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Abstract The global climate change may lead to
more extreme climate events such as severe flooding
creating excessive pulse-loading of nutrients, includ-
ing nitrogen (N), to freshwaters. We conducted a
3-month mesocosm study to investigate the responses
of phytoplankton, zooplankton and Vallisneria spin-
ulosa to different N loading patterns using weekly and
monthly additions of in total 14 ¢ N m~2 month™'
during the first 2 months. The monthly additions led to
higher phytoplankton chlorophyll a and total phyto-
plankton biomass than at ambient conditions as well as
lower leaf biomass and a smaller ramet number of V.
spinulosa. Moreover, the biomass of cyanobacteria
was higher during summer (August) in the monthly
treatments than those with weekly or no additions.
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However, the biomass of plankton and macrophytes
did not differ among the N treatments at the end of the
experiment, 1 month after the termination of N
addition. We conclude that by stimulating the growth
of phytoplankton (cyanobacteria) and reducing the
growth of submerged macrophytes, short-term
extreme N loading may have significant effects on
shallow nutrient-rich lakes and that the lakes may
show fast recovery if they are not close to the threshold
of a regime shift from a clear to a turbid state.
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Introduction

According to the Intergovernmental Panel on Climate
Change (IPCC) 2014 report, extreme weather and
climate events, including extreme rainfall, will
increase in frequency during the 21th century (Field
et al., 2014) and led to higher inputs of fine sediment
and nutrients to lakes, streams and other surface
waterbodies (Jeppesen et al., 2009; Higashino &
Stefan, 2014; Leigh et al., 2014).

Phosphorus (P) is a key limiting nutrient for
primary production in lakes (Vollenweider, 1976;
Schindler, 1977). Recent studies in shallow lakes
have, however, revealed that also nitrogen (N) may
play a role in the temperate zone, leading to biomass
reduction and species richness decline of submerged
macrophytes when P concentrations are moderate to
high. (Gonzalez Sagrario et al., 2005; James et al.,
2005; Moss et al.,, 2013). However, the results
obtained so far are somewhat ambiguous when
considering other climate zones. Ozkan et al. (2010)
found that the biomass of three dominant species of
submerged macrophytes in eutrophic lakes was not
affected by variation in nitrogen concentrations in a
three-month mesocosm study. The authors attributed
this to a concurrent decline in water level (evapora-
tion) counteracting light limitation due to an N-in-
duced increase in periphyton on the plants. Also Li
et al. (2008) found that high N concentration (up to
10 mg 17") did not negatively affect the growth of
Vallisneria spinulosa Yan in a 4-month mesocosm
study in a subtropical zone, while Olsen et al. (2015),
conversely, found severely negative effects of higher
N concentration (5 mg 1™") on the biomass of V.
spinulosa in a 1-year mesocosm study in the same
climate zone. Whether submerged macrophytes are
differently affected by the N loading in warmer than in
colder climates is therefore still not fully resolved.

With climate change more extreme, rainfall is
expected in many regions of the world (Field et al.,
2014), which may lead to pulse dosing of nutrients to
streams and then lakes, and higher productivity
thereafter (Leigh et al., 2014). A study of eutrophic
ponds showed that nutrient pulses induced short-term
blooming of algae, but quick recovery to the clear state
followed after an increase in the abundance of large
cladocerans (Strauss et al., 1994). A study conducted
in a river system found flood pulses of N to stimulate
phytoplankton growth (Hein et al., 1999), with larger
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pulses having stronger effects on the river ecosystem
than smaller pulses (Biggs & Thomsen, 1995;
Shivoga, 2001). Extreme N loading, induced by heavy
rainfall, may therefore affect the vulnerability of
freshwater ecosystems and lead to a more unsta-
ble clear water status, but so far only few studies have
been conducted in ponds and lakes (Leigh et al., 2014;
Lofgren et al., 2014).

We aimed to investigate the effects of extreme N
loading on plankton and submerged macrophytes at
moderate P concentrations under subtropical climate
conditions. Our hypothesis was that extreme N loading
would stimulate the growth of phytoplankton more
than a gradual supply of the same loading. This, in
turn, would induce shading and reduce macrophyte
growth, which would make the lake more vulnerable
to a shift from a clear to a turbid state.

