g P m-2, 0.312 g P m-2 (1972, 1973,

1974) (Holmgren, 1983). We decided to include the

P-fertilization experiment in this study since our

previous assessments have shown that phytoplankton

in low DOC lakes are more prone to be dual-limited by

N and P (Bergström & Karlsson, 2019).

Lake sampling and analysis of chemical

and biological parameters

We used seasonal means for physical, chemical, and

biological parameters that were measured during the

open water season (early June–mid-September). Data

include published and unpublished data on physical–

chemical lake variables, phytoplankton biomass and

community composition, seston C:N:P stoichiometry,

zooplankton biomass, community composition and

C:N:P stoichiometry from Jansson (1975), Holmgren

(1983), Persson (1984), Bergström et al. (2015, 2018,

unpublished data), Deininger et al. (2017a, b, c), and

Bergström & Karlsson (2019). Composite samples for

chemical and biological parameters were taken from

the mid epilimnion (stratified condition) or the whole

water column (un-stratified lakes). Subsamples from

the composite samples were analyzed for water

chemistry, phytoplankton biomass and community

composition, and seston C:N:P. Samples for zoo-

plankton biomass were taken by vertical net hauling

(100 lm mesh net) from the deepest point of the lake

(starting 1 m above the lake bottom). Zooplankton

samples for C:N:P analyses followed the same proce-

dure as for biomass, with the exception that several

bFig. 1 Conceptual model illustrating trajectories in (A) zoo-

plankton biomass,B seston C:P and N:P andC the N:P recycling

ratio of zooplankton along a gradient in colored dissolved

organic carbon (DOC) without (thick brown line), and with

nitrogen (? N) fertilization (dotted blue line). Hypothesized

models for small northern lakes: A zooplankton biomass is

unimodally distributed with DOC during reference (moderate

hump shape) and N fertilized (strong hump shape) conditions

following the unimodal distribution in phytoplankton, where

mineral food quality and phytoplankton community composi-

tion increase in importance in constraining zooplankton biomass

when phytoplankton biomass increase; B seston C:P and N:P

decline with increased DOC as caused by reduced light:nutrient

ratio, with higher ratios after fertilization and reduced DOC:N

ratio; C during reference conditions, the N:P recycling ratio of

zooplankton increase with increased DOC (after Bergström

et al. 2018). During N fertilized conditions, the N:P recycling

ratio of zooplankton increases and declines with increasing lake

DOC. Net change in N:P recycling ratio of zooplankton with N

fertilization are highest in clear water lakes (high light, high

seston N:P) and lowest in humic lakes (low light, low seston

N:P)
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hauls (100 lm mesh net) were performed in order to

collect sufficient amounts of zooplankton for C:N:P

analyses. After being collected, zooplankton bulk

samples were transferred to plastic bottles and then left

standing cold and dark over night (12–24 h) for gut

evacuation before sorting (see below).

Lake water chemistry was analyzed for dissolved

organic carbon (DOC), dissolved inorganic nitrogen

(DIN; NO2
--N, NO3

--N, and NH4
?-N), total nitrogen

(TN) and total phosphorous (TP). For detailed analyt-

ical procedures see Holmgren (1983) and Bergström

et al. (2015). For lakes Stugsjön, Hymenjaure and

Magnusjaure the DOC concentrations were estimated

using linear regression analysis between TN and DOC

(n = 22; R2 = 0.71; P\ 0.001) using data from

Jansson et al. (2010) and Bergström et al. (2015).

Photosynthetic active radiation (PAR) profiles were

measured using handheld probes (LI- 193 Spherical

Quantum Sensor/LI- COR Biosciences). The vertical

light extinction coefficient (kd) was calculated as the

slope of the linear regression of the natural logarithm

of PAR versus depth. For the reference year for lakes

Stugsjön, Magnusjaure and Hymenjaure, the kd was

estimated using linear regression analysis between

DOC and kd (n = 16; R2 = 0.95; P\ 0.001) using

data from Karlsson et al. (2001), Bergström et al.

(2015) and Deininger et al. (2017a). The dimension-

less estimate for light availability in the mixed layer

(Im) was estimated following Karlsson et al. (2009).

Phytoplankton biomass samples were preserved

with Lugol’s iodine and counted using inverted phase

contrast microscopy. Phytoplankton were identified to

genus level and species level where possible. Bio-

volumes were calculated using biometry measure-

ments and geometrical formulas and transformed to

biomass (lg L-1 wet weight) by assuming a density of

1 g cm-3 (Holmgren, 1983; Deininger et al., 2017a),

and then converted to biomass C equivalents by

assuming a C content of 22% for cyanophytes, 16% for

chlorophytes, and 11% for other phytoplankton fol-

lowing Blomqvist et al. (1995). For lakes SA2, SA3,

and SA4, phytoplankton biomass was estimated from

Chl-a data from Bergström et al. (2015) using the

conversion factor of 50 lg C L-1 per lg Chl-a

(Ahlgren, 1983).

Seston C:N:P stoichiometry was determined by

filtering known volumes of prescreened epilimnion

water (filtered through a 50 lm net) onto pre com-

busted (550 �C, 4 h) and acid washed (1.2 M HCl)

GF/F filters. Seston C and N content were measured

using a Costech ECS 4010 elemental analyzer

(Costech International S. P. A.). Analyses for seston

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

(FOSS Inc.) following Bergström et al. (2015). Seston

C:N:P stoichiomtery was only measured in lakes

Stugsjön, Magnusjaure and Hymenjaure in 1974

(Jansson, 1975).

Zooplankton biomass samples were preserved with

Lugol’s iodine, and taxa were identified and counted

using inverted microscopy. Length–weight regres-

sions were used to estimate zooplankton biomass in

dry weight (DW) (Bottrell et al., 1976). For detailed

description see (Persson, 1984; Bergström et al., 2015;

Deininger et al., 2017b). For C:N:P stoichiomtery,

zooplankton were picked from fresh samples, sorted

and pooled into groups of cladocerans, calanoid and

cyclopoid copepods, respectively, and then analyzed

for C, N and P content. For analyses of C and N,

samples from each group were freeze dried, homog-

enized, and transferred into tin capsules and weighed.

Samples were analyzed using a continuous-flow

isotope ratio mass spectrometer at UC Davis, US.

For P, each zooplankton group was transferred onto

pre-weighed and acid-washed (1.2 M HCl) GF/C

filters, dried over night (60 �C), and then weighed

again (Mettler Toledo MT5; resolution ± 1 lg) to

determine dry mass. The P content was analyzed

according to Swedish standard (ISO 15681–1, rev 4)

using a FIAstar 5000 (FOSS Inc.), as described above.

Zooplankton C:N:P stoichiometry was not measured

in lakes Stugsjön, Magnusjaure and Hymenjaure.

