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SUMMARY

1. To help improve our understanding of the nitrogen cycle in lakes, particularly in the context of

doi:10.1111/fwb.12511

climate change, we analysed total nitrogen (TN) and nitrate (NO; -N) data from six mesocosm experi-
ments (in Denmark, U.K., China and Turkey) covering different climatic regions. We assessed the effects
of nitrogen (N) and phosphorus (P) loading, temperature, salinity and water level on N processing.

2. Water column N loss (defined as the nitrogen processed in and lost from the water column in units
of net amount processed per unit area and per unit of time, or in relative terms as the percentage loss
of the total pool in 2 weeks) was particularly sensitive to external nutrient loading to the mesocosms.

Mean water column TN loss at high N loading varied from 111 to 250 mg m > day ' and increased
with N loading. High P loading resulted in increased water column N loss, possibly because of
increased uptake into plants and attached algae and sedimentation of the increased algal crop. High
salinity generally decreased water column TN loss; on average, 10% more TN was in the water column
at 129, salinity than at 29/, salinity, while no significant effect of water level was found.

3. Only weak relationships were observed between N processing and temperature, and mesocosms
limited by P accumulated more nitrogen in their water columns than those with high P loadings. Our
results suggest that N processing in lakes appears to be more sensitive to features of the catchment,
such as hydrology and loading, than to climatic effects related to temperature, salinity and water level.
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Introduction

Increased nutrient loading has reduced lake water quality
worldwide over the past century (Vitousek et al., 1997;
Galloway, 1998; Karakog, Unli Erkog & Katircioglu, 2003;
Camargo & Alonso, 2006; Liu et al., 2011). While the role
of phosphorus in eutrophication has long been recogni-
sed (Likens, 1972; Schindler, 1974), the effect of nitrogen
has previously been dismissed, although interest has
recently revived (Schindler et al., 2008; Moss, 2010; Lewis

Jr, Wurtsbaugh & Paerl, 2011; Moss et al., 2013). High
concentrations of N may exacerbate eutrophication (Jack-
son, 2003; Barker et al., 2008; Ozkan et al., 2010; Lewis Jr
et al., 2011) and cause changes in species composition
(Qiu et al., 2001, Gonzdlez Sagrario et al., 2005; Ozkan
et al., 2010), eventually leading to a notable decrease in
macrophyte biomass and species richness in shallow
lakes (Barker et al., 2008).

Nitrogen concentrations in lakes are particularly
dependent on external N loading, water residence time
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and denitrification (Keeney, 1973; Jensen, Kristensen &
Jeppesen, 1990; Windolf et al., 1996; Saunders & Kalff,
2001; Cook et al., 2010). Lakes generally act as sinks for
terrestrially derived nitrogen (Fleischer et al., 1994; Har-
rison et al., 2009), thereby reducing the N load down-
stream to the ocean (Seitzinger, 1988; Jensen et al., 1992;
Hessen, Hindar & Holtan, 1997, Wetzel, 2001; Harrison
et al., 2009). Most combined N is lost to the atmosphere
through denitrification (Keeney, Chen & Graetz, 1971;
Berge et al., 1997; Seitzinger et al., 2006; McCarthy et al.,
2007), and freshwater ecosystems have high denitrifica-
tion capacity, with rates per unit area that are up to 10
times higher than in terrestrial ecosystems (Seitzinger
et al., 2006).

Lakes are also sinks for N owing to burial of organic
N in the sediments, and assimilation of N by macro-
phytes and algae. This may represent only temporary
storage because larger plants and algae, and organic
sediment resuspended by wind and animal activity,
eventually decompose releasing inorganic nitrogen that
can be denitrified. An increase in areal N loading should
result in higher water column N loss, but may reduce
the proportion of N assimilated and denitrified in lakes
if the water column becomes NO; saturated, although
only a few studies have found evidence of this (Kemp &
Dodds, 2002; Bernot & Dodds, 2005). Nitrogen loss is
defined here as the total N processed in, and lost from,
the water column, in absolute units per unit area and
time, or expressed as percentage change per unit time,
and (perhaps misleadingly) referred to as ‘retention” by
some previous authors (Vollenweider, 1975; Fleischer,
Stibe & Leonardson, 1991; Molot & Dillon, 1993; Flei-
scher et al., 1994; Windolf et al., 1996). The original use
of ‘retention” by Vollenweider (1975) was in the context
of what was delivered to a lake (the loading) and what
was exported from it (the washout), the difference being
what was retained by the lake. Vollenweider (1975) con-
centrated on phosphorus rather than nitrogen, and phos-
phorus truly was retained in the lake sediment, whereas
he underestimated the role of denitrification and loss to
the atmosphere. Nonetheless, the term ‘retention’ per-
sists, even for nitrogen.

Nutrient enrichment is clearly a problem, but climate
change may further burden lake ecosystems by altering
temperature, chemistry and hydrology (Coops, Beklioglu
& Crisman, 2003; Fragoso Jr et al., 2011; Baron et al.,
2013). Higher temperature increases nitrification and
denitrification (Christensen & Serensen, 1986; Pinay
et al., 2007; Baron et al., 2013), but also N uptake by
macrophytes and algae (Madsen & Brix, 1997; Agawin,
Duarte & Agusti, 2000; Feuchtmayr et al., 2009).
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Increasing temperature can also alter the ratio of carbon
(©) to N in freshwater biota, with implications for min-
eralisation rates (Woods ef al., 2003; Gudasz et al., 2010).
Warming is also expected to increase tidal intrusion to
coastal fresh waters, and more frequent storms transport
more sea spray inland; there will also be raised surface
evaporation. All these effects will lead to salinisation
and variation in water level in lakes. Lower water level
has been shown to increase (Ozkan et al., 2010; Bucak
et al.,, 2012) or decrease (Loverde-Oliveira et al., 2009)
submerged macrophyte resilience to shading by periph-
yton and phytoplankton, and also to influence the
water—sediment contact, with variable effects on sedi-
mentation and positive effects on denitrification. Raised
salinity may decrease water column N loss by decreas-
ing growth and reproduction of freshwater organisms
(Jeppesen et al., 2007; Tilley et al., 2007, Brucet et al.,
2009; Jensen et al., 2010), or increase it by aggregating
suspended matter for subsequent sedimentation (Lick,
Lick & Ziegler, 1992; Hakanson, Gyllenhammar & Bro-
lin, 2004). The overall consequences of climate-induced
changes in N processing are thus complex and variable.

