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Abstract Global environmental change has altered the
nitrogen (N) cycle and enhanced terrestrial dissolved organic
carbon (DOC) loadings to northern boreal lakes. However,
it is still unclear how enhanced N availability affects pelagic
food web efficiency (FWE) and crustacean zooplankton
growth in N limited boreal lakes. Here, we performed in situ
mesocosm experiments in six unproductive boreal Swedish
lakes, paired across a DOC gradient, with one lake in each
pair fertilized with N (2011: reference year; 2012, 2013:
impact years). We assessed how zooplankton growth and
FWE were affected by changes in pelagic energy mobiliza-
tion (PEM), food chain length (phytoplankton versus bac-
terial production based food chain, i.e. PP:BP), and food
quality (seston stoichiometry) in response to N fertilization.
Although PP, PEM and PP:BP increased in low and medium
DOC lakes after N fertilization, consumer growth and FWE
were reduced, especially at low DOC—potentially due to
reduced phytoplankton food quality [increased C: phospho-
rus (P); N:P]. At high DOC, N fertilization caused modest
increases in PP and PEM, with marginal changes in PP:BP
and phytoplankton food quality, which, combined, led to
a slight increase in zooplankton growth and FWE. Conse-
quently, at low DOC (<12 mg L™!), increased N availability
lowers FWE due to mismatches in food quality demand and
supply, whereas at high DOC this mismatch does not occur,
and zooplankton production and FWE may increase. We
conclude that the lake DOC level is critical for predicting
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the effects of enhanced inorganic N availability on pelagic
productivity in boreal lakes.
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Introduction

Human activities (e.g. land use changes, usage of fertiliz-
ers, and burning of fossil fuels) have changed the global
nitrogen (N) cycle (Vitousek et al. 1997; Rockstrom et al.
2009; Greaver et al. 2016) and contributed to enhanced
availability of inorganic N in northern boreal lakes (Berg-
strom et al. 2005; Elser et al. 2009b). Many of these lake
ecosystems are currently experiencing increased input of
terrestrial dissolved organic carbon (DOC) mediated by
warming, increased precipitation, and reduced atmospheric
sulfate deposition (Monteith et al. 2007; de Wit et al. 2016;
Finstad et al. 2016). Atmospheric N deposition caused by
the anthropogenic release of inorganic nitrogen (N) has
enhanced lake water N to phosphorus (P) stoichiometry,
shifted nutrient limitation in phytoplankton from N to P
limitation (Elser et al. 2009a; Hessen 2013), and enhanced
phytoplankton biomass (Jansson et al. 2001; Deininger et al.
2017a). Despite this knowledge, we know little about how
efficiently any additional phytoplankton primary production
(PP) following increased N availability is transferred to crus-
tacean zooplankton, and whether differences in lake DOC
concentration will affect zooplankton responses. Since zoo-
plankton provide an important link between basal producers
and commercially and recreationally important fish species,
it is crucial to address how energy will be transferred via
zooplankton in order to fully understand how enhanced N
availability affects the functioning of boreal lake ecosystems.
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At present, phytoplankton in northern boreal lakes that
have been exposed to low atmospheric N deposition are
primarily N limited (Bergstrom et al. 2005; Elser et al.
2009b; Deininger et al. 2017b). Thus, an increased N input
to these lake ecosystems should enhance phytoplankton
production and biomass (Fig. 1). However, as photosynthe-
sis is light dependent, a simultaneous increase in terrestrial
lake DOC and an associated decrease in light availability
(Jones 1992) should weaken, or even offset increased phy-
toplankton productivity caused by elevated N availability
(Seekell et al. 2015; Deininger et al. 2017a). On the other
hand, changes in terrestrial DOC input may also stimulate
PP through enhanced nutrient availability, since DOC is a
structural component of terrestrial organic matter which
serves as an important carrier of N and phosphorus (P)
to boreal lakes (Jansson et al. 2001; Jones et al. 2012).
Importantly, any change in phytoplankton abundance
following enhanced inorganic N availability is likely to
directly affect consumers, since growth of crustacean zoo-
plankton consumers in unproductive boreal lakes often is
limited by food availability, i.e. phytoplankton (Persson
et al. 2007).

However, crustacean zooplankton can obtain energy
mobilized through both phytoplankton and bacterioplank-
ton pathways (Jones 1992; Jansson et al. 2007). The sum
of PP and bacterial production (BP) can, therefore, be used
to classify the total pelagic energy mobilization (PEM) and
the amount of energy available to crustacean consumers in
the pelagic zone (Berglund et al. 2007). The PEM has been
shown to be similar in N limited boreal clear and humic
lakes; however, with increasing DOC, the contribution of
BP to PEM increases, whereas the contribution of PP to
PEM decreases (Faithfull et al. 2015). Thus, basal energy
can reach zooplankton consumers via two pathways depend-
ing on its origin: the shorter, and more energy-efficient path-
way where zooplankton directly graze on phytoplankton, and
the longer, more inefficient bacteria—bacterivorous pathway
with additional intermediate trophic levels, due to the small
size of bacteria (Berglund et al. 2007; Faithfull et al. 2012).
To estimate food chain length we used the ratio of PP to
total BP (PP:BP ratio), with a higher PP:BP indicating more
efficient and shorter energy transfer pathways via PP (Jans-
son et al. 2000; Sommer and Sommer 2006). Higher DOC
concentrations are associated with higher BP relative to PP,
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Fig. 1 Conceptual model illustrating the predicted response of the
boreal pelagic food chain to increased dissolved inorganic nitrogen
(DIN) availability in lakes with (a) low dissolved organic carbon
(DOC) and (b) high DOC. Thickness of arrows represents pathway
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wherefore an increase in DOC promotes longer food chains
(Tranvik 1988; Kritzberg et al. 2006; Berglund et al. 2007).
Higher N availability in N limited boreal lakes on the other
hand should increase the relative contribution of PP to PEM,
resulting in increased food quantity, and a shorter and more
energy efficient pathway to crustacean zooplankton via PP.

Food web efficiency (FWE = zooplankton production
per total pelagic energy mobilized) denotes how efficiently
energy is transferred from basal trophic levels (phyto-
plankton and bacteria) to zooplankton (Berglund et al.
2007). FWE depends both on the length of the food chain
(the PP:BP ratio) and on how efficiently energy is trans-
ferred between each trophic link. The latter can be affected
by organism stoichiometry, i.e. changes in phytoplankton
N:P, carbon (C):P ratios, which are determined by light and
nutrient availability (Sterner et al. 1998; Elser et al. 2009a).
Enhanced N availability in N-limited lakes should, therefore,
stimulate growth (C production) and promote phytoplankton
with high C:P and N:P ratios, potentially resulting in poor
quality food for crustacean consumers, especially those with
high P demands (Sterner et al. 1998; Elser et al. 2009a).
Reduced phytoplankton food quality may counteract the
positive effects of increased N availability on food quantity
(PEM) and increased PP:BP for zooplankton. Even more
difficult to predict are how responses of energy transfer effi-
ciencies to increased N availability will differ between lakes
with different DOC concentrations (Hessen 2013; Solomon
et al. 2015).