Elemental imbalances and N:P recycling ratio

of zooplankton

We used the ecological stoichiometric models by

Sterner (1990) and Hassett et al. (1997) to estimate the

elemental N:P imbalances between resources (seston)

and consumers (zooplankton) and the N:P recycling

ratio of zooplankton (all expressed in molar) during

reference and fertilized conditions. We assumed that

body mass stoichiometry applies for estimating the

N:P recycling ratio of zooplankton on this scale of the

food chain, even though evidence comparing organ-

ism groups on a larger scale points out that differences

in N:P recycling ratios and excretion rates are related
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to body mass (Allgeier et al., 2015). In the ecological

stoichiometric models, a positive nutrient imbalance

(N:Pseston[N:Pconsumer) indicates that zooplank-

ton are feeding on resources with suboptimal P content

relative to their nutrient demand, and the N:P

recycling ratio of zooplankton is calculated as: [(N:P

of seston - N:P of zooplankton) 9 accumulation

efficiency (AE)]/(1 - AE). A negative imbalance

(N:Pseston\N:Pconsumer) indicates that zooplank-

ton are feeding on resources with suboptimal N

content relative to their nutrient demand. The N:P

recycling ratio of zooplankton is then calculated as:

[N:P of seston 9 (1 - AE)]/[1 - (AE 9 N:P of ses-

ton/N:P of zooplankton)] (Hassett et al. 1997). The

N:P recycling ratio of zooplankton were estimated by

assuming an identical AE of 0.75 for both N and P

(Sterner, 1990). The N:P elemental imbalances and

recycling ratios were calculated for all zooplankton

combined (weighted means), using the respective

measured N:P stoichiometry of calanoid/cyclopoid

copepods and cladocerans multiplied by their relative

proportions of the total zooplankton biomass (as in

Bergström et al., 2015, 2018), except lakes Stugsjön,

Magnusjaure and Hymenjaure (arctic lakes) where

zooplankton C:N:P stoichiomtery was not measured.

For these lakes, we assumed zooplankton N:P to be

similar to the arctic lakes SA2-SA3 dominated by

calanoid copepods (Stugsjön and Magnusjaure), and

to the boreal lake Övre Björntjärn with similar

proportions of cladocerans (for Hymeanjaure) (‘‘Re-

sults’’ section).

Statistical analysis

We analyzed seasonal means for physico-chemical

(DOC, DIN, TN, TP, kd) and biological data (phyto-

plankton biomass, proportions of dominate phyto-

plankton groups in phytoplankton biomass, seston

C:N:P stoichiometry, zooplankton biomass, commu-

nity composition and C:N:P stoichiometry, N:P

imbalance and zooplankton N:P recycling ratio) for

the different lakes and years. Lake water DIN:TP,

seston and zooplankton C:N:P stoichiometry was

log10-transformed for normal-distribution approxi-

mation and/or variance homoscedasticity (Isles,

2020).

Pearson correlation, linear regression and nonlinear

regression (Peak Gaussian 3 parameter) analyses were

used to test the following: (1) if zooplankton biomass

was unimodally distributed with DOC and phyto-

plankton biomass during reference (moderate hump

shape) and N fertilized conditions (strong hump shape)

(for prediction 1a); (2) if mineral food quality and

phytoplankton community composition increased in

importance in constraining zooplankton biomass when

phytoplankton biomass increased (for prediction 1b);

(3) if zooplankton community composition was

related to DOC during reference and N fertilized

conditions (for prediction 2); (4) if zooplankton C:N:P

ratio of specific species was affected by DOC, or N

fertilization (for prediction 3); and (5) if the N:P

recycling ratio of zooplankton increased with

increased DOC during reference conditions, and

declined with increased DOC during N fertilized

conditions with highest net changes in N:P recycling

ratio of zooplankton with N fertilization in clear water

lakes (high light, high seston N:P) and lowest in humic

lakes (low light, low seston N:P) (for prediction 4).

Pearson correlation and regression analyses were

conducted using Sigma Plot 14.0. Model selection

(between Linear, Sigmoid and Gaussian (3 parame-

ter)) (only for assessing relationships between DOC

and phytoplankton biomass, zooplankton biomass,

and phytoplankton:zooplankton biomass ratios) was

done using the Akaike information criterion (AICc).

Gaussian and Sigmoid models were assessed using

automated curve fitting (Dynamic Fit Wizard) with

200 fits (Supplementary Table S2). Since whole-lake

experiments, for both logistic and economic reasons,

are few albeit potentially very valuable because of

their realism, only limited data is available. Therefore,

the statistical power is low and there is a relatively

large risk of committing type II errors—to accept an

erroneous null hypothesis, when making a statistical

analysis (Carpenter, 1989). To decrease the risk of

type II error we chose a = 0.10 although this

inevitably increases the risk of committing type I

errors—to reject a correct null hypothesis. For clarity

and for making a critical discussion of results possible,

we present all P values, regardless of whether they are

significant at a = 0.10 or not.
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Results

Lake water chemistry

The study lakes varied from clear water lakes to brown

and humic lakes with DOC ranging between 3.8 and

22.8 mg C L-1, all with low or moderate phosphorus

(2.9–20.6 lg P L-1) and DIN (3–24 lg N L-1)

concentrations (Table S1). N fertilization enhanced

DIN concentrations in all N lakes compared to their

reference conditions (for Magnusjaure, Fisklösan,

Lapptjärn and Nedre Björntjärn). In Hymenjaure, P

fertilization increased TP concentrations three times

relative to the reference condition before fertilization

(Table S1). For reference- and treatment lakes during

reference years, the kd tended to increase with DOC

(R = 0.94, P\ 0.05) and light conditions (Im) became

poorer with increased DOC concentrations. TN and

TP concentrations tended to increase with increased

DOC concentrations (R = 0.94 and 0.89, respectively;

P\ 0.001 for both).

Phytoplankton biomass and community

composition

The biomass of phytoplankton was low and ranged

between 20 and 192 lg C L-1 during reference

conditions and was somewhat higher in the boreal

lakes compared to in the Arctic lakes. After fertiliza-

tion, the biomass increased especially in the N-fertil-

ized lakes (3.0–5.1 times increase) compared to in the

P-fertilized lake (1.8 times increase) (Table 1). As

previously shown with 11 of the 14 lakes included here

(Bergström & Karlsson, 2019), phytoplankton bio-

mass showed a unimodal relationship with DOC

during reference and fertilized conditions (nonlinear

regressions, Peak Gaussian 3 parameter: R2 = 0.71,

F3,17 = 21.3, P\ 0.001, and R2 = 0.65, F3,7 = 6.3,

P = 0.03), with peaks in biomass at DOC between 11

and 12 mg C L-1, and with higher biomass following

single P (only at low DOC) and single N fertilization

(all DOC levels) (Figs. 2A and S1A; Table S2).

The biomass of phytoplankton was dominated by

the group chrysophytes (47% of total, Table 1;

Fig. S1E), and especially so in the Arctic lakes

(60%). In the Arctic lakes dinophytes was the second

dominant group (29%), but in the boreal lakes

chlorophytes composed a larger share of the biomass

(25%). In N-fertilized lakes there was no change in the

dominating group of phytoplankton, and the biomass

increases were primarily caused by species that were

already present and dominant before fertilization.