Materials and methods

The submerged macrophyte Vallisneria spinulosa,
grown in a concrete pool (length 30 m, width 15 m
and depth 1.5 m) in Wuhan Botanical Garden, China
(originally collected from Lake Xiliang), was selected
for the experiment. Five individuals of similar size
were planted in plastic pots (top diameter 27 cm,
bottom diameter 22 cm, height 14 cm, two-thirds
filled with washed river sand) and placed in a large (ca.
0.3 ha) pond about 1 month prior to the experiment. In
total, 360 pots were used. Nine (in triplicates) concrete
mesocosms (length 2 m, width 2 m, depth 1 m and
4000 1) were used in the experiment, and 40 pots with
macrophytes were placed in each mesocosm to obtain
100% coverage, after which the mesocosms were
filled with water from the same pond where the
macrophytes had been kept. Mesocosms were ran-
domly selected for each treatment.

The experiment ran from 18th July to 16th Oct
2007, and pond water (total nitrogen = 0.887 =+
0.052 mg 1_1) was used as control (hereafter called
no addition (NA) treatment). Total N addition was set
to 14 g N m 2 month™' (320 g NH,NO; in total)
based on a previous study conducted in a similar
mesocosm set up (Li et al., 2008). To simulate two
different loading scenarios, we added N weekly (40 g
NH4NO; per week) to mimic a frequent loading
scenario and monthly (160 g NH4NOj; per month) to
mimic an extreme loading scenario (hereafter weekly
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addition (WA) treatment and monthly addition (MA)
treatment). During the first two months, N was added
twice in the MA treatment and eight times in the WA
treatment, while no N was added during the last month
to simulate a recovery phase. We added the chemical
salt 1 day prior to the sampling. Concentrations of
total nitrogen (TN), total phosphorus (TP), NH4-N and
NOs-N in the mesocosms were measured weekly, and
NH4-N was determined using the Nessler’s reagent
colorimetric method. NO3-N was determined with
phenol disulphonic acid, and TN and TP were
recorded using spectrophotometric methods after
digestion with K;S,0g solution (Huang et al., 1999).

Samples for water chlorophyll a (Chla) analysis
were taken weekly and determined by filtering 1 1 of
water on a Whatman GF/C filter following ethanol
extraction (Huang et al., 1999). The water samples
represented the entire water column and were taken
with a tube sampler and thoroughly mixed before
analysis. After sampling, tap water was added to each
mesocosm to maintain a water level of 1 m. The tap
water added during the experiment had relatively
constant nutrient concentrations (TP:
0.036 + 0.01 mg 1™" TN: 1.65 + 0.18 mg 17'). Due
to the high total water volume in the mesocosms, the
amount of nutrients added with tap water was
negligible.

Every month 1 1 water samples were collected from
each mesocosm and fixed with Lugol’s solution before
being condensed to 30 ml for algae identification and
counting. Meanwhile 20 1 water samples from each
mesocosm were filtered with 0.064 mm filters before
conservation with formaldehyde for further zooplank-
ton identification and counting. Plankton biomass was
calculated from the geometry volume (Huang et al.,
1999). Phytoplankton was identified to genus level and
dominant zooplankton to species level, except for
copepods that were separated into cyclopoids, cala-
noids and nauplii. Every month one pot from each
mesocosm was randomly selected for plant ramet
counting, and macrophytes were dried at 80°C for 48 h
to determine total biomass and the individual bio-
masses of roots, leaves and stolons.

The average individual biomass of phytoplankton
was calculated using total phytoplankton biomass
divided by total phytoplankton abundance. The zoo-
plankton:phytoplankton biomass ratio was calculated
using zooplankton biomass (wet weight) divided by
phytoplankton biomass (wet weight). Average ramet

biomass of submerged macrophytes was calculated by
dividing total plant biomass by ramet number.