The aim of this study was to assess the effects of enhanced
inorganic N availability on total pelagic energy mobilization
(PEM, i.e. food quantity), food chain length (i.e. the PP:BP
ratio), and food quality (i.e. seston N:P and C:P stoichiome-
try), and the consequences for zooplankton growth and FWE
in unproductive N-limited boreal lakes across a DOC gradi-
ent. For this reason we conducted whole lake inorganic N
enrichment experiments in three lake pairs (one control, one
N enriched) with varying DOC levels (low, medium, high).
In each experimental lake, we performed in situ mesocosm
experiments (in triplicates) in late summer in 2011 (before)
and 2013 (second year of fertilization) to assess zooplankton
production in fish-free environments before and after enrich-
ment. We hypothesize that N fertilization will

1. Increase food quantity (PEM) by reducing N limitation
of phytoplankton, promote shorter food chains (increase
PP:BP) by increasing PP, and decrease phytoplankton
food quality by increasing seston C:P, N:P ratios in all
fertilized lakes. The size of these effects will decrease
with increasing DOC concentration due to increasing
light limitation for primary producers.

2. Zooplankton growth and FWE will increase in response
to N fertilization due to higher PP and the promotion of
shorter food chains (increased PP:BP). Thus, we expect

that increased food availability and shorter food chains
resulting from N fertilization will counteract any nega-
tive effects on zooplankton caused by reduced phyto-
plankton food quality (i.e. enhanced seston C:P and N:P
ratios).

3. Last, we predict that DOC will reduce the response of
zooplankton growth and FWE to N fertilization due to
light limitation of primary producers.

Materials and methods
Experimental setup

Six lakes of similar size and depth (Table 1), with small
littoral zones, were chosen as experimental lakes in north-
ern boreal Sweden (64.12-64.25°N, 18.76—-18.80°E). The
catchment areas consisted of coniferous forests and open
Sphagnum sp. dominated mires. The lakes are typically
ice covered from early November to early May. Thermal
stratification develops from mid to late May until mid to late
September. Atmospheric N deposition is low (wet dissolved
inorganic N deposition <200 kg km~ year™') (Bergstrom
et al. 2008), and except for forestry, anthropogenic influ-
ences on the lakes are minimal.

Lakes were selected along a gradient of DOC con-
centration with one lake pair at each DOC level (Low
DOC ~7 mg L™}, Medium DOC ~11 mg L~!, High DOC
~20 mg L~!, Table 1), which represents the typical vari-
ety of oligotrophic lakes in the boreal landscape (Down-
ing et al. 2006; Sobek et al. 2007). Lakes covered a range
in water retention times (WRT) with longer WRT in low
DOC lakes (740-810 days) and shorter WRT in high DOC
lakes (40-50 days). For each DOC level, one lake served
as a control lake and the other lake was fertilized with N.
The study reference year was 2011 (Before; all lakes), and
2012 and 2013 were the impact years (After, with N ferti-
lization in 2012 and 2013). Fish communities were similar
within each lake pair; the low DOC lakes were fishless, the
medium DOC lakes had stunted perch populations, and the
high DOC lakes had normally size distributed perch popula-
tions. Here, we assess results from mesocosm experiments
and lake monitoring (explained in detail below), where we
compare data from 01-Aug to 25-Aug in 2011 (n = 3; refer-
ence year), with data from 22-Jul to 05-Aug in 2013 (n = 3;
impact year; second year of treatment), to explicitly assess
how inorganic N enrichment affects zooplankton growth in
the experimental lakes.

Nitrogen in the form of dissolved potassium nitrate
(14 M N as KNOj3) in 2012 and concentrated nitric acid
(14 M N as HNO3) in 2013 were evenly distributed across
the surface of the N fertilized lakes. Different sources of
N were used in 2012 and 2013 due to practical reasons, as
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Table 1 Physical and chemical characteristics of the epilimnion in the experimental lakes (control lakes; N-lakes) in the reference year (2011)

during the investigated timeframe (June—August)

Parameters Control lakes N-lakes

Nistjarn Maéngsten- Ovre Bjorn- Fisklosan (Low DOC) Lapptjarn (Med.DOC) Nedre

(Low DOC)  stjirn (Med. tjarn (High Bjorntjdrn

DOC) DOC) (High DOC)
Catchment area (ha) 34 14.1 284.0 8.9 16.8 3249
Surface area (ha) 1.0 1.8 5.0 1.7 2.0 3.2
Mean depth (m) 4.2 5.3 4 2.1 2.5 6
Max depth (m) 10.4 9.7 8 7.8 6.5 9.7
Epilimnion depth (m) 1.3 1.0 1.1 1.9 1.1 1.0
% Epilimnion 59 51 65 86 75 51
DOC,,; (mg L'+ SD) 6.9 +0.2 10.1 £0.2 21.0+6.2 69+04 114 +0.5 182 +3.9
TP (ug L~ + SD) 9.8+2.6 120+ 1.9 18.5+£2.8 8.6+14 11.0+3.0 179 +£4.3
TN (ugL~! + SD) 240 + 63 324 + 60 476 + 63 229 + 38 333 + 41 439 + 59
DIN (ug L™! + SD) 7.7+43 10.2 +£4.5 17.8 £ 6.2 43122 9.6 +4.6 174 £5.8
DIN load natural (g m~2 year™!)  0.03 0.15 1.02 0.05 0.07 1.40
DIN load artificial 0.0 0.0 0.0 1.0 1.1 1.8
(gm~ year™)

Temperature,; (°C + SD) 18.0+33 175+2.8 16.5+2.6 173 +3.4 17.8 +3.1 16.6 +2.5
Light (I, + SD) 0.17 +0.03 0.09 + 0.01 0.06 + 0.01 0.37 +0.05 0.17 +£0.02 0.04 = 0.00
Light (kg + SD) 1.3+0.2 2.1+04 42+09 1.1+0.2 22+04 4.1+0.5

Mean values (n = 8) are presented followed by standard deviations (SD). % Epilimnion shows the percentage contribution of the epilimnion to
the whole lake volume. I,, is the mean irradiance for the mixed water layer, whereas k, is the vertical attenuation coefficient for PAR (in m™!)