These were for the N fertilization lakes (ordered with

increased lake DOC): chrysophytes (Uroglena amer-

icana) in Magnusjaure; large colony forming chloro-

phytes in Fisklösan; colony forming flagellated

chrysophytes in Lapptjärn; and cryptophytes in Nedre

Björntjärn (Holmgren, 1983; Deininger et al., 2017a;

Table 1; Fig. S1). In contrast, P fertilization in Lake

Hymenjaure induced a massive change in phytoplank-

ton community composition with a shift from a

dominance of chrysophytes towards a dominance of

chlorophytes (78%), primarily small coccoid green

algae (classified today as raphidophytes) (Table 1;

Figs. 2B and S1; Holmgren, 1983).

During reference and N fertilized conditions,

proportions of chlorophytes were unimodally dis-

tributed with DOC (nonlinear regressions, Peak

Gaussian 3 parameter: R2 = 0.60, F3,15 = 35.0,

P\ 0.0001, and R2 = 0.87, F3,7 = 33.2, P = 0.003).

During reference conditions proportions in phyto-

plankton biomass of chrysophytes and diatoms were

poorly related (R = - 0.286, - 0.251; P = 0.302,

0.431, respectively), whereas the proportions of dino-

phytes and cryptophytes were negatively

(R = - 0.649, P = 0.009) and positively (R = 0.931,

P\ 0.001) related to DOC, respectively (Fig. S1).

Seston C and C:N:P stoichiometry

Seston averaged 360 lg C L-1 during reference

conditions and 566 lg C L-1 following fertilization,

with particularly high concentrations in Fisklösan and

Lapptjärn after N-fertilization (Table 1). During

reference conditions, seston C was related to phyto-

plankton biomass (R = 0.41; P = 0.09), and this

relationship became stronger with fertilization

(R = 0.75; p = 0.03) (Table 1). Large proportions of

detritus and bacteria C in seston were found at low and

at high DOC, where phytoplankton biomass only

contributed to ca 20% and 10% of seston C, respec-

tively. With fertilization, phytoplankton biomass pro-

portions in seston C increased to between 30 and 55%.

During reference conditions, seston C:P and N:P

were not related to phytoplankton biomass

(R = - 0.02; P = 0.93; R = 0.21; P = 0.4).

Increased phytoplankton biomass with N fertilization

contributed to an increase in seston C:P (Fig. 2C) and
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N:P (Table 1), and both became positively related to

phytoplankton biomass (C:P, R = 0.80; P = 0.03;

N:P, R = 0.83; P = 0.02). Linear regression explained

changes in seston C:P and N:P with DOC during

reference conditions (log10seston C:P: R2 = 0.33,

F2,16 = 7.9, P = 0.01; log10seston N:P: R2 = 0.17,

F2,16 = 3.3, P = 0.09; Fig. 3A, B). Seston C:P

declined linearly with increased DOC also after N

fertilization (log10seston C:P R2 = 0.58, F2,5 = 6.8,

P = 0.05), with most pronounced increases in low

(\ 10 mg C L-1) compared to in high DOC lakes.

(Fig. 3A, Table 1). For seston N:P, the linear regres-

sion model was not statistically significant after N

fertilization (log10seston N:P R2 = 0.27, F2,5 = 1.8,

P = 0.23) (Fig. 3B). In Hymenjaure, P fertilization

lowered seston C:P and N:P to 83 (1.92) and 12 (1.08)

(Fig. 3A, B).

Zooplankton biomass

Zooplankton biomass ranged between 18 and 84 lg
DW l-1 during reference conditions. In the N-fertil-

ized lakes there was no large response in biomass, but

in the P-fertilized lake the biomass increased 2.9 times

(to 155 lg DW l-1). In both reference lakes and

fertilized lakes calanoid copepods dominated the

Table 1 Phytoplankton biomass (PhyBM), proportion of total

phytoplankton biomass of chlorophytes (Chlor), chrysophytes

(Chry), dinophytes (Dino), cryptophytes (Cryp) diatoms

(Diatom), cyanophytes (cyano), respectively, and seston C

concentrations and seston C:P and N:P ratios in the study lakes

Lake PhyBM Chlor Chry Dino Cryp Diatom Cyano Sest. C Sest. C:P Sest. N:P

(lg C L-1) (%) (%) (%) (%) (%) (%) (lg L-1) (molar) (molar)

SA2 (C) 95 390 322 36

SA3 (C) 55 241 251 29

SA4 (C) 65 242 317 35

Stugsjön (C) 42 7 60 33

Stugsjön (C) 20 16 54 30 271 274 30

Hymenjaure (C) 51 15 62 23

Hymenjaure (? P) 91 78 14 6 2 568 83 12

Magnusjaure (C) 29 4 65 31

Magnusjaure (? N) 139 2 75 23 328 420 43

Nästjärn (C) 84 29 46 4 12 3 1 409 267 32

Nästjärn (C) 135 24 42 11 4 12 4 405 269 35

Fisklösan (C) 92 50 31 8 4 2 3 540 319 35

Fisklösan (? N) 404 50 31 8 4 2 3 988 604 68

Mångstenstjärn (C) 183 22 39 0 9 26 0 345 236 28

Mångstenstjärn (C) 192 33 35 2 9 13 2 404 233 32

Lapptjärn (C) 92 35 37 1 7 10 0 372 293 34

Lapptjärn (? N) 273 26 47 3 7 11 4 598 370 43

Lillsjölidtjärnen (C) 66 243 182 26

Stortjärn (C) 77 478 268 30

Ö. Björntjärn (C) 34 8 46 1 33 4 0 336 229 29

Ö. Björntjärn (C) 55 7 46 5 24 7 2 418 279 40

N. Björntjärn (C) 30 14 42 1 29 3 0 311 230 30

N. Björntjärn (? N) 154 9 45 4 32 5 0 347 233 31

Mean values during summer (June–early September; ± SD) in the epilimnion for reference- (C), nitrogen- (? N) and phosphorus-

(? P) fertilized lakes. Lakes SA2-SA4 means for 2011; Stugsjön, Hymenjaure and Magnusjaure means for 1971 (control year all

lakes) and 1974 (fertilization year for Magnusjaure and Hymenjaure); Nästjärn, Fisklösan, Mångstenstjärn, Lapptjärn, Nedre

Björntjärn and Övre Björntjärn means for 2011 (reference year all lakes) and 2012–2013 (fertilization years for Fisklösan, Lapptjärn

and Nedre Björntjärn); Lillsjölidtjärnen and Stortjärn means for 2012
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biomass over cyclopoid copepods and cladocerans,

with one exception for the boreal lake Stortjärn where

calanoids were absent (Table 2). In the lake Hymen-

jaure the cladocerans dominated both before and, even

more so, after P-fertilization. Arctic lakes tended to

have higher proportions of calanoid copepods (71%

during reference conditions) compared to the boreal

lakes (40% during reference conditions) that also had

higher proportions of especially cyclopoid copepods

(Table 2; Fig. S2).