Data analysis

For weekly sampled data (e.g. water chemistry and
phytoplankton Chla), linear mixed models (LMM)
were used to test the differences between three N
addition treatments for the data obtained from the
2-month N addition period using mesocosm number as
the random factor in R 3.1.1 (Zuur et al., 2009), and
one-way ANOVA was used to separately test the
differences between the three treatments at each
sampling after the termination of the N addition. For
monthly sampled data (e.g. phytoplankton biomass,
zooplankton biomass and macrophyte biomass), one-
way ANOVA was used to separately test the differ-
ences between the three treatments in each month as
the data were too scarce for an RM-ANOVA. To test
for significant differences between treatments, post
hoc comparisons were made using Tukey’s method in
the ‘multcomp’ package. Residual plots were used to
check for normality and homogeneity of variance by
visual inspection. When the data did not meet
assumptions of the Gaussian distribution or homo-
geneity of variance, log(1 + x) or sqrt transformation
was performed. Data were given as mean £ SD.

Results
Water chemistry

The NO5-N concentrations did not differ between the
three treatments during the first 3 weeks but were
higher in two N addition treatments than in the NA
treatment during the weeks that followed (Fig. I;
Table 1). The NH4-N concentrations were higher in
the two N addition treatments during the first 2 months
but did not differ between the three treatments in the
10th week. The TN concentrations were higher in the
two N addition treatments throughout the whole
experiment. The MA treatment recorded a peak in
TN (195+06mgl") and NH,N (92 +
0.1 mg 17" in the beginning of the second month.
With a few exceptions, TP was generally relatively
stable, averaging 0.024 & 0.011 mg 17!, and did not
differ between the three treatments.
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Fig. 1 Concentrations of nitrate, ammonium, total nitrogen and total phosphorus in the mesocosms in no, weekly and monthly

nitrogen (N) addition treatments

Phytoplankton Chla and biomass

Phytoplankton Chla did not differ significantly
between the treatments for the first 3 weeks (Fig. 2;
Table 1). During the following 6 weeks, it was higher
in the MA treatment than in the NA treatment, whereas
phytoplankton Chla in the WA treatment did not differ
from the other two treatments. No significant differ-
ences were detected in the last 2 weeks. Maximum
phytoplankton Chla was 37.7 & 24.2 ug 1”' in the
MA treatment. During the N addition period, the
phytoplankton Chla:TP ratio averaged 0.71 £ 0.34 in
the WA treatment and 0.84 £ 0.24 in the MA
treatment, both being significantly higher than the
0.52 + 0.18 recorded in the NA treatment. However,
the Chla:TP ratio was 0.93 + 0.26 in the MA treat-
ment in the 10th week and higher than that in the NA
treatment but did not differ between the WA treatment
and the other two treatments (Fig. 3).

Total phytoplankton biomass peaked at
74.7 £+ 242 mg 17" in the MA treatment in August,
being significantly higher than in the NA but not
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higher than in the WA treatment (Table 2). Total
phytoplankton biomass did not differ among the three
treatments in the other months. The average biomass
of individual phytoplankton groups in the three
treatments showed similar trends over the season,
which did not differ among the three treatments.
Cyanophyta biomass was significantly higher in the
MA treatment than in the other two treatments in
August. Similarly, Chlorophyta biomass was margin-
ally higher in the MA treatment than in the NA
treatment in August, whereas Bacillariophyta was
negligibly higher in the NA treatment than in the two
N addition treatments in September. The dominant
genera by numbers during the experiment were
Microcystis followed by Melosira, Merismopedia
and Kirchneriella.

Zooplankton biomass
Total zooplankton biomass did not differ significantly

between treatments during the whole experiment
(Fig. 3; Table 2). In October, rotifer biomass was
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Table 1 Results of statistical significance tests on a number of water chemical variables and phytoplankton chlorophyll a (phy-
toplankton Chla) between the three experimental treatments

Variables Period Method F value and significance Tukey post hoc test
NO;-N Ist-3th weeks LMM 3.21™
4th-8th weeks LMM 51.00%** NA < WA, MA
10th week One-way ANOVA 168.20%%* NA < WA, MA
NH,4-N 1st—8th weeks LMM 42 87%** NA < WA, MA
10th week One-way ANOVA 0.62™
TN 1st—8th weeks LMM 223.61%** NA < WA, MA
10th week One-way ANOVA 77.51%%* NA < WA, MA
TP 1st—8th weeks LMM 0.26™
10th week One-way ANOVA 2.17™
Phytoplankton Chla Ist-3th weeks LMM 4.01™
4th-8th weeks LMM 7.74% NA < MA
10th and 11th week One-way ANOVA 1.06-1.43™
Chla:TP ratio 1st—8th weeks LMM 10.20* NA < WA, MA
10th week One-way ANOVA 6.84% NA <MA

NA, WA and MA refer to no nitrogen addition treatment, weekly addition treatment and monthly addition treatment, respectively.