DOC dissolved organic carbon, TP total phosphorus, TN total nitrogen, DIN dissolved inorganic nitrogen, Med. DOC medium DOC concentra-

tion

HNO; turned out to be easier to dilute in lake water than
KNO;. Nitrate (NO; ™) was used, as NO; ™ leakage from the
catchment is the most typical N compound entering boreal
lakes originating from atmospheric N deposition and forest
clear cutting (Moldan et al. 2006; Kreutzweiser et al. 2008).
As leaching events typically follow high catchment runoff
during winter and spring (Bergstrom et al. 2008), seasonal
variation in external inorganic N loading was mimicked by
fertilizing the whole water column once during ice cover
in 2012 (late March) and 2013 (early April). For the rest
of the growing season, nitrate was added from the onset of
stratification in late May/early June until late August. Nitrate
was added to increase the dissolved inorganic nitrogen (DIN)
in the whole lake (during ice off) or in the epilimnion by
100 pug N L™!, to mimic inorganic N inputs for lakes in
southwest Sweden with high N deposition (Bergstrom et al.
2008). The amount of fertilizer added to each N-lake was
calculated depending on the lake volume, stratification depth
and the theoretical water residence time in order to increase
DIN loads in all lakes to the same extent. Thus, during strati-
fication, fertilization occurred every second week in all lakes
in 2012. In 2013, N fertilization was performed every sec-
ond week in the low and medium DOC N-lakes, whereas
in the high DOC N-lake, fertilization occurred every week
due to a shorter water residence time. In total, we added an
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amount of 1-1.8 g N m~2 year™! (Table 1) which equals
the atmospheric DIN loads in southwestern Sweden from
2011-2014, being 3—4 times as high as in our study area
(southwestern Sweden: 0.8—1.7 ¢ N m~2 year™!; our study
area: 0.3-0.4 g N m~2 year_l) (SMHI 2016).

Mesocosm experiment

In order to measure zooplankton production independent
of fish predation, we constructed mesh cubic mesocosms
(1 m*; 104 um nylon mesh net) which allowed a natural flow
of water in and out of the mesocosms while keeping fish
and invertebrate predators (mainly Chaoborus larvae) out.
Additionally, zooplankton biomass and community com-
position were assessed from the actual lakes (i.e. outside
mesocosms).

Mesocosms were deployed at the surface in each lake,
at water depths of approx. 2 m. Floats were attached to the
top, and the mesocosms were weighted and anchored at
the corners to keep them upright and in location. One top
side corner was secured with Velcro® binding so they could
be opened for sampling. In 2011 (reference year), three
mesocosms per lake were suspended in all six lakes on the
28-Jul and 29-Jul (i.e. in total 18 mesocosms). Crustacean
zooplankton collected from the deepest point of the lake
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on 01-Aug-2011 (day 0) were added to each mesocosm at
ambient lake densities after removing zooplankton preda-
tors. On the same day (day 0) a subsample for zooplankton
initial biomass and community composition was taken from
the deepest point of the lake using the same 100 um mesh
net used for inoculation of zooplankton in the mesocosms.
Zooplankton samples were first washed in 90% ethanol and
then preserved with 70% ethanol. On 11-Aug (day 10) and
25-Aug (day 24) in 2011, zooplankton production was esti-
mated from samples taken by hauling a 100-um net from the
bottom of each mesocosm to the top (details on production
assessment see below). On the final experimental day (day
24) an additional sample of lake zooplankton biomass and
community composition was taken from the deepest point
of the lake. All zooplankton samples were preserved in etha-
nol as described above and kept dark at 6 °C until further
analysis. In 2013 (impact year 2), triplicate mesocosms were
deployed on 22-Jul in the same manner as 2011 in all six
experimental lakes. Crustacean zooplankton were added to
each mesocosm on 22-Jul (day 0). In 2013, subsequent zoo-
plankton samplings occurred on 30-Jul (day 8) and 05-Aug
(day 14). Crustacean zooplankton taxa were identified,
counted and measured using inverted microscopy (100x
magnification), and the image analysis system Image Pro
Plus 6.2. High magnification was used since the presence of
egg-bearing females and the number of eggs per female for
all taxa was assessed from the mesocosm samples in order
to estimate zooplankton production (see below). The length
of all individuals was measured and length—weight regres-
sions (Bottrell et al. 1976) and a conversion factor of 0.48
C dry weight™! (Andersen and Hessen 1991) were used to
calculate zooplankton carbon biomass.

Sampling

Regular sampling of physical, chemical, and biological
parameters was conducted every second week during the
growing season at the deepest point in each lake. Here, we
use data from three sampling occasions that were performed
at the same time as the mesocosm experiments were con-
ducted, i.e. in 2011 (1-Aug, 11-Aug, 25-Aug) and 2013 (22-
Jul, 29-Jul, 05-Aug). Temperature (Temp) and photosynthet-
ically active radiation (PAR) profiles were measured in the
lakes using handheld probes (Temp, O,: YSI ProODO; PAR:
LI-193 Spherical Quantum Sensor/LI-COR Biosciences).
The light extinction coefficient (k;) was calculated from
PAR profiles following the procedure described in (Wet-
zel 2001). Further, values for daily LUX insolation were
measured using light loggers (HOBO UA-002-64, 10 min
logging interval) on the open shore of each lake. Composite
samples for chemical and biological parameters were taken
from the mid epilimnion using a Ruttner sampler. Subsam-
ples were taken from the composite samples for analyses of

water chemistry, seston stoichiometry (C:P, N:P) and total
bacterial production (BP).

Chemical analysis

Water samples were analyzed for DOC, dissolved inor-
ganic carbon (DIC), ammonium (NH,*), nitrite + nitrate
(NO,™ 4+ NO;"), total nitrogen (TN) and total phospho-
rus (TP). Dissolved inorganic N (DIN) was estimated as:
NH,* + NO,™ + NO;~. For DOC determination, samples
were filtered through pre combusted (450 °C, 5 h) What-
man GF/F filters, acidified (1.2 M HCI) and kept in the
dark at 6 °C until analysis using a HACH-IL 550 TOC-TN
analyzer (Hach-Lange GmbH Diisseldorf, Germany). For
DIC analyses, 4 mL water was injected into gas-tight glass
vials (22 mL; PerkinElmer Inc., US) containing 50 uL 1.2 M
HCl and N,. CO, concentrations in the vial headspace were
analyzed using a gas chromatographer (Clarus 500, Perkin
Elmer Inc., US) equipped with a flame ionization detector.
For N and P, samples were kept frozen until analysis which
was performed following descriptions elsewhere (Berg-
strom et al. 2013). For DIN analysis (i.e. NO,” + NO;~,
and NH,*), samples were filtered through 0.45 pm cellulose
acetate filters. TN was analyzed using a HACH-IL 550 TOC-
TN analyzer (Hach-Lange GmbH Diisseldorf, Germany) and
TP using a JASCO V-560 spectrophotometer (Easton, Mary-
land, USA) after applying the molybdenum blue method fol-
lowing Bergstrom et al. (2013). DIN:TP and TN:TP ratios
are presented as molar ratios. All chemical analyses were
performed at the Department of Ecology and Environmental
Science (EMG), Umead University. Edible seston (<50 um)
stoichiometry was determined by filtering known volumes
of pre filtered (50 um mesh) epilimnion water onto GF/F
filters for analysis of particulate C and N (pre combusted
filters at 550 °C, 4 h) and P (acid washed filters, 1.2 M HCI).
Particulate organic C and N were measured using a Costech
ECS 4010 elemental analyzer (Costech International S. P.
A.) at the Limnology Department, Uppsala University, Swe-
den (Bergstrom et al. 2015). Filters for particulate P were
analyzed as for TP (cf. above) at Umea University (EMG).