Biomass of zooplankton tended to be negatively

related to phytoplankton biomass during reference, but

not during fertilized conditions (Table 3; Fig. 4A).

Zooplankton biomass was neither related to DOC and

did not show any unimodal distributions with DOC

during reference or fertilized conditions (Fig. 4C;

Table S2). When assessing each zooplankton group,

calanoid copepods were negatively related to DOC

both during reference and fertilized conditions,

whereas cyclopoid copepods and cladocerans were

positively related to DOC but only during reference

conditions (Table 3; Fig. S2). Calanoid copepods and

cladocerans were further negatively related to phyto-

plankton biomass during reference conditions

(Table 3; Fig. S3). As a result of the low variability

in zooplankton biomass (Fig. 4A), the phytoplankton

to zooplankton biomass ratio expressed unimodal

distributions with lake DOC during both reference and

fertilized conditions (nonlinear regressions, Peak

Gaussian 3 parameter, reference: R2 = 0.60,

F3,17 = 12.5, P = 0.001; fertilized: R2 = 0.62,

F3,5 = 4.1, P = 0.09; Table S2; Fig. 4B) with around

30 times higher phytoplankton than zooplankton

biomass after fertilization at the peak (DOC ca

10 mg C L-1).

During reference conditions, zooplankton biomass

tended to be positively related to proportions of

cryptophytes in phytoplankton biomass. For each

taxonomic group, biomass of calanoids was positively

related to proportions of chrysophytes and dinophytes;

biomass of cyclopoids was negatively related to

bFig. 2 Phytoplankton biomass (PhyBM) against a dissolved

organic carbon (DOC) concentrations, and b proportions of

chlorophytes in phytoplankton biomass, and c log10seston C:P.

Black circles denote reference conditions, open white and grey

circles denote conditions after whole-lake fertilization with

nitrogen (N) or phosphorus (P) alone, respectively. For model

statistics see Results
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proportions of dinophytes, and biomass of cladocerans

was positively related to proportions of chrysophytes

and cryptophytes and negatively related to proportions

of chlorophytes (Table 3). These relationships

between different groups of zooplankton and phyto-

plankton, thus, very much followed their relative

distribution with lake DOC (see Table 3; Figs. S1-S2).

Considering mineral quality, only cladoceran biomass

tended to be negatively related to seston C:P during

reference conditions (Table 3; Fig. S4).

With fertilization (? N, ? P), these relationships

to some extent changed or became intensified

(Table 3). Zooplankton and cladoceran biomass

became negatively related to seston C:P (Fig. 4D;

Table 3) and positively related to proportions of

chlorophytes (Table 3), that is strongly driven by the

responses in zooplankton and cladoceran biomass in

Hymenjaure which was fertilized with P (Table 3;

Figs. 4D and S4). With N fertilization, zooplankton

biomass became positively related to proportions of

dinophytes which to a large extent was caused by

changes in calanoids becoming increasingly more

positively related to proportions of dinophytes fol-

lowing N fertilization (Table 3).

N:P imbalances and zooplankton N:P recycling

ratios

There were some differences in somatic C, N and P

content among zooplankton taxa, with generally

higher N content among copepods, and higher P

content among cyclopoids and cladocerans (Table S3).

These differences contributed to higher N:P ratios in

calanoids than in cyclopoids and cladocerans (see

Table S3; Bergström et al., 2018), which together with

the differences in zooplankton community composi-

tion (Table 2), contributed to a declining trend in

zooplankton N:P (based on weighted means) with

increasing DOC during reference conditions (Linear

regression; R2 = 0.34, F2, 15 = 8.2, P = 0.01). There

bFig. 3 a log10seston C:P, b log10seston N:P and log10predicted

N:P recycling ratio of zooplankton along gradients in dissolved

organic carbon (DOC) concentration during reference condi-

tions (black circles) and after whole-lake fertilization with

nitrogen (N; open white circles) or phosphorus (P; grey circle)

alone. For each panel, solid (control lakes) or dotted (treatment

lakes) lines, represents modeled linear relationships. For model

statistics see Results
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was no effect of treatment (fertilized/un-fertilized) or

DOC 9 treatment interaction (ANCOVA with DOC

as covariate; whole model R2 = 0.33, F4, 24 = 3.5,

P = 0.03, effect of DOC P = 0.02, effect of treatment

P = 0.37, effect of DOC 9 treatment P = 0.72) on

zooplankton N:P. The variation in zooplankton N:P

with N fertilization was therefore lower than in seston

N:P (Tables 1 and S4).

As previously shown (Bergström et al., 2018)

increased N:P imbalances (Table S4) contributed to an

increased N:P recycling ratio of zooplankton with

increased DOC (Fig. 3C; linear regression, log10N:P-

re: R2 = 0.19, F2,16 = 3.8, P = 0.07). With N fertil-

ization, the N:P imbalance (Table S4) and the N:P

recycling ratio of zooplankton increased, especially in

clear lakes (Fig. 3C) (DOC\ 10 mg C L-1, N:P

imbalance and N:P recycling ratio increased from -

10 to 0–50 (Table S4) and from 8 to 40–160 (0.9 to

1.6–2.2 in Fig. 3C). At high DOC (C 15 mg C L-1),

the N:P imbalance and the N:P recycling ratio of

zooplankton changed little with N fertilization (N:P

imbalance from ca 0 to 10 (Table S4); N:P recycling

ratio from 20–25 to 35; or from 1.3–1.4 to 1.5 in

Fig. 3C). The N:P recycling ratio of zooplankton did

not significantly decline with increased DOC with N

fertilization (linear regression, log10N:P-re:

R2 = 0.27, F2,5 = 1.9, P = 0.23).With P fertilization

in lake Hymenjaure, the N:P imbalance became more

Table 2 Zooplankton biomass (ZooBM; DW: dry weight) and proportions of calanoid and cyclopoid copepods, and cladocerans, in

zooplankton biomass in the study lakes

Lake Region ZooBM Calanoida Cyclopoida Cladocera

(lg DW L-1) (%) (%) (%)