Estimates of lake N assimilation, denitrification and
sedimentation usually depend on monitoring, or models
using mass balances, relying often on site-specific stud-
ies or synthetic analyses across lakes that lack controlled
nutrient manipulation (Jensen et al., 1992; Molot & Dil-
lon, 1993; Havens et al., 2001; Cook et al., 2010), and
most research on N processing has been restricted to
temperate lakes. Keeping track of the overall processing
of nitrogen in ecosystems is not easy because of the
involvement of nitrogen gas, which is not easily moni-
tored, and to some extent this may have contributed to a
neglect of the role of nitrogen in eutrophication. Phos-
phorus, having a gaseous phase at Earth temperatures
only in extreme reducing conditions (e.g. phosphine pro-
duction in marshes), is much more easily budgeted.
Nitrogen fixation is rarely measured directly but
assessed by surrogates such as the concentration of
cyanobacterial heterocysts, and it is difficult to separate
assimilation and mineralisation in complex systems
where autotrophic and heterotrophic organisms are
freely intermixed. Analysis of existing mesocosm experi-
ments, despite similar limitations in the range of pro-
cesses measured as in whole-lake studies, at least offers
more control in assessing the net effects of the processes
on water column nitrogen loss and is a first step in
better design of future experiments.

Here we have analysed data from six outdoor meso-
cosm experiments, performed under contrasting hydro-
logical and climatic conditions, simulating shallow lakes
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to estimate bulk water column N loss. We used a uni-
form statistical approach to seek common features as
well as to examine responses in individual experiments.
Our measure of nitrogen processing was the change
(almost always a decline) in nitrogen content in the
water column, which we refer to as ‘water column loss’.
We hypothesised that N processing would increase with
temperature, owing to stimulation of denitrification, and
would also increase with increased N and P loading,
through higher primary production by macrophytes and
associated periphyton on the plants and other surfaces,
such as the mesocosm walls. Moreover, we hypothesised
decreased water column loss at high salinities owing to
higher metabolic stress on organisms, and decreased
water column loss at higher water levels, because of a
greater water volume to sediment area (and its stock of
denitrifying bacteria) and because less light reaches
plants on the bottom.

Methods
Experimental design

We used total nitrogen (TN) and NO;-N concentration
data from six (five previously published) mesocosm
experiments that included Ozkan et al. (2010), conducted
in Turkey (TR), Li, Zhang & Jeppesen (2008) in China
(CH), Feuchtmayr et al. (2009, 2010) and Moran et al.
(2010) in England (U.K.), and Gonzdlez Sagrario et al.
(2005), Jeppesen et al. (2007) and M. Sendergaard (un-
publ. data) in Denmark (DK-1, DK-2 and DK-3)
(Table 1). Each experiment was factorial in design and
had different N loads as a treatment and reference con-
trols (CN = no N addition), which enabled us to exam-
ine systematic variation across these experiments under
different conditions.

Nitrogen was added as Ca(NOj), (TR, DK-1, DK-2
and DK-3) or NaNOj; (CH and U.K\) and, in experiment
CH, also as NH,Cl. Additions of NO; -N were sorted
into the following groups: very high nitrogen (VHN)
>190 mg m * day ', high nitrogen (HN) 150-190 mg
m 2 day !, medium nitrogen (MN) 110-150 mg m >
day ', low nitrogen (LN) <110 mg m 2 day ' and con-
trol (CN) 0 mg m 2 day '. All mesocosms were cylin-
der-shaped and contained from 0.2 m® to 3 m® of water
and were embedded into the sediment, when installed
in lakes, or contained sediment when in containers, and
all were open to the atmosphere; they had no outlets.
The mesocosms were made of polyethylene (TR, DK-1,
DK-2 and DK-3), concrete (CH) or fibreglass (U.K.).
Sampling and analytical methods are given in Ozkan

et al. (2010), Feuchtmayr et al. (2009), Li et al. (2008),
Gonzélez Sagrario et al. (2005) and Jeppesen et al. (2007).

Turkish (TR) experiment

This experiment used 24 mesocosms set in the littoral
zone of Lake Pedina in north-west Turkey, from 27 June
2007 to 27 September 2007. Mean water depth in the
mesocosms was 0.7 m at the start of the experiment and
0.4 m at the end. Three NO; loadings (CN, MN and
VHN) were crossed with two phosphate loadings
(MP = medium phosphorus, HP = high phosphorus).
The NO; additions were designed to maintain concen-
trations of 4 and 10 mg N L' and phosphate additions
to maintain concentrations of 100 (MP) and 250 pg P L™"
(HP). Each treatment had four replicates. The meso-
cosms were planted with Myriophyllum spicatum at simi-
lar initial densities [7% as percentage volume of
mesocosm inhabited by macrophytes (PVID)]. Fishes (Car-
assius carassius, Cyprinus carpio and Scardinius erythroph-
thalmus in each mesocosm), size <10 cm, from the lake
were also stocked into each mesocosm at a density of
40 g (fresh weight) m % All mesocosms were covered
with nets to prevent bird predation.