Bacteria and phytoplankton production

BP in the epilimnion was measured using the [*H]-leucine
incorporation method (Smith and Azam 1992), following the
protocol in Karlsson et al. (2002). Triplicate 1.2 mL aliquots
of sample and one trichloracedic acid (TCA) killed control
were incubated with 8 L leucine isotope (specific activity
3.9 TBq mmol; PerkinElmer, Boston) for 60 min in darkness
at in situ temperatures. The incubation was ended by adding
65 uL. 100% TCA, and the *H activity was measured with a
scintillation counter (Beckman LS 6500).
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Volumetric lake PP was measured using the '“C incorpo-
ration method (Schindler et al. 1972). Water samples were
taken with a Ruttner sampler from 5 to 7 steps (the upper-
most samples at depths of: 0; 0.2; 0.5; 1; 1.5 m) in a depth
profile from the surface down to the depth corresponding
to 1% of surface irradiance based on in situ light measure-
ments. Duplicate samples were measured down to 1 m. Dark
control bottles were added at the surface, at 1 m, and at
the lowest light level. Samples were incubated at sampling
depth in 125 mL borosilicate glass bottles after adding 3 pL
of "*CHNaO, (37 MBq mL™") (PerkinElmer, Boston). All
bottles were incubated for 4 h over midday. Bottles were kept
dark during transport to the laboratory. Aliquots of 5 mL per
bottle were placed in scintillation vials and acidified with
50 uL 1.2 M HCI to end the reaction. Samples were then
shaken and aerated for 24 h to remove residual inorganic *C
and carbonates. A scintillation cocktail (10 mL Optiphase
‘Hisafe’ 3 multipurpose) was added to each sample, and '4C
activity measured using a Beckman-coulter LS6500 scintil-
lation counter. Measured PP was converted to daily rates
using the ratio of photosynthetically active irradiance dur-
ing the incubation period to whole day irradiance (Karlsson
et al. 2002). The PP:BP ratio (volumetric) was calculated
for each sampling occasion using volumetric PP and BP and
is used as an indicator of food chain length (Jansson et al.
2000; Berglund et al. 2007).

Pelagic energy mobilization and zooplankton
production

Total pelagic energy mobilization (PEM) in the epilimnion
for the experimental periods (n = 3) in 2011 (01-Aug to
25-Aug; reference year) and 2013 (22-Jul to 05-Aug; impact
year 2) was calculated as

PEM = BP + PP.

Volumetric zooplankton production for cladocerans was
calculated according to Bottrell et al. (1976), Mason and
Abdulhussein (1991), and Dickman et al. (2008) using
changes in cladoceran biomass and egg counts per female
over time, and egg development times were estimated
according to temperature. The copepod production (cala-
noids and cyclopoids counted separately) was calculated as
the sum of production for eggs, nauplii, and copepodites:

N, xW, N, xW, N, XW,
T, T, T,

e n C

Copepod production =

where N, is the density of eggs (eggs; L™1), N, is the density
of nauplii (nauplii; L") and N, is the density of copepodites
(copepodites; L™1). W is the weight increase at each stage (g)
and T is the duration of each stage (days). The remainder of
the method followed the protocol of Dickman et al. (2008).
Total zooplankton production was calculated as the sum of
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production of each major zooplankton taxon, i.e. Bosmina
spp. Holopedium gibberum, Ceriodaphnia spp., Polyphemus
spp., Diaphanosoma spp., Daphnia sp., Cyclopoida sp. and
Calanoida sp.

Food web efficiency (FWE, dimensionless) was calcu-
lated as follows:

Total zooplankton production
FWE =

Pelagic energy mobilization

Statistics

To test the effects of ‘DOC concentration’ and ‘year’ on
response variables in non-manipulated lakes, data from
all lakes in 2011 plus the control lakes in 2013 were
used during the time frame of the mesocosm experiment
(July—August). Data were analyzed using repeated meas-
ures two-way ANOVA with ‘DOC concentration’ and
‘year’ as explanatory variables and ‘date’ nested in ‘lake’ as
a random effect to correct for pseudoreplication over time
and individual lake effects. To analyze N effects we calcu-
lated the net change (A) of each variable as 2011-2013 for
each lake and variable separately. The change (i.e. APP;
ABP; APEM; A %PEM;p; ASeston N:P; ASeston C:P)
in each variable was then analyzed using mixed effect
model ANOVAs with ‘N enrichment’ as an explanatory
variable and ‘date’ as a random effect to correct for pseu-
doreplication over time. Standardized effect sizes were
calculated using Cohens d, where Idl < 0.2 is considered a
weak effect and Idl > 0.8 is considered a strong effect. To
explore whether DOC, year, N fertilization, or their inter-
action affected the zooplankton community composition,
we applied permutational multivariate analysis of variance
(PERMANOVA) analysis on zooplankton community com-
position data on species data [log(x + 1)-transformed]. Dis-
tances among the samples were computed as Bray—Curtis
dissimilarities. We evaluated how seston C:P and N:P ratio
differed with DOC concentration in non-manipulated and
fertilized lakes using linear regression analysis of yearly
means (non-manipulated lakes: N = 12, fertilized lakes:
N = 6) over the growing season (June—September). Further,
we used linear regression to determine effects of seston
stoichiometry on TZP and FWE using data from all lakes
over the duration of the mesocosm experiment in both 2011
and 2013 (n = 24). Prior to analysis all data were tested
for normality of distributions and variances and data were
transformed as appropriate if necessary. All statistical
analyses were performed in the statistical program R (R
Development Core Team; version 3.1.2), using the pack-
age “nlme” for mixed model analysis (Pinheiro et al. 2009)
and “vegan” for the analysis of zooplankton community
composition (Oksanen et al. 2016).
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Results
Background conditions

In non-manipulated lakes (control lakes all years, and N
lakes in 2011) light extinction, TN and TP concentrations
were higher in lakes with high DOC (Tables 1, 2). In 2011
across all lakes, average growing season epilimnion light
availability, precipitation, and flushing rates were twice as

Table 2 Linear regression of response variables (Response) and
explanatory variables (Expl.) for yearly means of unfertilized lakes in
2011 and 2013. (No fert., n = 12), fertilized lakes (fert., n = 6), and
all lakes (all, n = 24)