SA2 (C) Arctic 63 ± 11 99 0 1

SA3 (C) Arctic 59 ± 49 87 0 13

SA4 (C) Arctic 54 ± 21 87 0 13

Stugsjön (C) Arctic 42 52 15 33

Stugsjön (C) Arctic 66 52 15 33

Hymenjaure (C) Arctic 53 36 6 58

Hymenjaure (? P) Arctic 155 27 2 71

Magnusjaure (C) Arctic 62 85 15 0

Magnusjaure (? N) Arctic 77 82 18 0

Nästjärn (C) Boreal 23 ± 10 54 34 12

Nästjärn (C) Boreal 18 ± 10 54 42 6

Fisklösan (C) Boreal 29 ± 11 79 6 15

Fisklösan (? N) Boreal 32 ± 27 55 33 12

Mångstenstjärn (C) Boreal 32 ± 17 39 39 22

Mångstenstjärn (C) Boreal 35 ± 16 25 42 34

Lapptjärn (C) Boreal 72 ± 33 33 31 36

Lapptjärn (? N) Boreal 48 ± 24 24 35 41

Lillsjölidtjärnen (C) Boreal 48 ± 24 52 2 46

Stortjärn (C) Boreal 45 ± 11 0 45 55

Nedre Björntjärn (C) Boreal 58 ± 27 43 22 35

Nedre Björntjärn (? N) Boreal 32 ± 20 27 27 46

Övre Björntjärn (C) Boreal 84 ± 34 36 33 31

Övre Björntjärn (C) Boreal 36 ± 23 21 27 53

Mean values during summer (June–early September; ± SD) in the epilimnion for control (C), nitrogen- (? N) and phosphorus-

(? P) fertilized lakes. Lakes SA2-SA4 mean values for 2011; Stugsjön, Hymenjaure and Magnusjaure mean values for 1971 (control

year all lakes) and 1974 (treatment years for Magnusjaure and Hymenjaure); Nästjärn, Fisklösan, Mångstenstjärn, Lapptjärn, Nedre

Björntjärn and Övre Björntjärn mean values for 2011 (control year all lakes) and 2012–2013 (fertilization years for Fisklösan,

Lapptjärn and Nedre Björntjärn); Lillsjölidtjärnen and Stortjärn mean values for 2012. Lakes marked in bold are fishless
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Table 3 Correlations (Pearson product moment) between

zooplankton biomass (Zoo BM), calanoid biomass (Cal BM),

cyclopoid biomass (Cycl BM) and cladoceran biomass (Clad

BM) and lake dissolved organic carbon (DOC), phytoplankton

biomass (PhyBM), log10Seston carbon to phosphorus (C:P),

and proportions in phytoplankton biomass of chlorophytes

(Chlor), chrysophytes (Chry), dinophytes (Dino) and crypto-

phytes (Crypt) during reference conditions (_C) and single

nutrient enrichment with nitrogen (_ ? N) or phosphorus

(_ ? N, ? P)

Treatment DOC PhyBM log10Sest C:P Chlor Chry Dino Crypt

(mg C L-1) (lg C L-1) (molar) (%) (%) (%) (%)

Zoo BM_C R 0.16 2 0.50 2 0.05 2 0.35 0.32 0.04 0.60

p 0.49 0.03 0.85 0.20 0.24 0.89 0.04

n 20 20 18 15 15 15 12

ZooBM_ ? N, ? P R 2 0.58 2 0.33 2 0.79 0.68 2 0.32 0.28

p 0.13 0.43 0.02 0.07 0.43 0.50

n 8 8 8 8 8 8

ZooBM_ ? N R 2 0.43 2 0.20 2 0.01 2 0.34 0.63 0.76 2 0.24

p 0.34 0.67 0.99 0.45 0.13 0.05 0.65

n 7 7 7 7 7 7 6

Cal BM_C R 2 0.40 2 0.42 0.407 2 0.28 0.51 0.51 0.35

p 0.09 0.071 0.105 0.31 0.05 0.05 0.27

n 19 19 17 15 15 15 12

Cal BM_ ? N, ? P R 2 0.83 2 0.22 2 0.182 0.15 0.24 0.84

p 0.01 0.609 0.666 0.73 0.56 0.00

n 8 8 8 8 8 5

Cal BM_ ? N R 2 0.80 2 0.12 0.34 2 0.34 0.64 0.93 2 0.74

p 0.03 0.79 0.46 0.45 0.13 0.00 0.09

n 7 7 7 7 7 7 6

Cycl BM_C R 0.51 0.081 2 0.04 2 0.07 2 0.30 2 0.52 0.42

p 0.04 0.757 0.89 0.81 0.41 0.05 0.17

n 17 17 15 15 15 15 12

Cycl BM_ ? N, ? P R 0.16 0.35 0.568 2 0.40 0.40 0.16

p 0.7 0.395 0.142 0.33 0.33 0.71

n 8 8 8 8 8 8

Cycl BM_ ? N 2 0.16 0.24 0.13 0.22 0.07 0.17 2 0.47

0.73 0.60 0.78 0.63 0.88 0.71 0.35

7 7 7 7 7 7 6

Clad BM_C R 0.55 2 0.46 2 0.50 2 0.47 0.48 0.03 0.69

p 0.01 0.05 0.03 0.09 0.08 0.91 0.01

n 19 19 18 14 14 14 12

Clad BM_ ? N, ? P R 2 0.49 2 0.44 2 0.93 0.79 2 0.61 0.40

p 0.27 0.32 0.00 0.04 0.15 0.37

n 7 7 7 7 7 7

Clad BM_ ? N R 0.71 2 0.50 2 0.77 2 0.42 0.52 0.14 0.37

p 0.11 0.32 0.08 0.41 0.30 0.80 0.47

n 6 6 6 6 6 6 6
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negative (-18) compared to reference conditions (-9)

(Table S4), and the zooplankton N:P recycling ratio

declined to 4 (to 0.6 in Fig. 3C).

Discussion

Bottom-up effects on zooplankton biomass

We found that, despite significant changes in phyto-

plankton biomass, the zooplankton biomass did not

show the predicted hump shape responses with DOC

and fertilization (lack of support for prediction 1a).

Instead, phytoplankton and zooplankton biomass were

negatively related (Table 3). The low biomass devel-

opment of zooplankton compared to that of phyto-

plankton during reference and fertilization conditions,

being especially pronounced around the phytoplank-

ton biomass peak at intermediate DOC especially after

fertilization (Fig. 4B), implies low transfer efficien-

cies of C and an accumulation of phytoplankton not

being preyed upon or transferred to zooplankton

(Persson, 1984; Deininger et al., 2017a, b, c).

We interpret the poor phytoplankton resource use

of zooplankton being related to the phytoplankton

community composition and the reduction in phyto-

plankton mineral quality following N fertilization.

During reference condition the phytoplankton group

that contributed the most to the unimodal distribution

in phytoplankton biomass with DOC, and therefore

also to the negative trend between phytoplankton and

zooplankton biomass (specifically the calanoids and

cladocerans) were chlorophytes (Table 3;

Figs. 2B, 4A, S1A and C). Chlorophytes are highly

Fig. 4 Zooplankton biomass (ZooBM) against a phytoplankton

biomass, and b phytoplankton to zooplankton biomass ratios

(PhyBM:ZooBM) against dissolved organic carbon (DOC)

concentration, and c zooplankton biomass (ZooBM) against

dissolved organic carbon (DOC) concentration, and

d zooplankton biomass (ZooBM) against log10seston C:P.