LMM refers to linear mixed model. Data were shown as F value with the significance results in superior letters

ns not significant
* P <0.05, ** P < 0.01, ** P < 0.001

higher in the NA treatment than in the two N addition
treatments, and copepod biomass was higher in the
MA treatment than in the NA treatment but did not
differ significantly between the WA treatment and the
other two treatments. The cladoceran community
mainly consisted of four taxa, Daphnia magna Straus,
Scapholeberis mucronata (O. F. Miiller), Chydorus
sphaericus (0. F. Miiller) and Alona sp., whose levels
were marginally higher in September in the WA
treatment than in the MA treatment. The zooplank-
ton:phytoplankton biomass ratio did not differ signif-
icantly between the three treatments during the
4 months.

Vallisneria spinulosa biomass and ramet number

In the beginning of the experiment, the submerged
macrophyte V. spinulosa had an average biomass of
520 &+ 2.19 g and an average ramet number of
18 £ 7 per pot (Fig. 4; Table 2). Root, stolon, total
and average ramet biomass did not differ among the
three treatments during the experimental period.
However, leaf biomass was marginally lower in the
MA than in the WA treatment in August, and ramet

number was significantly lower in the MA than in the
WA treatment in September. Yet, leaf biomass and
ramet number did not differ among the three treat-
ments in the other months of the experiment.

Discussion

Inorganic N concentrations were higher in the two N
addition treatments than in control (NA treatment)
throughout the experiment except that the NH,4-N
concentrations decreased after the termination of N
addition and did not differ between the three treat-
ments by the end of the experiment. We found that
monthly addition of N resulted in a higher phyto-
plankton Chla than at ambient conditions even though
TP did not differ between the treatments. Monthly N
loading also led to higher cyanobacteria, Chlorophyta
and total phytoplankton biomass in August than at
ambient conditions. These results support the hypoth-
esis that in addition to P (Vollenweider, 1976;
Schindler, 1977), nitrogen can affect primary produc-
tion (e.g. Elser et al., 1990; Gonzalez Sagrario et al.,
2005). Furthermore, the Chla:TP ratio recorded at
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Fig. 2 Phytoplankton chlorophyll a (Chla) and total biomass, average biomass of individual phytoplankton species and biomass of
three dominant taxa in the mesocosms in no, weekly and monthly nitrogen (N) addition treatments

ambient conditions was close to the value (ca.
0.42-0.44) found in macrophyte-dominated systems
within the same climate region (Li et al., 2008; Wang
et al., 2014), but both weekly and monthly N loading
induced a significantly higher Chla: TP ratio during the
first 2 months when N was added, with ratios that are
more typical for lakes with low plant abundance.
Differences in grazing pressure may also alter the
Chla:TP ratio (Jeppesen et al., 2003; Jackson et al.,
2007), but since zooplankton biomass and the zoo-
plankton:phytoplankton biomass ratio were not higher
at ambient conditions, the higher N loading seems to
be of key importance for the higher Chla:TP ratio and
higher Chla levels.