Treatment Expl. Response  Formula R* »p
No fert.  DOC kg -0.11 +0.20 0.72 <0.001
(DOC)
TN 206 + 13 0.55 <0.001
(DOC)
TP 4.0+ 0.7 0.63 <0.001
(DOC)
Seston N:P 36.9-0.3 0.21  0.130
(DOC)
Seston C:P 327-4 (DOC) 032 0.056
SestonC  513-9(DOC) 039 0.039
Fert. Seston N:P 83.4-2.7 0.66  0.049
(DOC)
Seston C:P 821-32 (DOC) 0.86  0.008
Seston C  1451-60 0.93  0.002
(DOC)
All Seston N:P . TZP 3.1-1.6 (;,,(N:P) 0.19  0.033
1oeFWE 2.1-1.8 (j,,N:P 0.23  0.019
Seston C:P |, TZP 4.3-1.4 (,,C:P) 0.19  0.035
FWE 3.3-1.6 (;,,C:P) 0.21  0.026

Significant p values are shown in bold (p < 0.05)

high as in 2013. N fertilization caused a sixfold increase
in DIN concentration and an eightfold increase in DIN:TP
(Table 3). TN, TN:TP and TP parameters did not show any
significant responses to fertilization during the whole lake
experiment (Table 3). During the mesocosm experiments
(late July to late August) epilimnion temperatures were simi-
lar in 2011 and 2013 (seasonal mean 17 °C). Light condi-
tions during the mesocosm experiment reflect the same dif-
ferences as over the whole growing season in 2011 and 2013
(June—September). All data presented below were collected
during mesocosm experiments (i.e. late July to late August,
2011 and 2013), if not stated otherwise.

Basal production

During the mesocosm experiments, PP in non-manipulated
lakes (i.e. control lakes: all years; N-lakes: 2011) did not
differ across the DOC gradient. In the fertilized lakes, N
fertilization doubled PP in 2013 (Table 4). Further, the N
enrichment effects differed with DOC concentration and
were strongest in low and medium DOC lakes (Table 4).

The BP in non-manipulated lakes did not differ between
lakes with different DOC concentrations (Fig. 2b; Table 4).
N fertilization effects differed with DOC concentrations: N
fertilization had a strong negative effect on BP in the low
DOC lake, whereas it had strong positive effects on BP in
medium and high DOC lakes (Table 4).

The PEM was stable across the DOC gradient (Fig. 2c¢).
N fertilization caused a 50% increase in PEM in N-lakes in
2013, whereas PEM in control lakes decreased by 20% in
2013 (Table 4).

The PP:BP in non-manipulated lakes did not differ across
the DOC gradient. N fertilization caused a threefold increase
in the PP:BP ratio (Fig. 2e; Table 4). N effects on PP:BP
were strongest in the low DOC lake and decreased with
increasing DOC concentrations (Table 4).

Table 3 Chemical parameters in the epilimnion for the experimental lakes (means of control and N-lakes) during the investigated time frame
(June—August, n = 7) before (2011) and after N fertilization (2012; 2013, pooled)

Parameters Control lakes N-lakes 4 Fy14
Before (mean + SE) After (mean + SE) Before (mean + SE) After (mean + SE)

TN (ug L™ 356 + 25 391 + 13 349 + 21 499 + 32 0.194 243

TP (ug L™ 13.8 £ 1.0 13.8 +£0.8 13.1+1.1 13.1+£0.9 0.432 0.76

DIN (ug L1 123+ 1.4 11.5+1.3 11.3+1.5 69.6 + 8.2 0.009%* 22.43

TN:TP (molar) 59+4 74 +£6 62 +3 106 + 12 0.443 0.73

DIN:TP (molar) 1.9+02 20+03 1.8+ 0.1 143+ 1.7 0.027%* 11.60

Mean values are presented followed by standard errors (+ SE)

TN total nitrogen, TP total phosphorus, DIN dissolved inorganic nitrogen

Asterisk indicates significant fertilization effects (p < 0.05) for ‘AAfter’ (difference between respective value before and after enrichment com-

pared to the difference in the control lakes)
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Table 4 Effects of explanatory variables on biotic response variables

Parameters DOC Year Year:DOC N effect N:DOC
Fy=az P Fio p Fag P Fis p Fys p ES (Cohens d)

Low Med High
PP 2.16 0.263 8.65 0.017* 649 0.018* 63.70 <0.001* 10.86 0.015* 6.2 5.1 1.6
BP 2.74 0.211 0.00 0.963 6.05 0.022* 2.28 0.191 841 0.025* -7.6 1.8 29
PEM 0.46 0.670 4.42 0.065 0.30 0.748 165.80 <0.001* 7.75  0.029* 44 16.0 20.7
PP:BP 5.40 0.101 5.88 0.038* 1147 0.003* 22.07 0.005% 15.62 0.007* 6.4 0.8 -0.2
Seston N:P 0.06 0.946 1.20 0.302 1.50 0.274 11.51 0.019* 0.14 0.874 1.2 1.7 13.0
Seston C:P 0.03 0.971 0.03 0.860 3.24  0.087 1.13 0.336 0.52  0.624 0.8 14 -02
TZP 2.61 0.221 44.63 <0.0001* 0.23  0.797 1.25 0.274 417 0.027* -2.8 -04 0.6
Calanoid prod. 5.80 0.093 80.52 <0.0001* 1.08 0.353 0.05 0.830 420 0.027+ -2.2 0.1 0.7
Cyclopoid prod. 5.92 0.091 2.51 0.122 0.73  0.492 16.53 <0.001* 420 0.027* -1.6 -1.8 0.1
Bosmina prod. 0.94 0.481 7.75 0.009* 8.23  0.001* 0.01 0.912 223 0.128 -0.7 0.7 0.5
Ceriod. prod. 41.18 0.007* 0.05 0.832 1.25  0.301 0.65 0.428 0.38  0.685 03 -03 -0.1
FWE 1.73 0.316 38.13  <0.001* 0.17 0.847 5.63 0.026* 7.08 0.004* -23 -1.1 0.6

Explanatory variables were DOC level (DOC), year, the interaction of year and DOC (Year:DOC), N fertilization (N effect), and the interaction
of DOC with N fertilization (N:DOC). Given are F;_ gegrees of freedoms P Values (p < 0.05 marked with asterisk and in bold), and effect sizes for

the interaction N:DOC (ES, Cohens d) for each DOC level (low, medium, high)

Note that N effects which increase the respective response variable are indicated by positive ES values and N effects that decrease the respective
response variable by negative ES values