Black circles denote reference conditions, open white and grey

circles denote conditions after whole-lake fertilization with

nitrogen (N) or phosphorus (P) alone, respectively. For model

statistics and relationships see Results and Tables 3 and S3
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plastic (Sterner & Elser, 2002), of intermediate food

quality when considering their fatty acid composition

(Taipale et al., 2013), and are more prone to change

morphology when being nutrient stressed compared to

other species, that is by increasing their cell wall

thickness (Lürling & Van Donk., 1997; Van Donk

et al., 1997), or forming colonies to avoid predation

(Deininger et al., 2017a). Since N fertilization did not

affect phytoplankton community composition and

biomass increases were caused by dominant species

present before fertilization (Table 1, Fig. S1; Holm-

gren, 1983; Deininger et al., 2017a), the species that

primarily contributed to the peak in phytoplankton

biomass also after N fertilization were chlorophytes.

Thus, an explanation for the observed low phyto-

plankton resource use, as well as biomass responses in

zooplankton could be the dominance of phytoplankton

species with reduced edibility, especially at interme-

diate lake DOC where the observed colony forming

chlorophytes dominated (in support of prediction 1b).

It is also possible that allochthonous detritus particles

through physical inference further reduced the capa-

bility of zooplankton to utilize the phytoplankton

(Wenzel et al., 2021).

An additional constraint hindering positive zoo-

plankton biomass responses to increased food avail-

ability with N fertilization is stoichiometric fold

quality of phytoplankton. Increased phytoplankton

biomass with N fertilization caused enhanced seston

C:P, with a declining trend with increasing lake DOC.

In clear water lakes, seston C:P reached levels[ 400

(logged[ 2.6), e.g., well above threshold elemental

ratios for P-limitation inDaphnia (200–300; Sterner &

Elser, 2002) and for some species of calanoids

copepods (Eudiaptomus[ 300; Kibby, 1971; Hessen

& Lyche, 1991). However, the only group of zoo-

plankton that were negatively related to seston C:P

were the cladocerans (Table 3) that can use the mixed

seston diets (Taipale et al., 2016). This relationship

became stronger with fertilization, as did the relation-

ship for total zooplankton biomass. Growth rates in

cladocerans, e.g., Daphnia, correlate with seston C:P

(DeMott & Gulati, 1999; Vrede et al., 2004)—

although they are also influenced by PUFA (Müller-

Navarra, 1995). Mineral quality should also play a

greater role in constraining cladocerans development

when the food concentration increases (Sterner, 1990;

Persson et al., 2007; Deininger et al., 2017c), in line to

what we found (in support of prediction 1b). The

reducing impact of N fertilization on phytoplankton

mineral quality, especially to that of chlorophytes

being dominant around the peak (Figs. 2 and 3;

Table 1), was therefore superimposed on phytoplank-

ton community composition enhancing an already low

trophic transfer efficiency that was present before

fertilization (Fig. 4B).

Bottom-up effects on zooplankton community

composition

Zooplankton community composition varied with lake

DOC, and both communities and their N:P stoichiom-

etry were largely unaffected by N fertilization

(Tables 1–2 and S3; Figs. S1-S2) (in support of

prediction 2 and 3). The shift in zooplankton commu-

nities with increasing DOC (and increasing nutrient

content; Table S1), from dominance of calanoids (of

high somatic N:P) towards higher proportions of

cladocerans (and to some extent also cyclopoids; both

of low somatic N:P), might be related to the high

somatic P requirement of cladocerans (Table S3;

Andersen & Hessen, 1991) making the more P- and

DOC-rich lakes a more suitable habitats for cladocer-

ans in contrast to the less P requiring calanoids

copepods. Other studies have also found declining

trends of calanoid copepods with increased nutrient

and DOC concentrations (Pace, 1986; Patoine et al.,

2000). It could also be that the capability among

cladocerans of using mixed diets (Taipale et al., 2016),

and the raptorial feeding mode of cyclopoids allowing

them to use large food particles like microplankton

(Pace, 1986; Berggren et al., 2015), enables them to

better cope in the high DOC lakes where phytoplank-

ton biomass was low and close to the estimated

threshold for metabolic maintenance (50 lg C L-1;

Lampert, 1977; Andersen, 1997; Sterner, 1997)

(Table 1), than do calanoid copepods feeding primar-

ily on phytoplankton (Berggren et al., 2015).

Stable isotope analyses from these regions also show

a high degree of allochthony for cladocerans and

cyclopoid copepods, but not for calanoids copepods

(Berggren et al., 2015; Deininger et al., 2017b).

Interestingly, we also found that different zoo-

plankton groups were related to different classes of

phytoplankton (Table 3). We suggest these relation-

ships being caused by different fatty acid (FA)

composition among different phytoplankton groups

(Taipale et al., 2013). Specifically, calanoid copepods
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tended to be related to proportions of dinoflagellates

which are known to be rich of DHA (Peltomaa et al.,

2019; Hikihara et al., 2020), e.g., the most important

FA for copepods (Napolitano, 1999; Taipale et al.,

2013). In contrast, cladocerans were related to

proportions of cryptophytes, known to be rich in

EPA (Taipale et al., 2013), the most important FA for

support growth and reproduction in Daphnia (Napoli-

tano, 1999; Ravet & Brett, 2006). With fertilization

(? N, ? P), cladocerans instead became related to

proportions of chlorophytes, a change largely driven

by the increased biomass of raphidophytes in the

fertilized P lake (Hymenjaure) (Figs. S1-S2), also

known of being rich in essential FA for zooplankton

(Taipale et al., 2013). Thus, P fertilization in lake

Hymenjaure did not only promote increased phyto-

plankton biomass of enhancedmineral (reduced seston

C:P; Fig. 3A), but also most likely enhanced the

biochemical (FA) quality of phytoplankton, and this

combined improved food quality did indeed promote

the highest increase in cladocerans and in total

zooplankton biomass (Table 2; Fig. 4D).

In all, we found that N fertilization led to consid-

erably less changes in zooplankton biomass compared

to phytoplankton biomass across our studied DOC

gradient (Figs. 2A and 4B-C). Thus, although zoo-

plankton and phytoplankton biomass may indeed be

coupled (McCauley & Kalff, 1981), unimodal distri-

butions in zooplankton biomass with DOC and N

fertilization may be unrealistic to be found among

lakes due to the structuring impact of DOC on lake

specific phytoplankton and zooplankton community

composition.

N:P imbalances and zooplankton N:P recycling

ratios

In line with our prediction 4, N fertilization had little

effect on zooplankton community composition or their

N:P stoichiometry (Tables 2 and S3), but increased the

N:P recycling ratio of zooplankton, especially in clear

lakes, where phytoplankton benefitted from light

sufficiently to cause enhanced seston N:P (Fig. 3). In

the DOC rich and dark lakes, the N:P recycling ratio

changed little with fertilization. The increase in N:P

imbalance (and N:P recycling ratio) with N fertiliza-

tion in low DOC lakes (increased from negative to

positive values) suggest that conditions changed for

zooplankton that is that they moved from feeding on

phytoplankton of suboptimal N to suboptimal P

content. In high DOC lakes the slight increase in

seston N:P moved the food resources from being equal

and matching the N:P requirements of zooplankton

(N:P imbalance close to 0) to slightly above. Com-

bined, this implies that N fertilization and raised

seston N:P and zooplankton N:P recycling ratio could

in theory promote shifts from N- to more P-limited

conditions for phytoplankton in clear low DOC lakes

but not in dark high DOC lakes (see Hessen, 2013).