High N (especially of ammonia) can impede the
growth of submerged macrophytes (Cao et al., 2004;
Moss et al., 2013). However, earlier studies have
shown that Vallisneria spinulosa tolerates high N
concentrations. Li et al. (2008) recorded limited
negative and only temporal effects on V. spinulosa
growth of high inorganic nitrogen (10 mg 17" NH,-N
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or NOs5-N). In fact, weekly N loading was found to
stimulate the growth of V. spinulosa in a former
experiment conducted at N concentrations up to
10 mg 17" (Li et al., 2008), which perhaps also was
the case in our study (Fig. 3), though not significantly
so. Moreover, in a recent 1-month mesocosm exper-
iment, Zhao et al. (2015) found no adverse physio-
logical changes in V. spinulosa exposed to relatively
high N concentrations (about 5 mg 17"). In our study,
macrophyte biomass was not adversely affected by the
N loading. This indicates that the higher N concen-
trations (ca. 10-20 mg 1™"), occurring in both the
weekly and monthly loaded mesocosms, had no direct
(toxic) effect on macrophyte growth. Therefore, it is
reasonable to assume that the lower leaf biomass and
smaller ramet number of the macrophytes in the
monthly N loading treatment in August and Septem-
ber, respectively, than in the weekly treatments can be
attributed to higher phytoplankton shading (higher
phytoplankton Chla) rather than to the toxic effect of
high N concentrations. Enhanced growth of
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Table 2 F value and the statistical significance of one-way ANOVA results on a number of plankton and macrophyte variables
between the three experimental treatments during the 4 months

Variables July August September October

Total phytoplankton biomass 0.21™ 6.24* 2.21™ 0.11™

Average biomass of individual phytoplankton 0.65-2.97™
Cyanophyta biomass 2.80" 5.77* 2.46™ 1.34™

Chlorophyta biomass 0.15™ 4,997 = 005 4.75™ 0.71™

Bacillariophyta biomass 0.48™ 1.35™ 4.52F = 0.06 0.07™

Total zooplankton biomass 0.16-2.49™
Rotifer biomass 0.29" 0.60™ 3.21™ 12.07%*

Copepod biomass 2.82" 3.62™ 3.34™ 7.11%

Cladoceran biomass 0.34" 0.90™ 4.527 =000 0.99"
Zooplankton:phytoplankton biomass ratio 0.04-2.55"
Root, stolon, total and average ramet biomass 0.01-3.19™
Leaf biomass 4.78" = 000 241 2.64™

Ramet number 2.43% 8.26* 1.07™

Data were shown as F' value with the significance results in superior letters

ns not significant
* P <0.05, ** P <0.01
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spinulosa per pot in no, weekly and monthly nitrogen (N) addition treatments

periphyton (although not quantified in the present
study) as seen in other studies (Ozkan et al., 2010;
Olsen et al., 2015) may also have contributed to the
decline of macrophyte biomass. Our study was run
without fish, and the effects would presumably have
been even stronger in the presence of fish due to
reduced zooplankton grazing on phytoplankton
(Jeppesen et al., 2011).

In our study, the highest spiking of N (monthly N
addition)-promoted phytoplankton growth (Chla),
especially of cyanobacteria, in high summer (August)
to a larger extent than did the gradual (weekly)
loading. However, by the end of the experiment,
phytoplankton biomass and Chla were similar irre-
spective of treatment, suggesting fast recovery after
the cease of N loading; an effect of seasonality cannot
be excluded, though, as the last sampling was in
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October. In a longer term experiment with N addition,
Olsen et al. (2015) found resilience of the submerged
macrophytes (V. spinulosa) in the short term, but a
complete loss of plants at high N additions in the long
term. Pulses related to extreme weather events are
typical of short-term duration and recovery may
therefore be possible after such events. However, if
the lakes are close to the threshold for a shift from a
clear to a turbid state (Scheffer et al., 1993), such
pulses may be the trigger of a general shift. We argue
that a future with more extreme climate events as
predicted by IPCC (Field et al., 2014), including
extreme rainfall and thus enhanced nutrient runoff,
potentially may have severe effects on the ecological
state of shallow lakes in summer. The risk would be
highest in shallow lakes with short retention time
(days to weeks) as the pulse effect on the N
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concentration will be only minor in lakes with long
retention time (years) unless the extreme events result
in a generally higher loading of nitrogen.

Our results also provide some suggestions for
freshwater management. Agricultural landscape buf-
fer structures in head-water catchments and wetland
buffer zones around shallow lakes are considered
effective to reduce the total amount of nutrient loading
to freshwaters (Wang et al., 2005), and since these
structures might also reduce the size of nutrient pulses
under the extreme rainfall scenarios, we argue that
more buffer zones should be constructed, not only to
reduce total nutrient loading but also to create a more
gradual nutrient loading pattern.
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