Nitrate and PO}~ were added weekly. The first two
additions were higher, to obtain the desired nutrient lev-
els. Remaining additions were based on nutrient mea-
surements preceding each addition. Sampling was
weekly at the start and later every 2 weeks. Variables
measured were TN, total phosphorus (TP), NO;, NHj,
PO;~, PVI, phyto- and zooplankton biomass, periphyton
chlorophyll a (Chl-a), and phytoplankton Chl-a. Owing
to evaporation, the water level decreased on average by
30 cm during the experiment in all mesocosms and also
in the lake. The main objective of the original experi-
ment was to examine the combined effect of increasing
N and P concentrations on submerged macrophyte
growth.

United Kingdom (U.K.) experiment

Forty-eight, 1-m-deep mesocosms were established in
the University of Liverpool Botanic Gardens in north-
west England, between 17 January 2006 and 28 August
2007. The mesocosms received three nutrient loadings
(CN, LN and HN) crossed with two temperature treat-
ments: unheated and heated by +4 °C above ambient
temperature, and two fish treatments: presence or
absence of four sticklebacks (Gasterosteus aculeatus). Mes-
ocosms containing fish were intermittently restocked to
achieve mean biomass of 4.3 g (fresh weight) m 2 In
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the low N treatment, 17 mg N m 2 day ' were added
and in the high, 170 mg N m * day '. Mesocosms with
N treatments also received 3 mg P m ? day '. Nitrogen
and P additions were made every 2 weeks, and the
amount added was kept constant throughout the experi-
ment. Every treatment had four replicates. During the
experiments, the mesocosms developed an aquatic plant
assemblage containing Elodea nuttallii, Lemna trisulca,
Ceratophyllum demersum, Lemna minor, Lemna minuta, Pot-
amogeton berchtoldii, Potamogeton crispus, Potamogeton na-
tans and Spirodela polyrhiza.

The mesocosms were sampled every 2 weeks for TN,
TP, NO;, NHZ, POi_, PVI, phytoplankton biomass, zoo-
plankton abundance, periphyton Chl-2 and phytoplank-
ton Chl-ga, macroinvertebrate abundance, fish mass, and
fresh and dry mass of macrophytes at the end of the
experiment. The study aimed at elucidating the effects
of warming and N loading on shallow lake communities
in the presence and absence of fish.

Chinese (CH) experiment

An experiment with 45, 1-m-deep mesocosms was con-
ducted in Wuhan Botanical Gardens, China, between 10
August 2007 and 29 December 2007. Five different N addi-
tions (CN, LN, MN, HN, VHN, with five replicates each)
were applied to maintain the following NO5;-N concentra-
tions: 2.5 (LN), 5 (MN), 7.5 (HN) and 10 mg N L' (VHN),
and NHZ—N concentrations: 2.5 (LN), 5 (MN), 7.5 (HN),
10 mg N L' (VHN). Additions were made based on N
data obtained from previous measurements. Nitrogen was
added weekly to the mesocosms; however, no NO; addi-
tions were made after 70 days of the experiment (after 20
October) because the concentration remained stable. The
first addition was high compared with those following, to
reach target N concentration. The mesocosms did not
receive any PO, during the experiment. Five individuals
of Vallisneria spinulosa were planted into each mesocosm at
the beginning of the experiment.

TN, TP, NO;, N HI and phytoplankton Chl-a were
measured weekly, and N content, ramet number, fresh
mass and dry mass of macrophytes were recorded at the
end of the experiment. The main objective was to observe
the effects of different NH,; and NO; concentrations on
phytoplankton Chl-a and growth of V. spinulosa.

Danish (DK-1) experiment

Twenty-four mesocosms were placed in the littoral zone
of Lake Stigsholm, Denmark, from 28 May to 12 August
2002. The mesocosms had a mean water depth of 1 m

and a diameter of 1.2 m. The experiment had six nutri-
ent treatments with four replicates each: CN, LN, MN,
HP, LNHP and MNHP. At the beginning of the experi-
ment, nutrients were added to the mesocosms to attain
starting conditions of 0.2 mg P L™" in HP: 4 mg N L'
in LN and 10 mg N L~! in MN. Thereafter, nutrients
were added weekly at rates of 8.7 mg P m > day ' in
the HP treatment, 25 mg N m * day ' in the LN treat-
ment and 127 mg N m > day ' in the MN treatment.
All macrophytes were removed from the mesocosms
before the experiment to achieve similar starting condi-
tions, and they reappeared in the majority of the meso-
cosms. Four (1+) perch (Perca fluviatilis) of sizes between
6 and 8 cm fork length were introduced to each meso-
cosm prior to the start of the experiment at a density of
26 g (fresh weight) m™2 to minimise the zooplankton
grazing on phytoplankton.

Total Nitrogen, TP, NO;, NH;, PO}, total suspended
solids (TSS), phytoplankton Chl-a, and phytoplankton
and zooplankton biovolumes were measured every sec-
ond week. Transparency (Secchi depth) and fish abun-
dance were monitored weekly, and macrophyte dry
mass was measured at the end of the experiment. The
purpose of the study was to investigate the effect of HN
loading on the trophic structure of shallow lakes at
moderately HP concentrations.

Danish (DK-2) experiment

An experiment with 48 mesocosms was conducted in
the shallow Kogleaks brackish lagoon in Denmark, from
1 May 1999 to 21 February 2000. The mesocosms were
on average 0.8 m deep and treated with three N load-
ings (CN, LN and HN) crossed with eight salinities:
05, 1,2, 4, 6,8 12 and 16%,. All treatments had two
replicates. One male three-spined stickleback 4-7 cm
fork length, on average 5.9 g (fresh weight) m 2, was
added to each mesocosm to maintain modest zooplank-
ton predation. Each mesocosm also received a mixture
of plankton pooled from three nearby fjords: Lund
Fjord (19,,), Osterild Fjord (49,
(22.49,,). The mesocosms did not contain macrophytes,
and plants appearing during the experiment were
removed.