Fig. 2 Volumetric estimates
(+ standard errors) of a primary
production (PP), b total bacte-
rial production (BP), ¢ total
pelagic energy mobilization
(PEM = PP + BP), and d food
chain length shown as PP:BP
during the mesocosm experi-
ment (July—August, n = 3) in
the control lakes (NoN) and N
lakes (+N) before (‘Before’,
2011), and after N fertiliza-
tion (‘After’, 2013) across the
DOC gradient (white low DOC,
gray medium DOC, black high
DOCQ). Fertilization effects are
presented as ‘A After’, illustrat-
ing the difference between
respective values before and
after N fertilization
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Seston stoichiometry

In non-manipulated lakes, the seston N:P and C:P ratios
were stable between years and across the DOC gradient
(Fig. 3, Tables 2, 4). N fertilization resulted in a significant
increase in seston N:P ratios across the DOC gradient with
average N:P increasing from 28 to 50. The seston C:P ratios
did not show a significant increase with N addition, although
average C:P increased from 247 to 403 and C:P showed an
increasing trend in low and medium DOC lakes after N ferti-
lization (Table 4). Further, the threshold elemental C:P ratio
of 300, which can indicate P limitation in Daphnia (Sterner
and Elser 2002), was exceeded in all N-lakes during the mes-
ocosm experiment, and only twice in the control lakes (once
in low, and once in the medium DOC lake). Last, data over
the whole growing season (yearly means June—September)
showed that the N effect on seston N:P, C:P and seston C
decreased with increasing DOC (Fig. 4; Table 2).

Crustacean zooplankton community composition

Lake zooplankton communities (i.e. sampled outside the
mesocosms) differed with DOC and between years (PER-
MANOVA, DOC: p = 0.001, F, = 13.12, R* = 0.45; year:
p=0.001, F, =9.02, R?= 0.16) (Fig. 5a). Specifically, DOC
was important for cyclopoids and the cladoceran Ceriodaph-
nia, which showed highest biomasses at medium and high
DOC, respectively (Table 4). The year effect was impor-
tant for both copepod groups. In control lakes, calanoid
biomass was fivefold lower in 2013 than in 2011 (Table 4)
and cyclopoid biomass was 44 and 73% lower in low and
high DOC lakes, respectively. However, cyclopoid biomass
in the medium DOC lakes doubled in 2013 (Table 4). Addi-
tional variation in community composition can be explained
by lake-specific characteristics (i.e. Lake ID; R? = 0.05,
F, =1.54, p = 0.001). The N fertilization did not affect

zooplankton community composition. Total zooplankton
biomass was stable between years and across the DOC
gradient (Fig. 5b), and N fertilization did not affect total
zooplankton biomass or biomass of any zooplankton taxa
specifically.

Zooplankton production

In the control lakes, total zooplankton production (TZP) in
the mesocosms was sevenfold lower in 2013 than in 2011
(Fig. 6a; Table 4). TZP did not differ between control lakes
with different DOC concentrations. However, N fertiliza-
tion had a strong negative effect on TZP in the low DOC
lake, a weak negative effect in the medium DOC lake, and N
fertilization increased TZP in the high DOC lake (Table 4).

We also determined growth rates (i.e. production) of
the most abundant individual zooplankton taxa across lake
type in the mesocosm experiment. Calanoid production in
non-manipulated lakes did not differ with DOC concen-
tration, but was 24-fold lower in the control lakes in 2013
compared to 2011 (Fig. 6b; Table 4). N fertilization had an
additional strong negative effect on calanoid production in
the low DOC lakes, no effect on the medium DOC lake and
a positive effect on the high DOC lake (Table 4). Cyclopoid
production did not differ with DOC concentration in the
control lakes (Fig. 6¢). N fertilization resulted in a five-
fold decrease in cyclopoid production (Table 4). However,
cyclopoid growth was only reduced in low and medium
DOC lakes and remained unchanged in the high DOC lake
(Table 4). The growth rate of Bosmina sp. did not dif-
fer with DOC in non-manipulated lakes (Fig. 6d). In the
control lakes, Bosmina growth decreased in 2013 in low
and medium DOC lakes (47, and fourfold) and increased
in the high DOC control lake (fivefold) (Table 4). N fer-
tilization did not have any effect on Bosmina growth rate.
Ceriodaphnia growth rate increased with increasing DOC,

Fig. 3 Seston stoichiometry ~ 80 Before (2011) After (2013) After - Before
(+ standard errors) of a N:P, (_’3 (a) 40
and b C:P molar ratios during e} o
the mesocosm experiment E 60 0 =
(July—August, n = 3) in control ; 40 ‘I‘ 20 §
lakes (NoN) and N lakes (+N) p 10 *g;')‘
before (‘Before’, 2011), and 9 W %)
after N fertilization (‘After’, 4 20 +. 0 «
2013) across the DOC gradient w J -10
(white low DOC, gray medium 0 400
DOC, black high DOC). Ferti- ’g 500 | (b)
lization effects are presented as © 300 o
‘A After’, illustrating the differ- £ 400 {‘ 200 ©
ence between respective values Q. 300 S
before and after N fertilization O 100 B
= 200 o)
2 0 2]
$ 100 100 <
2 o
NoN +N NoN +N NoN +N
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Fig. 4 Changes in a seston carbon (ug L™!), b seston N:P and ¢ C:P
ratios during the whole growing season in response to N fertilization
in lakes across the DOC gradient (black fertilized lakes, n = 6, i.e. N
lakes in 2012, 2013; white non-manipulated lakes, n = 12, i.e. control
lakes in all years, N lakes in 2011) with regression lines (thick line
fertilized lakes, thin line non-manipulated lakes) and 95% confidence
intervals (dashed)

15-fold from low to medium and 13-fold from medium to
high DOC concentrations (Fig. 6e). Neither year, nor N
fertilization influenced Ceriodaphnia growth.

The food web efficiency (FWE) differed between 2011
and 2013, but did not differ with DOC in non-manipulated
lakes. FWE in control lakes in 2013 was sixfold lower
than in 2011 (Fig. 4f; Table 4). N fertilization further
decreased FWE and caused a ninefold decrease in FWE
in the N-lakes (Table 4). This negative effect of N fertili-
zation on FWE was strong in the low and medium DOC
lakes, whereas a weak positive N effect was found in the
high DOC lake (Table 4).

Last, we found that both TZP and FWE decreased with
increasing N:P and C:P ratios of seston (Fig. 7; Table 2).