Yet, the extent changes in zooplankton N:P recycling

ratios might impact phytoplankton nutrient limitation

regimes depend on the magnitude in zooplankton N:P

recycling rates relative to other nutrient supplies, such

as external loadings (Bergström et al., 2015) and

internal sediment nutrient release (Levine and Schind-

ler, 1992). The N:P recycling rates of zooplankton

increases with increasing body size (Allgeier et al.,

2015), biomass (Elser et al., 1988), and temperature

(Allen & Gillooly, 2009). Since primarily large

specimens were picked, differences in body size

among zooplankton taxa should be of lesser impor-

tance compared to differences in total zooplankton

biomass among our study lakes. As zooplankton

communities (impacting somatic N:P), and biomass

did not change with N fertilization, impacts of

enhanced zooplankton N:P recycling rates following

N fertilization on phytoplankton nutrient limitation

regimes might be modest and is likely to be quanti-

tatively most important during summer in connection

to low external nutrient loadings (Bergström et al.,

2015), and high lake water temperatures (Alcaraz

et al., 2013).

Role of trophic cascade effects

Our findings might have been affected by presence and

absence of fish e.g., via trophic cascades (Carpenter

et al., 1985). Thus, it is in theory possible that

zooplankton biomass might have been higher follow-

ing N fertilization in the high DOC lakes if they have

been fishless. Yet, in the fishless low DOC lakes,

zooplankton biomass did not increase with increased

phytoplankton biomass with N fertilization (see Mag-

nusjaure vs. Fisklösan), and zooplankton biomass was

also similar in the low DOC reference lakes with fish

present (SA lakes) or absent (Stugsjön, Magnusjaure

and Hymenjaure). Zooplankton biomass has also been

shown to be poorly correlated to fish predation
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especially in oligotrophic lakes (Hessen et al., 1995).

Community responses can further be obscured by eco-

and physiological adaptations (Hessen et al., 1995)

and by food quality controls being superimposed on

food quantity especially following fertilization (Ster-

ner & Hessen, 1994).

Conclusion

To conclude, our results suggest that although N

enrichment and increased phytoplankton biomass do

not necessarily increase zooplankton biomass, bot-

tom-up effects may still affect zooplankton develop-

ment and their nutrient recycling ratio. This by

changing phytoplankton food quality through stimu-

lating phytoplankton species of reduced edibility or

altering phytoplankton mineral quality especially in

clear lakes where light conditions are sufficient to

enhance seston N:P. Our study showcases that for

detecting bottom-up effects (here: N and DOC), the

traditional usage of biomass or abundance as indica-

tors of effects may not provide sufficient information

on neither ecological effects, nor involved biogeo-

chemical processes. We suggest the inclusion of

additional producer and especially consumer traits

for ecological effect evaluation (such as edibility,

stoichiometry, nutrient recycling; not solely bio-

masses or productivity), as these parameters may

provide highly insightful knowledge on involved

processes and ecological feedback mechanisms.
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Kuokkelprojektets rapport Nr. 4. Limnologiska Institutio-

nen, Uppsala Universitet, Uppsala (in Swedish).

Jansson, M., J. Karlsson & P. Blomqvist, 2003. Allochthonous

organic carbon decreases pelagic energy mobilization in

lakes. Limnology and Oceanography 48: 1711–1716.

Jansson, M., L. Persson, A. M. De Roos, R. I. Jones & L.

J. Tranvik, 2007. Terrestrial carbon and intraspecific size-

variation shape lake ecosystems. Trends in Ecology and

Evolution 22: 316-322.

Jansson, M., A. Jonsson, A. Andersson & J. Karlsson, 2010.

Biomass and structure of planktonic communities along an

air temperature gradient in subarctic Sweden. Freshwater

Biology 55: 691-700.

123

Hydrobiologia



Jones, R. I., 1992. The influence of humic substances on

lacustrine planktonic food webs. Hydrobiologia 229:

73-91.

Karlsson, J., A. Jonsson & M. Jansson, 2001. Bacterioplankton

production in lakes along an altitude gradient in the sub-

arctic north of Sweden. Microbial Ecology 42: 372-383.

Karlsson, J., P. Byström, J. Ask, P. Ask, L. Persson & M.

Jansson, 2009. Light limitation of nutrient-poor lake

ecosystems. Nature 460: 506-509.

Kelly, P. T., C. T. Solomon, B. C. Weidel & S. E. Jones, 2014.

Terrestrial carbon is a resource, but not a subsidy, for lake

zooplankton. Ecology 95(5): 1236–1242.

Kelly, P. T., C. T. Solomon, J. A. Zwart & S. E. Jones, 2016.

Experimental whole-lake increase of dissolved organic

carbon concentration produces unexpected increase in

crustacean zooplankton density. Global Change Biology

22: 2766–2775.

Kelly, P.T., C. T. Solomon, J. A. Zwart & S. E. Jones, 2018. A

framework for understanding variation in pelagic gross

primary production of lake ecosystems. Ecosystems 21:

1364-1376.

Kibby, H. V., 1971. Energetics and population dynamics of

Diaptomus gracilis. Ecological Monographs 41: 311-&.

Kreutzweiser, D., F. Beall, K. Webster, D. Thompson & I.

Creed, 2013. Impacts and prognosis of natural resource

development on aquatic biodiversity in Canada’s boreal

zone. Environmental Reviews 21:227–259.

Lampert, W., 1977. Studies on the carbon balance in Daphnia
pulex de Geer as related to environmental conditions. I–IV

Archiv für Hydrobiologie 48: 287–368.

Levine, S. N. & D. W. Schindler, 1992. Modification of the N:P

ratio in lakes by in situ processes. Limnology and

Oceanography 37: 917-935.

Lürling,M. &E. Van Donk, 1997. Life history consequences for

Daphnia pulex feeding on nutrient-limited phytoplankton.

Freshwater Biology 38: 693–709.

McCauley, E. & J. J. Kalff, 1981. Empirical relationships

between phytoplankton and zooplankton biomass in lakes.

Canadian Journal of Fisheries and Aquatic Sciences 38:

458–463.

Monteith, D. T., J. L. Stoddard, C. D. Evans, H. A. de Wit, M

Forsius, T. Høga,… & J. Vesely, 2007. Dissolved organic

carbon trends resulting from changes in atmospheric

deposition chemistry. Nature 450: 537-540.

Müller-Navarra, D. C., 1995. Biochemical versus mineral lim-

itation in Daphnia. Limnology and Oceanography 40:

1209-1214.

Müller-Navarra, D. C., 2008. Food web paradigms: the bio-

chemical view on trophic interactions. International

Review of Hydrobiology 93(4–5):489–505.