A salt solution containing NaCl, MgSO, and NaHCO;
that approximated the composition of seawater was
added to the mesocosms every 2 weeks to maintain tar-
get salinities. Phosphorus and N were added weekly to
at rates of 0, 1.5 and 7.5 mg P m 2 day ' and 0, 23 and
115 mg N m ? day . The additions were kept constant
during the experiment. TN, TP, NO;, NH;, PO;™ and

and Limfjorden
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phytoplankton Chl-a were initially measured weekly
and then, from September 1999 to February 2000,
monthly. The purpose was to determine the effects of
contrasting salinities and nutrient loadings on regime
shifts in brackish lagoons with low fish densities.

Danish (DK-3) experiment

Another experiment with 48, 1-m-deep mesocosms in
the Kogleaks brackish lagoon, Denmark, was conducted
from 26 June 2000 to 2 October 2000. Mesocosms were
with (VHN) or without (CN) nutrient addition, crossed
with high (129, and low (29%,) salinities and six differ-
ent water levels. Mesocosms with nutrient addition had
a fixed dose of NO; based on concentration, corre-
sponding to 60280 mg Nm *day ' and - 6-
30 mg P m 2 day ! (at different water levels). Six differ-
ent water levels, 30, 45, 60, 75, 90 and 105 cm, were
used. All combinations of N addition, salinity and water
level were doubly replicated. Nitrogen and P were
added every 2 weeks throughout the experiment, and
TN, TP, NO;, NH;, PO;", salinity and phytoplankton
Chl-a were measured every 2 weeks. The mesocosms
contained no macrophytes.

Data analysis and statistics

We defined N processes in the water column as sink to
sediment, mineralisation, combined uptake by macro-
phytes and attached algae, and as loss from the meso-
cosms through denitrification. Total N and NOj loss
from water column was determined using the mass bal-
ance equation of Vollenweider (1975) and Messer &
Brezonik (1978), as change in N content of the water col-
umn. Changes between successive samplings of each
mesocosm in each experiment, respectively, were con-
verted to daily water column loss per unit area
(mg m 2 day ') using the following equation:

Nloss - (Nt + Nload - Nt+1)/(At)

where, during a time interval ¢ to t + 1 (days), Njggs is
the amount of nitrogen (mg) lost from the water, N; is
the initial amount of nitrogen (mg) at time t, Njoaq is the
amount of nitrogen added to the system (mg), Ny is
the amount of nitrogen measured at t + 1 (mg) and A is
surface area of the mesocosm (m?). If additions were
made more than once before the subsequent recording
of concentration, all these additions were pooled. Daily
water column N loss was also determined on a volumet-
ric basis (mg N L™! day ") for all treatments and experi-
ments, since water column loss expressed per unit area

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 60, 646-662
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will suppress the effect of loading at different water
levels.

Relative water column N loss (Npoo19, of TN, NO3 and
NH;) was defined as percentage of N lost from the water
column N pool per unit time [N, = combined N stock
(Np) (mg) at time ¢ plus N addition (Njaq) (mg)] during
the period. It was calculated by dividing the amount of
nitrogen lost from the water at time t + 1 (mg) by the N
pool in the mesocosms, to evaluate the proportion of N
that was removed from the water.

Npool% = ((Nt + Nload) - Nt+l)/(Nt + Nload) * 100

The time component is inherent in the measures at
times t and t + 1. In addition, relative water column N
loss (Njoags) Was also estimated as a function of external
loading alone.

Nioad% = (((Nt + Nigad) — Nt41)/Nioad) * 100

The relative water column loss (Npoe1%) and loss as
function of loading (Njyaq%) Were normalised to a period
of 2 weeks for all experiments. Time-weighted means
for each treatment of each experiment were calculated
as the sum of time period (days) multiplied by the water
column loss during that time period divided by the sum
of each time period. For experiments TR, CH and DK-1,
the first addition was excluded from the mean since the
first N addition was considerably higher than those fol-
lowing to achieve the initial concentrations. From the
time-weighted means of Npoo1%, We also calculated the
theoretical water column N loss time (T) as the theoreti-
cal number of days to reach 100% removal (by the com-
bined of denitrification,
assimilation by periphyton and macrophytes) of the N
pool in the water of each mesocosm. We divided the
average number of days (d) between measurements by
the mean Np,o9 of the corresponding treatment and
then multiplied it by 100.

effects sedimentation and

T = [(days)/Npool%} * 100

Data expressed per unit area from the six experiments
frequently did not meet the assumptions of parametric
tests. Therefore, an autoregressive covariance model for
SAS [AR(;)] was used to evaluate differences in water
column loss per unit area and unit volume among the
different treatments. AR(,) fits a high-order model with
many autoregressive lags and then gradually removes
autoregressive variables until all those remaining have
significant t tests. The covariance structure for the
repeated measurements for water column N loss of each
measurement time is assumed to be an autoregressive
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process of order 1. This format gave the best description
of the covariance structure. Results of the [AR(,)] are
given both as the main effect and as the interaction
effect. Differences in the relative water column loss of
loading (Njpaq%), relative water column loss of the pool
(Npooi%) and the theoretical replacement time T, among
treatments, were analysed with one-, two- or three-way
ANOVA, depending on the number of fixed factors in the
corresponding experiment. The results of the ANOVA
analyses are also presented for main effects and
interaction effects.