@ Springer

Discussion

Here, we show for the first time how increased N avail-
ability affects consumer growth and food web efficiency in
N-limited unproductive boreal lakes. Our results illustrate
that although primary production (PP) and pelagic energy
mobilization (PEM) increased in all lakes following N fer-
tilization (supporting hypothesis 1), the direction of the
response of total zooplankton production (TZP) and food
web efficiency (FWE) differed between lakes depending on
the DOC concentration (rejecting hypothesis 2). In low and
medium DOC lakes both TZP and FWE decreased with
N fertilization, although phytoplankton production (PP)
increased the most at these DOC levels and potentially
resulted in a shorter, more efficient pelagic food chain as
shown by increased PP:BP ratios (rejecting hypothesis 3).
Instead, the decrease in crustacean zooplankton growth
and FWE was associated with a decline in phytoplankton
food quality at these DOC levels represented by higher
seston C:P and N:P ratios, which seemed to have offset any
positive effects of increased food quantity with fertiliza-
tion. In contrast, in the high DOC lake, where the seston
stoichiometry was comparably less affected by N fertiliza-
tion, both TZP and FWE increased after N fertilization,
despite only a modest increase in PP. Our results imply
that the response of the pelagic food web to N fertilization
will strongly depend on the lake-specific DOC concentra-
tion and its effects on seston stoichiometry.

In line with earlier studies our results show that phy-
toplankton in northern boreal lakes are N-limited and,
therefore, responded positively to N fertilization (Jansson
et al. 2001; Bergstrom et al. 2008; Elser et al. 2009a).
As hypothesized, the net response of PP to N fertilization
was lowest in the lake with highest DOC concentration.
Although P availability increases with DOC (Table 1),
light becomes increasingly limiting and thereby sets the
threshold for net increases in PP following N fertilization
(Faithfull et al. 2015; Seekell et al. 2015; Deininger et al.
2017a). Nevertheless, total pelagic energy mobilization
(PEM) increased in all lakes after fertilization, but PEM
did not decrease with increasing DOC concentrations as
hypothesized. We attribute these differences to the stimu-
lation of the microbial loop (Azam et al. 1983) fueling
bacteria with algal exudates following enhanced PP caused
by fertilization, wherefore BP increased in medium and
high DOC lakes, but not in the low DOC lake, the latter
likely due to lower P availability (Table 1) (Jones 1992).
Consequently, N fertilization did not shorten the pelagic
food web to the same extent in all lakes. Especially in the
high DOC lake, the PP:BP ratio indicates that the pelagic
system stayed net heterotrophic irrespective of N fertiliza-
tion (i.e. PP:BP <1) (del Giorgio and Peters 1994). How-
ever, there was a pronounced shortening of the pelagic
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food chain with N fertilization in the low DOC lake since
BP decreased and PP increased.

Despite N fertilization promoting high PP and a shorter
food chain in the low and medium DOC lakes, TZP and
FWE were reduced in these lakes. Only in the high DOC
lake did the comparably modest increase in phytoplankton
production result in both increased TZP and FWE. Based
on the negative relationship between TZP and FWE and
increasing seston C:P and N:P stoichiometry, we propose
that the positive effects of increased food quantity and a
shorter food chain length were offset by the negative impact
of reduced food quality in response to N fertilization in the
low and medium DOC lakes. Seston stoichiometry has been
associated with consumer nutrient limitation, with thresh-
old elemental ratios for nutrient limitation in cladocerans
ranging between ca. 12—-18 for N:P and 200-300 for C:P in
Daphnia and >300 for C:P in Bosmina (Hessen and Lyche
1991; Urabe and Watanabe 1992; Sterner and Elser 2002).
Similarly, N:P and C:P threshold elemental ratios in copep-
ods have been estimated to be >30 and >300, respectively,
due to their lower P requirements (Kibby 1971; Andersen
and Hessen 1991). We observed a twofold increase in seston
N:P ratio, and a C:P ratio >300 over the whole experimental
period after N fertilization. This suggests that consumers
grazing on phytoplankton became P limited in our experi-
ment, especially in the low and medium DOC lakes where
stoichiometric changes were largest (Figs. 3, 4) (Sterner
et al. 1998; Elser et al. 2010; Hessen 2013). The observed

changes in seston food quality are connected to increases in
phytoplankton biomass in all lakes (cf. Figs. 4, 7a, b) (Dei-
ninger et al. 2017a) despite the lakes naturally differing in
phytoplankton, bacterial and detritus contributions to seston
carbon (Hessen et al. 2003). When calculating the contribu-
tion of phytoplankton biomass (Deininger et al. 2017a) to
seston carbon, we found that N fertilization increased the
proportion of phytoplankton carbon to seston carbon in all
lakes (i.e. from 16 to 51% (low DOC), 25 to 45% (medium
DOC) and 10 to 37% (high DOC)). Thus, although phyto-
plankton was a comparably minor contributor to seston car-
bon, especially in the high DOC lake, N fertilization clearly
increased phytoplankton seston carbon relative to detritus
even at this DOC level.

In support of our hypothesis that seston stoichiometry
limited zooplankton production, we found that TZP and
FWE showed the strongest decrease in the low DOC lake
where the amount of poor quality food (i.e. seston C:P and
N:P) increased the most following N fertilization (cf. Figs. 3,
4, 6). In contrast, TZP and FWE increased in the high DOC
lake, despite the relatively small increases in phytoplank-
ton and pelagic energy mobilization. A likely reason for the
stable seston C:P ratio in the high DOC lake might be that
lower light availability and thus light limitation prevented
phytoplankton from building up seston C, despite high P
availability (Deininger et al. 2017a) (cf. Table 2) and ena-
bling higher P uptake, compared to the situation in the low
DOC lake (i.e. high light availability and low P availability;
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Table 1) (Jones 1992; Sterner et al. 1997). Similarly, in the
medium DOC lake, pelagic food web efficiency decreased
much less with fertilization than in the low DOC lake.
Interestingly, zooplankton taxa responded differently to
N fertilization along the lake DOC gradient, likely linked to
their different feeding strategies and somatic N:P require-
ments. Responses to changes in food quantity and quality
(Sterner et al. 1998; Persson et al. 2007; Elser et al. 2010)