Müller-Navarra, D. C., M. T. Brett, A. M. Liston & C.

R. Goldman, 2000. A highly unsaturated fatty acid predicts

carbon transfer between primary producers and consumers.

Nature 406: 74-77.

Napolitano, G. E., 1999. Fatty acids as trophic and chemical

markers in freshwater ecosystems. In: Arts, M. T., & B. C.

(eds), Lipids in freshwater ecosystems. Springer, New

York, pp 21–44.

Pace , M. L., 1986. An empirical analysis of zooplankton

community size structure across lake trophic gradients.

Limnology and Oceanography 31: 45-55.

Patoine, A., B. Pinel-Alloul, E. E. Prepas & R. Carignan, 2000.

Do logging and forest fires influence zooplankton biomass

in Canadian Boreal Shield lakes? Canadian Journal of

Fisheries and Aquatic Sciences 57: 155–164.

Patoine, A., B. Pinel-Alloul & E. E. Prepas, 2002. Effects of

catchment perturbations by logging and wildfires on zoo-

plankton species richness and composition in Boreal Shield

lakes. Freshwater Biology 47: 1996–2014.

Peltomaa, E., H. Hällfors & S. J. Taipale, 2019. Comparison of

Diatoms and Dinoflagellates from Different Habitats as

Sources of PUFAs. Marine Drugs 17: 233.

Planas, D., M. Desrosiers, S-R. Groulx, S. Paquet & R. Carig-

nan, 2000. Pelagic and benthic algal responses in eastern

Canadian Boreal Shield lakes following harvesting and

wildfires. Canadian Journal of Fisheries and Aquatic Sci-

ences 57: 136–145.

Persson, G., 1984. Zooplankton studies within the lake fertil-

ization experiments of the Kuokkel area, northern Sweden.

Acta Universitatis Upsaliensis 737, Uppsala University,

Uppsala.

Persson, J., M. T. Brett, T. Vrede & J. L Ravet, 2007. Food

quantity and quality regulation of trophic transfer between

primary producers and a keystone grazer (Daphnia) in

pelagic freshwater food webs. Oikos 116: 1152–1163.

Ravet, J. L. & M. T. Brett, 2006. Phytoplankton essential fatty

acid and phosphorus content constraints on Daphnia

somatic growth and reproduction. Limnology and

Oceanography 51(5): 2438–2452.

Solomon, C. T., S. E. Jones, B. CWeidel, I. Buffam, M. L. Fork,

J. Karlsson, S. Larsen, J. T. Lennon, J. S. Read, S. Sadro &

J. E. Saros, 2015. Ecosystem consequences of changing

inputs of terrestrial dissolved organic matter to lakes:

current knowledge and future challenges. Ecosystems 18:

376–389.

Sponseller, R. A., J. Temnerud, K. Bishop & H. Laudon, 2014.

Patterns and drivers of riverine nitrogen (N) across alpine,

subarctic, and boreal Sweden. Biogeochemistry

120:105–120.

Sterner, R. W., 1990. The ratio of nitrogen to phosphorus

resupplied by herbivores: zooplankton and the algal com-

petitive arena. American Naturalist 136: 209–229.

Sterner, R. W., 1997. Modeling interactions of food quality and

quantity in homeostatic consumers. Freshwater Biology

38: 473–481.

Sterner, R. W. & D. O. Hessen, 1994. Algal nutrient limitation

and the nutrition of aquatic herbivores. Annual Review of

Ecology and Systematics 25: 1-29.

Sterner, R. W. & J. J. Elser, 2002. Ecological Stoichiometry.

Princeton University Press, Princeton, New Jersey, USA.

Sterner, R. W., J. J. Elser, E. J. Fee, S. J. Guildford & T.

H. Chrzanowski, 1997. The light:nutrient ratio in lakes: the

balance of energy andmaterials affects ecosystem structure

and process. American Naturalist 150: 663–684.

Taipale, S., U. Strandberg, E. Peltomaa, A. W. E. Galloway, A.

Ojala & M. T. Brett, 2013. Fatty acid composition as

biomarkers of freshwater microalgae: analysis of 37 strains

of microalgae in 22 genera and in seven classes. Aquatic

Microbial Ecology 71: 165–178.

Taipale, S., W. E. Aaron, S. L. Aalto, K. K. Kahilainen, U.

Strandberg U & P. Kankaala, 2016. Terrestrial

123

Hydrobiologia



carbohydrates support freshwater zooplankton during

phytoplankton deficiency. Scientific reports 6:30897.

Van Donk, E., M. Lürling & D. O. Hessen, 1997. Altered cell

wall morphology in nutrient-deficient phytoplankton and

its impact on grazers. Limnology and Oceanography 42:

357–364.

Vasconcelos, F. R., S, Diehl, P. Rodrı́guez, P. Hedström, J.

Karlsson & P. Byström, 2019. Bottom-up and top-down

effects of browning and warming on shallow lake food

webs. Global Change Biology 25: 504–521.

Ventura, M. & J. Catalan, 2005. Reproduction as one of the main

causes of temporal variability in the elemental composition

of zooplankton. Limnology and Oceanography 50:

2043–2056.

Vrede, T., J. Persson & A. Aronsen, 2002. The influence of food

quality (P:C ratio) on RNA:DNA ratio and somatic growth

rate of Daphnia. Limnology and Oceanography 47:

487-494.

Vrede, T., D. R. Dobberfuhl, A. L. M. Kooijman & J. J. Elser,

2004. Fundamental connections among organisms C:N:P

stoichiometry, macromolecular composition, and growth.

Ecology 85: 1217–1229.

Villar-Argaiz, M., J. M. Medina-Sanchez & P. Carrillo, 2002.

Linking life history strategies and ontogeny in crustacean

zooplankton: implications for homeostasis. Ecology 83:

1899–1914.

Wenzel, A., T. Vrede, M. Jansson & A-K. Bergström, 2021.

Daphnia performance on diets containing different com-

binations of high-quality algae, heterotrophic bacteria, and

allochthonous particulate organic matter. Freshwater

Biology 66, 157–168.

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

Hydrobiologia


	Effects of nitrogen enrichment on zooplankton biomass and N:P recycling ratios across a DOC gradient in northern-latitude lakes
	Abstract
	Introduction
	Methods
	Site description
	Whole lake fertilization experiments
	Lake sampling and analysis of chemical and biological parameters
	Elemental imbalances and N:P recycling ratio of zooplankton
	Statistical analysis

	Results
	Lake water chemistry
	Phytoplankton biomass and community composition
	Seston C and C:N:P stoichiometry
	Zooplankton biomass
	N:P imbalances and zooplankton N:P recycling ratios

	Discussion
	Bottom-up effects on zooplankton biomass
	Bottom-up effects on zooplankton community composition
	N:P imbalances and zooplankton N:P recycling ratios
	Role of trophic cascade effects

	Conclusion
	Data availability
	References