Results
Turkish (TR) experiments

Both water column TN and NO; loss rates per unit area
increased significantly with increasing N load (Tables 2

& 3), but did not change with time. As hypothesised,
water column loss (as Npools) increased consistently
with load compared with controls (Table 3a,b; Figs 1 &
2), with mean NO; concentration 1.2 mg L' and
7 mg L' in the MN and VHN treatments (Fig. 2). Phos-
phate additions increased the water column loss of TN
and NO; N9 on average by 10% in all mesocosms,
and differences between treatments were significant for
TN, but not for NO; (Table 3a,b; Figs 1 & 2). Controls
consistently accumulated N (data not shown).

United Kingdom (U.K.) experiment

Means of water column TN and NO; loss increased
greatly with loading (Table 2a,b). Warming in the U.K.
experiment did not affect water column N loss per unit
area in mesocosms with different N treatments
(Table 3a,b), and there was no significant change in

Table 2 Mean (+SD) daily water column total nitrogen (TN) (a) and NOj (b) loss and average NOj addition (c) per unit of area in

different N treatments in the six mesocosm experiments

(a)

™ N treatment
mg m~2 day™!
CN LN MN HN VHN
TR -19 +£ 0.2 119 £ 7.4 251 + 12.0
UK. 03+ 14 175 £ 0.3 169 + 2.1
CH —6.6 + 2.8 139 £+ 25.1 171 £ 10.3 206 + 17.0 230 + 28.7
DK-1 —-0.7 £ 9.8 55.3 + 13.3 218 + 16.6
DK-2 -7 +26 192 +£23 111 £ 29
DK-3 47 £ 05 181 £ 6.1
(b)
NOy N treatment
mg m > day !
CN LN MN HN VHN
TR -19 +£ 0.5 119 + 8.9 251 + 28.1
UK. 0.1 +0.03 16.7 £ 0.1 168 + 1.00
CH 46 £19 175 £ 11.5 20.2 + 13.2 7.3 £ 182 —82 £+ 27.7
DK-1 <0.01 111.2 + 39.2.2 272 + 32.6
DK-2 —0.1 £+ 0.08 21.8 £ 04 107 + 4.6
DK-3 —0.02 £ 09 184 +£ 0.8
(©
Addition mg N N treatment
m 2 day !
CN LN MN HN VHN
TR 0 140 330
UK. 0 17 170
CH 0 109 135 165 195
DK-1 0 25 127
DK-2 0 23 115
DK-3 0 200

CN, control treatment; LN, low N addition; MN, medium N addition; HN, high N addition; and VHN, very high N addition.
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Table 3 Effects of nutrient loading (N, P), heating, salinity and water level on (a) water column total nitrogen (TN) and NH; and (b) NO;
loss per unit of volume and relative loss (Npo01%) in the six mesocosm experiments. Left columns present the main effects of a SAS autore-
gressive model, and the right columns the main effects of ANOVA analysis

Autoregressive model (loss per unit volume)

ANOVA (relative loss)

Experiment Variable Treatment F-value P-value F-value P-value
(@
TR TN N 109 <0.01 331 <0.01
P 5.1 0.04 8.8 <0.01
UK. TN N 6750 <0.01 1050 <0.01
Heating 1 0.32 3 0.09
CH TN N 93.5 <0.01 462 <0.01
NH; N 75 <0.01 433 <0.01
DK-1 TN N 795 <0.01 160 <0.01
P 8.8 0.01 0.4 0.52
DK-2 TN N 1270 <0.01 53.2 <0.01
Salinity 0.2 0.9 0.6 0.77
DK-3 TN N 830 <0.01 744 <0.01
Salinity 4 0.05 34 <0.01
Water level 8.2 <0.01 13 <0.01
(b)
TR NO; N 133 <0.01 83 <0.01
P 3.9 <0.01 0.3 0.11
UK. NO3 N 21 120 <0.01 203 <0.01
Heating 0.5 0.5 0.02 0.9
CH NO; N 40.9 <0.01 7.6 <0.01
DK-1 NO3 N Missing data points
P Missing data points
DK-2 NO; N 3300 <0.01 16 <0.01
Salinity 0.8 0.5 1.8 0.13
DK-3 NO3 N 115 000 <0.01 380 <0.01
Salinity 0.3 0.6 47 0.04
Water level 468 <0.01 6.3 <0.01

water column N loss with time. Similarly, there was no
significant difference in Npoo19, between the ambient and
heated mesocosms for time-weighted means (Table 3a,b:
Figs 1 & 2), although non-time-weighted means were
weakly significantly different (ANOVA, P = 0.03). Nitro-
gen loading significantly increased the TNpeo9 by
40-43% in HN treatments and 11% in LN treatments,
compared with controls, and NO; po019 by 60-70% in the
HN treatments and 75% in the LN treatments, also com-
pared with controls (Figs 1 & 2). The mean NOj concen-
tration was <1 mg L' during the experiment. Of the N
added, almost all was removed from the water column
in both N treatments (Fig. 3), whereas the controls
consistently accumulated N (Fig. 1).

Chinese (CH) experiment

Higher N loading increased the mean water column loss
per unit area of TN and NHj, but not of NO;
(Tables 2a,b & 3a,b). In contrast to the other five experi-
ments, the mesocosms of the VHN treatments accumu-

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 60, 646-662

lated NO;, on average by 8 mg m > day ', whereas all
controls were sinks for NO; by 4.6 mg m 2 day .
Mean water column loss values of TN and NO; in dif-
ferent N treatments are given in Table 2a,b. The mean
NO; concentration in the VHN
>11 mg NO; L', the highest among the six experi-
ments. No significant change in water column loss per
unit area over time was observed for TN, NHZr or NO;.
Water column TN loss calculated as N9, decreased
with increasing loading (Fig. 1) and showed significant
variation only among the CN, LN and VHN treatments

treatment was

(Table 3a). Mesocosms receiving NH; additions acted as
sinks for NHj, as opposed to the mesocosms receiving
NO;, in which NO; accumulated (Figs 1 & 2).