@ Springer

Food web efficiency
(FWE)
o - N}

A FWE

0.0
05
1.0
15
2.0
25
NoN +N

were especially apparent for selectively feeding calanoid
copepods (Demott 1988; Tiselius and Jonsson 1990),
which are typically specialized on phytoplankton prey
during summer (Berggren et al. 2015). Further, previous
analysis addressing zooplankton resource use in response
to N fertilization showed that calanoid diet in these lakes is
purely based on phytoplankton in summer (Deininger et al.
2017b). Indeed, growth of calanoids was strongly linked to
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the DOC-related changes in seston food quality. In the low
DOC lake, where seston N:P and C:P ratios increased the
most (>30 and >400, respectively) (cf. Figs. 3, 4), cala-
noid production showed the strongest decrease, implying P
limitation in calanoids at this DOC level (Kibby 1971; Hes-
sen and Lyche 1991). Likely, calanoid preadult life stages
(nauplii, copepodites) were even more strongly affected,
since their growth stages have higher P demands compared
to adults and could have acted as a bottle neck for calanoid
development (Villar-Argaiz and Sterner 2002; Bullejos et al.
2014a). The calanoid growth rates were related to changes
in seston C:P and N:P ratios after fertilization, with growth
rates showing only minor declines in medium DOC and even
enhanced rates at high DOC concentrations in accordance
with changes in C:P and N:P ratios in these lakes. Conse-
quently, as high DOC lakes are darker and more nutrient
rich, they appear to be more resilient to changes in phyto-
plankton stoichiometry following N enrichment. This is an
interesting finding, since it suggests that although phyto-
plankton quantity increased only modestly and stoichiomet-
ric food quality did not change, calanoid diet was to some
extent upgraded in the high DOC lake by N fertilization.
Potentially, phytoplankton at this DOC level may have also
provided calanoids with additional essential polyunsatu-
rated fatty acids (PUFAs) (Brett and Miiller-Navarra 1997;
Miiller-Navarra et al. 2000; Gladyshev et al. 2011), since
lake DOC concentration influenced the phytoplankton com-
munity composition (with a dominance of non flagellated
autotrophs at low DOC towards an increasing dominance of
flagellated autotrophs with increased lake DOC), whereas

40 50 6070 100 100 200 300 400 500 700 1000

Seston C:P (molar)

phytoplankton community composition was unaffected by
N fertilization (Deininger et al. 2017a). These differences
in phytoplankton community composition and PUFA con-
tent with DOC may have influenced calanoid growth (Brett
and Miiller-Navarra 1997; Miiller-Navarra et al. 2000; Gla-
dyshev et al. 2011). Since calanoid copepods were the main
zooplankton taxa contributing to the overall change in TZP
after N fertilization (cf. Fig. 6a) our results imply that FWE
in boreal lakes dominated by calanoids is sensitive to, and
will be most affected by changes in inorganic N availability.
Cyclopoid copepods showed a similar trend to cala-
noids, and reduced growth was observed in both the low
and medium DOC lake after N fertilization. Possibly
cyclopoid growth was impaired even more by the decreased
phytoplankton food quality since cyclopoids show higher
P demands than calanoids (Andersen and Hessen 1991;
Bullejos et al. 2014b). Also for this copepod taxa, earlier
life stages might have been more severely affected by the
induced P limitation resulting from N enrichment and acted
as a possible bottleneck for cyclopoid development (Villar-
Argaiz and Sterner 2002; Bullejos et al. 2014a).
Surprisingly, N fertilization did not affect the two domi-
nant cladoceran species Ceriodaphnia and Bosmina, which
were most abundant in medium and especially in the high
DOC lakes. Theoretically, cladocerans should have been
most sensitive to changes in phytoplankton food quality
due to their higher P requirements compared to copepods
(Andersen and Hessen 1991; Hessen and Lyche 1991). The
unselective filter feeding mode of cladocerans prevents them
from selecting high-quality phytoplankton food as efficiently
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as copepods (Sommer and Sommer 2006; Barnett et al.
2007). Therefore, cladoceran diet often reflects the rela-
tive availability of phytoplankton versus bacterial derived
carbon (Karlsson et al. 2012; Deininger et al. 2017b). The
most likely reason why cladoceran growth did not increase
in the low DOC lake with N fertilization might be their low
relative abundance at this DOC level (<20%), and we can
thus not rule out that this led to an underestimation of the
cladoceran response to N fertilization. Further studies are
needed to investigate whether this missing response to the
decreased phytoplankton food quality at low DOC is a uni-
versal response of cladocerans to increased N availability
or merely an artifact related to the zooplankton community
present in our experiment. At higher DOC levels, it is likely
that feeding on P-rich bacteria (Andersen and Hessen 1991;
Sterner and Elser 2002) enabled filter feeding cladoceran
taxa to compensate for the induced P limitation caused by
N fertilization since bacterial production and TP availability
(cf. Table 1; Fig. 2) were higher at these DOC levels.

In summary, our findings suggest that phytoplankton food
quality has a strong effect on zooplankton fitness, especially
for taxa that are primarily phytoplankton grazers. Further,
DOC, by influencing light and nutrient availability, is a
strong indirect force modifying the response of zooplankton
consumers to increased N availability by affecting phyto-
plankton C:N:P stoichiometry.

The decline in zooplankton growth and FWE (estimated
via the mesocosm experiment), but also zooplankton bio-
mass (estimated outside the mesocosms) in 2013 compared
to 2011, suggests that seasonality was a strong driver on
the zooplankton community. Large seasonal and yearly
variations in zooplankton population dynamics have been
reported earlier and both abiotic (e.g. temperature) and
biotic factors (e.g. predation, food availability, and quality)
have been discussed as potential causes (Hessen et al. 1995;
Elser et al. 1998; Jansson et al. 2001). Nevertheless, due to
the before—after control-impact design of our experiment
we were able to separate between seasonal/yearly effects
and fertilization effects (Carpenter et al. 1989), even though
seasonal variability was high between the experimental peri-
ods. However, we can only speculate about the response of
zooplankton consumers and FWE to conditions similar to
the reference year 2011. Potentially, given the same abiotic
conditions in 2013 and 2011, zooplankton response to N fer-
tilization might have been even larger, due to the potentially
stronger responses of phytoplankton given similarly high
light levels as in 2011.

In conclusion, our results clearly illustrate that in the
pelagic zone of unproductive boreal lakes the effects
of increased N availability on FWE and zooplankton

@ Springer

production will differ depending on background lake DOC
concentrations. The positive effects of increased N avail-
ability such as increased food quantity and shortening of the
pelagic food chain caused by elevated PP will be outweighed
by the negative effects of increased availability of poor qual-
ity phytoplankton with increased N:P and C:P stoichiometry.
As a consequence, zooplankton growth and FWE will be
impaired. However, with increasing DOC concentrations,
the negative effects of N fertilization on phytoplankton stoi-
chiometry will become smaller, since nutrient concentra-
tions will increase and light availability will decrease. Thus,
terrestrial derived DOC will determine the net effects of
increased inorganic N on the energy transfer of boreal lake
food webs: first, by influencing light availability and thus,
phytoplankton production, community composition (Dein-
inger et al. 2017a) and stoichiometry, and second by provid-
ing an external energy source for bacteria and enhancing
P availability. Last, the zooplankton community composi-
tion might play an important role in determining the overall
response of consumers to enhanced N availability. Especially
communities dominated by herbivorous species such as cala-
noids will be sensitive to changes in phytoplankton food
quality. In summary, our study provides the first important
insights as to how unproductive boreal lake food webs will
respond to increases in N availability, further taking varia-
tions in DOC concentrations into account. Our results sug-
gest that clear and humic lakes function very differently:
increased N availability will decrease energy transfer in clear
lakes caused by mismatches in food quality demand and sup-
ply. In humic lakes this mismatch will not occur, wherefore
zooplankton production and FWE will increase following
enhanced N availability.
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