Danish (DK-1) experiment

Means of water column TN and NOj loss are given in
Table 2a,b. TNo01 Was highest in the MNHP treatment
(27.0 & 0.47% per 2 week), but could not be calculated
for NO; because too many data are missing. As in the
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Turkish experiment, HP addition resulted in increased
water column TN loss, both per unit area and as Npoo1
in the MN treatments, but not in LN treatments
(Table 3a; Fig. 1).

Danish (DK-2) experiment

An increase in salinity did not significantly affect water
column TN and NOj loss (as Npooi) in the LN and
MN treatments (Table 3a,b; Figs 1 & 2). Water column
TN and NOj loss per unit area and as Npo19 increased
with increasing N load at all salinities (Table 3a,b).
Mean NO; concentration was <1.5 mg L™ in all CN,
LN and MN treatments (Fig. 2). On average, 100% of the
nitrogen added was removed from the water column in
2 weeks.

Danish (DK-3) experiment

High salinity (12 9,,) significantly reduced the mean
water column TN loss per unit area compared with low
salinity (29,), but not that of NO; (Tables 2ab &
Table 3a,b). The mean NOj; concentration during the
experiment was <0.2 mg L' in the CN and VHN treat-
ments (Fig. 2). Both N addition and salinity had signifi-

six mesocosm experiments. Negative
values represent growth of the N pool.

cant effects on the relative water column TN and NOj
loss (Table 3a,b), while no effect was observed among
water levels. As in the DK-2 experiment, mean TN,
% was 10-30% higher in the low-salinity treatments
(2%, than in the high-salinity treatments (129,
(Table 3a; Fig. 1), and we also observed interaction
between salinity and water level in Np,o9 (salin-
ity*water level, P = 0.04). Mesocosms with no addi-
tion gained TN and NOj, and mesocosms with N
addition were TN and NO; sinks.

Cross-site analysis of theoretical water column loss time T
and Nh)ad%

Nioaqs for TN showed no clear response to N treatments
in the six experiments (Fig. 3). In the TR and DK-2
experiments, Njo.q9 increased with increasing loading,
while in CH and DK-1 experiments, Njy,q9 decreased.
The UK. experiment showed no change in Njg.a%
between LN and HN treatments. In the LN, MN, HN
and VHN treatments of the six experiments, Njo.q%
averaged 100% in 2 weeks, with more variation among
LN treatments.

The relative water column loss time varied between
20 and 160 days in the six experiments and decreased

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 60, 646-662
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consistently with increasing loading. Water column TN
loss time was on average 50 days in the HN treatments
of all experiments except CH, while turnover time of LN
treatments in all experiments varied between 70 and
140 days (Fig. 4). In contrast to the other experiments, in
the CH experiment, the TN turnover time increased with
loading among MN, HN and VHN treatments, and NOj
accumulated. In all six experiments, controls were
accumulated N, but to limited extents.

Discussion

The six experiments were conducted under different
conditions, but some general patterns in water column
loss emerged, as well as clearer specific patterns in indi-
vidual experiments. Mean water column nitrogen loss
per unit area increased with N load in all experiments
and showed little change with time, whereas the theoret-
ical time for all nitrogen to be lost from the water col-
umn decreased with increasing loading. Mean water
column TN loss in the high N treatments varied from
111 to 250 mg m > day ' (means for the whole experi-
mental period), being similar to rates found in studies of
natural shallow lakes in cultivated landscapes (Smith
et al., 1989; Jensen et al., 1992; Tang & Xie, 2000; Dumont
et al., 2005).

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 60, 646-662

As expected for mesocosms without outlets, in which
there is longer contact time between water and possible
processing surfaces such as the sediment and biota, we
found a consistently higher Njoaq9 than usually recorded
in natural lakes (Ekholm, Malve & Kirkkala, 1997;
Havens et al., 2001), with no observed differences in
Nicags between N treatments, except for the DK-1 and
Chinese (CH) experiments, which showed a strong
decrease with increasing N loading. The TNj,aq9, varied
between 50 and 150% per 2 week in the high N treat-
ments of the experiments. Removal efficiency does not
seem to be sensitive to external N loading, as previously
suggested by Jensen et al. (1992), but was affected by the
N pool already present in the mesocosms.

The time calculated for complete loss at high N addi-
tion in all experiments was quite long, up to 50 days
and, in CH, even longer, suggesting that N is reminera-
lised several times before being permanently buried in
the sediment, taken up by periphyton or lost through
denitrification. Thus, the majority of the N in the water
column of the HN and VHN mesocosms stayed as
organic nitrogen. In these relatively long-term (up to
more than 1 year) mesocosm experiments, periphyton
assimilation of N may potentially be considerable, not
least because the mesocosm walls provide a large sur-
face area suitable for algal colonisation (Cattaneo &
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180 4

Fig. 3 Water column N loss as percent-
age of loading [Njpaq%, mean (£SD)] ver-
sus N load with different temperatures,
salinities and water levels in the six mes-
ocosm experiments. Abbreviations for
the four different N additions are as fol-
lows: LN, low nitrogen; MN, medium
nitrogen; HN, high nitrogen; VHN, very
high nitrogen. Abbreviations for addi-

tional treatments are as follows: MP,
medium phosphorus; HP, high phospho-
rus; h, heating; f, fish; 9/, salinity in per
mille; cm, water level in centimetres.
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Amireault, 1992; Vadeboncoeur et al., 2006). There are
that
to-volume ratio

indications increased mesocosm  wall-area-
increases periphyton biomass and
metabolism (Chen, Petersen & Kemp, 1997), and in oli-
gotrophic lakes periphyton uptake can comprise up to
80% of primary production, whereas in mesotrophic and
eutrophic lakes more primary production is allocated to
phytoplankton than periphyton (Vadeboncoeur et al.,
2003). However, as all the six experiments had relatively
nutrient-rich conditions, and all, except for DK-2 and
DK-3, contained submerged macrophytes, the propor-
tions of periphyton assimilation on mesocosm walls and
epipelic growth on sediment surfaces were likely to be
lower than reported in some previous studies, for exam-
ple Wurtsbaugh et al. (2001), Vadeboncoeur et al. (2003,
2008), although notably high periphyton growth was
recorded in the TR experiment [0.92 ug Chla
(mg DW macrophyte ') in HNHP treatments].

While we found that N load alone did not determine
water column N loss, high P additions in the TR and
DK-1 experiments increased relative water column TN

mesocosm experiments. Abbreviations as
in Fig. 3.

loss compared with treatments when no P or medium P
was added. As observed by Persson & Broberg (1985),
Ahlgren et al. (1994) and Berge et al. (1997), eutrophic
lakes have a higher NOj; loss than oligotrophic lakes,
and in eutrophic lakes loss is more related to biological
processes, such as denitrification and phytoplankton
assimilation, than to sedimentation (Jansson et al., 1994).
This concurs with a recent comparison among large
lakes worldwide (Finlay, Small & Sterner, 2013). How-
ever, in our experiments, the percentage increase in
water column loss owing to P addition was considerably
smaller than observed in an experimental study of Kaste
& Lyche-Solheim (2005) in a Swedish humic lake, who
found an up to 70% higher N loss following a concentra-
tion increase of 10-12 pg P L™". By contrast, the approxi-
mately 100 and 500 ug P L' increase in the TR and
DK-1 experiments resulted only in a 10% increase in N
loss, perhaps reflecting N saturation because of the high
N loading in these experiments. Uptake rates are limited
by the capacity of macrophytes, algae and microbes, and
these pools may have become saturated with N leading
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to decline in assimilation and hence the relative water
column N loss over time (Dodds et al., 2002).

Contrary to our hypothesis, temperature had no effect
on water column N loss, and no significant difference
was found between ambient and +4 °C temperatures in
the U.K. experiment. However, NO; remained relatively
constant (Fig. 2) and accumulated in the water column
in the CH experiment, conducted in a subtropical cli-
mate, contrasting with the results from the five other
experiments. In the Turkish (warm lake) experiment,
no change in NO; was observed. These results were
somewhat unexpected, as the high temperatures in sub-
tropical waters should potentially stimulate microbial
processes, such as denitrification, and thus also NOj
consumption (Downing et al. 1999). Moreover, Dumont
et al. (2005) and Baron et al. (2013) argued that pristine
(sub)tropical lakes lose a larger portion of terrestrially
derived N than their temperate counterparts, and the
primary production is therefore usually N-limited. How-
ever, increased organic carbon and a reducing environ-
ment (e.g. low oxygen concentrations) also increase
denitrification, especially if NOj3 is abundant (Seitzinger,
1988; Mitchell & Baldwin, 1999; Simek & Cooper, 2002;
Taylor & Townsend, 2010). Organic matter mineralisa-
tion in the CH mesocosms may have been higher in the
water column and at the sediment surface owing to the
higher temperatures, leaving less organic matter avail-
able for the denitrifiers; we did not find higher oxygen
concentration in the water column in this experiment
than in the TR, DK and UK. experiments. Our results
are supported by Kosten et al. (2009), who found consis-
tently high dissolved inorganic nitrogen (DIN) concentra-
tions in some warm and shallow South American lakes;
they also discovered that the contribution of NO; and
NO, to DIN was higher in tropical lakes than in similar
lakes at higher latitudes. Further indications of DIN accu-
mulation in warmer climates have been observed in a
mesocosm experiment conducted in subtropical Wuhan,
China (S. Olsen et al. unpubl. data). There, the relative
water column TN loss was on average 50% per 2 week
and water column NOj loss was 45% per 2 week in the
high N treatment. Corresponding with the CH experi-
ment, the relative water column loss of NO; in this
experiment decreased with increasing loading and NOj;
accumulated in the water column, whereas NH; was
rapidly consumed, perhaps due to nitrification.

However, the VHN loading in the CH experiment
(195 mg m > day ') was among highest of the six
experiments and thus may have contributed to the
growth of the DIN pool. But, the loading in TR, DK-2
and UK. experiments was also high, with 330 mg

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 60, 646-662
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m 2 day !, 200 mg m > day ' and 170 mg m * day ',
respectively. Despite the high loading in the DK-2 and
U.K. experiments, the relative water column NOj loss in
the VHN and HN treatments of these mesocosms was
>60% per 2 wk and mean concentration <1 mg L.
Moreover, the mean NO; concentration in the VHN
treatment of the CH experiments was 11 mg L™'. We
propose that, although high loading could to some
extent explain the low water column loss in the CH
experiment, the effect of low carbon is also important.
Temperature is one of the most important factors
controlling the metabolism of aquatic organisms, but
denitrifiers may be carbon-limited owing to fast miner-
alisation,
temperature on metabolism.

As with the effect of temperature, the impact of salin-
ity on water level N loss was variable, and significant
only in the DK-3 experiment. The DK-2 experiment also
showed indications of decreased relative water column
loss with increasing salinity in all N treatments, but the
results were not statistically significant. In support of
our results, the study by Gophen & Paz (1992) of Lake
Kinneret and the study by Gonzalez et al. (1998) of the
Salton Sea showed that a decline in salinity was fol-
lowed by an increase in TN loss. They argued that an
enhanced metabolism of nitrifiers at low salinity possi-
bly produced more NO; for denitrification, increasing
the N loss. Moreover, Nowicki (1994) argued that, even
though increased N availability also enhanced denitrifi-
cation in saline estuaries, the mean N loss was <20% of
the total N input year '. Thus, the denitrifiers could not
cope with the N addition and quickly crossed the
threshold for N saturation at higher salinities. However,
as only a weak correlation was observed between salin-
ity and N loss, this was perhaps a result of a positive
relation between high salinity and sedimentation rates,

thus counteracting the positive effect of

particle aggregation and increasing Secchi depth (Fors-
gren, Jansson & Nilsson, 1996; Hakanson, 2006). Con-
trary to the results of Gophen & Paz (1992) and
Gonzalez et al. (1998), Heiskanen & Tallberg (1999)
found a lower C : N ratio, and thus also raised N con-
centrations, with lower salinity in the partially enclosed
Pojo Bay of the Baltic Sea. Further, they observed 30%
higher sedimentation of N (in relation to C) in the open
sea than in the bay. Thus, although an increase in salin-
ity results in enhanced sedimentation which can account
for up to 40% of the N loss in productive lakes, it does
not necessarily compensate for the N accumulation
resulting from decreased denitrification (Jensen et al.,
1992; Molot & Dillon, 1993; Benoy & Kalff, 1999; Saun-
ders & Kalff, 2001).
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Although water column N loss was not directly
affected by changes in water level, we found an interac-
tion between salinity, water level and relative water col-
umn loss. The effect of water level may be minor at a
small scale, such as that of a mesocosm, but may have a
larger effect in the littoral zone of a whole lake. Simi-
larly, Chow-Fraser et al. (1998) and Coops et al. (2003)
observed a lower N loss at high water levels in shallow
lakes, mainly due to reduced macrophyte assimilation.
For primary producers, water-level fluctuations mean
significant variation in the light environment in the
water column. A decreased water depth may increase
macrophyte growth and assimilation of nutrients when
plants become less restricted by light availability, thus
potentially increasing water column N loss (Noges &
Noges, 1999), but this may not be the case in warm lakes
(Ozen etal, 2010). The phytoplankton biomass
(expressed as Chl-a) in the DK-3 experiment (no macro-
phytes) increased gradually with decreasing water level,
in both the high- and low-salinity treatments. However,
no significant correlation was detected between Chl-a
and water column NOj loss in this experiment, suggest-
ing that assimilation by phytoplankton had minor effect.
Our results agree with previous findings that high salin-
ity inhibits processes important for N processing and
may be exacerbated by high water levels.

Because atmospheric deposition, nitrogen fixation and
groundwater seepage were not considered, water co-
lumn N loss was probably underestimated, but is likely
to have been modest.. Atmospheric deposition may have
accounted for a 24 mg m * day ' increase in N in the
DK and TR experiments (Hertel et al., 2013; Im et al,,
2013); a 2-9 mg m > day ' increase in the UK. experi-
ment (Stevens et al., 2004; Fowler et al., 2005); and a 6—
15 mg m ? day ' increase in the CH experiment (Liu
et al., 2011; Shen et al., 2013). These estimates suggest
mean increases of 2%, 20% and 10% in the LN treat-
ments and <6% in the HN treatments. Similarly, an
unaccounted nitrate gain may have resulted from nitrifi-
cation by sedimentary bacteria. Nitrogen fixation was
not measured, and thus not accounted for, in the mass
balance, but is likely to have been minor as most of the
NOj produced by nitrifiers is likely to have been deni-
trified locally in these organic sediments in coupled pro-
cesses. Philips ef al. (1997), Tonno & Noges (2003) and
Nielsen, Enrich-Prast & Esteves (2004) estimated that N
fixation can account for up to 2.5 mg m > day ' of the
N input to lakes experiencing blooms of N-fixing cyano-
bacteria, potentially contributing on average 2, 2.3, 10
and 14% in the LN treatments in the TR, CH, DK and
U.K. experiments, respectively, and 1, 1.2, 2 and 1.5% in

the HN treatments in the TR, CH, DK and U.K. experi-
ments, respectively. However, cyanobacteria were scarce
in the UK. experiment. Mesocosms in Denmark and
Turkey were placed in the littoral zone of a lake, thus
allowing groundwater seepage and diffusion of water
between lake and mesocosm through the sediment.
Ground water is an important source of water into many
lakes and, depending on the geology of the area, may
comprise a significant input of the annual N loading
(LaBaugh, Rosenberry & Winter, 1995; Hayashi & Rosen-
berry, 2002). However, waterlogged sediments are less
permeable than soils. Belanger, Mikutel & Churchill
(1985) estimated the mean nitrate flux from ground
water to  East Lake
0.09 mg m 2 day !, which would theoretically contrib-
ute on average <1% in the LN treatments and <0.1% in
the HN treatments of the TR, CH, U.K. and DK experi-
ments.

In conclusion, the mesocosms showed rapid water col-
umn loss of TN and NOj in all the lakes, whether cool
or warm. Although changes in salinity, water level and
probably also temperature may to some extent influence
the water column loss, the effects of N and P loads were
of much greater importance. This implies that water col-
umn N loss in lakes is more sensitive to the nature of
the catchment, reflected in changes in hydrology and
loading, than to climate-induced effects related to tem-
perature, salinity and water level. The results further
indicate that lakes characterised by P limitation may
become N-saturated faster than those with high P
loading.

Although mesocosms are widely used to study eutro-
phication and nutrient dynamics in aquatic environ-
ments, there are limitations in extrapolating results from
mesocosms to natural lakes. Particular problems include

Tohopekaliga to  be

lack of water circulation and the presence of walls that
create additional habitat for organisms. Therefore, some
of the processes measured here may be overestimated;
water column N loss may have been generally greater
than that in a natural lake, but it is likely that the main
conclusion that loading is the key consideration com-
pared with other factors will pertain. In any case, meso-
cosms at least offer a means of assessing these processes
in a much more controlled way than is possible in
nature.
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