
Effects of nutrient loading, temperature regime and grazing
pressure on nutrient limitation of periphyton in
experimental ponds

CAROLINA TROCHINE* , † , MARCELO E. GUERRIERI* , LONE LIBORIUSSEN*, TORBEN L.

LAURIDSEN*‡ AND ERIK JEPPESEN* ,‡

*Department of Bioscience and Arctic Centre, Aarhus University, Silkeborg, Denmark
†Laboratorio de Limnolog�ıa, Instituto de Investigaciones en Biodiversidad y Medioambiente-Consejo Nacional de Investigaciones

Cient�ıficas y T�ecnicas, Universidad Nacional del Comahue, Bariloche, Argentina
‡Sino-Danish Education and Research Centre, Beijing, China

SUMMARY

1. We studied nutrient limitation of periphytic algae (henceforth periphyton) in 24 mesocosms simu-

lating shallow lakes with two nutrient levels, enriched (with added nitrogen, N, and phosphorus, P)

and unenriched (control), and three temperature scenarios, ambient, A2 from the Intergovernmental

Panel on Climate Change (IPCC) and A2 + 50%. Periphyton growth (measured as chlorophyll a) was

investigated four times in situ using nutrient-diffusing substrata. The effect of grazing was also

manipulated using exclusion cages.

2. We found that periphyton responded differently to nutrient addition bioassays (N and P) depend-

ing on the background nutrient concentration and warming scenario. Our results indicate that single-

nutrient limitation prevailed for periphyton in our experimental temperate shallow lakes. The

responses were season sensitive.

3. Periphyton in the unenriched mesocosms were P-limited in early summer in the ambient and A2

scenarios, N-limited in late summer in these two climate scenarios, not nutrient-limited in autumn

and P-limited in spring in all climate scenarios. Periphyton in the A2 + 50% scenario showed a posi-

tive response to N and P added together in early summer.

4. In contrast, periphyton in the enriched mesocosms showed no clear nutrient limitation, except for

short-term periods of P limitation in the warmer systems. Grazers did not affect the quantitative

response of periphyton to nutrient addition, and the concentrations of P and N as well as mean

monthly temperature were the main environmental factors driving P or N limitation.

5. We conclude that warming in low-productivity lakes affects the seasonality of N limitation and

changes the single-nutrient limitation of periphyton into NP co-limitation. This last observation

suggests that warming reduces the sensitivity of temperate shallow lakes to bottom-up perturbations.
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Introduction

The role of nitrogen (N) and phosphorus (P) in regulating

the structure and functioning of aquatic and terrestrial

ecosystems has long been the subject of biogeochemical

and ecological studies (Elser et al., 2007; Harpole et al.,

2011; Lewis, Wurtsbaugh & Paerl, 2011). In aquatic

environments, such investigations are motivated by the

long-standing recognition that increased nutrient loading

results in significant shifts in the ecological structure and

functioning of ecosystems (Smith, Tilman &Nekola, 1999).

Predicting and mitigating the effects of altered nutrient

loading require an understanding of where, and to what

extent, these key nutrients limit primary production.

Phosphorus is generally considered the most important

nutrient regulating community composition and growth
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of aquatic primary producers in lakes (Vollenweider,

1976; Schindler, 1977; Schindler et al., 2008). With increas-

ing P loading, succession occurs among aquatic primary

producers in shallow lakes, involving a shift in domi-

nance by submerged macrophytes and periphyton

towards complete dominance by phytoplankton (Sand-

Jensen & Borum, 1991). However, N may also be the

primary or co-limiting nutrient for phytoplankton (Elser

et al., 2007; Conley et al., 2009; Allgeier, Rosemond &

Layman, 2011; Harpole et al., 2011). Indeed, many

observations suggest that in most lakes, N and P occur in

relatively balanced proportions relative to the demands of

phytoplankton (Sterner, 2008; Moss et al., 2012). In turn,

this implies that relatively subtle changes in the supplies

of N and P might shift phytoplankton between N- and

P-limited growth. Consequently, the growth of lake

periphyton, which is an important contributor to lake

productivity in the littoral zone (Vadeboncoeur, Lodge &

Carpenter, 2001), is also often limited by the availability

of N and P (Borchardt, 1996; Hillebrand & Kahlert, 2001;

Maberly et al., 2002). However, phytoplankton and

periphyton differ in their uptake of nutrients. Phytoplank-

ton is suspended in the water column and can more easily

access available nutrients than periphyton, which is con-

strained by the shape and boundary layer effects of the

biofilm (Riber & Wetzel, 1987). Furthermore, periphyton

and phytoplankton from the same lake may differ in the

extent to which they are influenced by light and grazing

(Hill, Boston & Steinman, 1992; Steinman, 1996; Elser &

Urabe, 1999; Hillebrand & Kahlert, 2001; Hillebrand,

2005). It is now well established that nutrient (N, P) limita-

tion of primary producers leads to elevated carbon

(C) / nutrient ratios in primary producer biomass. This

may result in decreased energetic (or C) growth efficiency

of herbivores due to limitation of their growth by low N

or P in the diet (Sterner & Elser, 2002), unless grazers take

up these nutrients from the sediment or other nutrient

hotspots in the water (Schatz & McCauley, 2007; Cazza-

nelli et al., 2012). Moreover, herbivores regulate the

responses of benthic algae to nutrients by suppressing

algal accumulation but increasing productivity through

nutrient recycling (Rober, Wyatt & Stevenson, 2011).

Another factor that might affect the in situ nutrient

status of lake primary producers is temperature, cur-

rently increasing due to climate warming. Climate

warming is expected to affect nutrient cycles in various

ways (Jeppesen et al., 2009, 2011; Veraart, de Klein &

Scheffer, 2011). In particular, higher temperatures

increase the release of P and N from bottom sediments

(Jensen & Andersen, 1992; Feuchtmayr et al., 2009),

increase denitrification (Veraart et al., 2011) and stimu-

late the production of dissolved organic carbon (Evans,

Monteith & Cooper, 2005). Phosphorus availability may

directly contribute to increased primary productivity

(Elser et al., 2007), while enhanced denitrification and

prolongation of NO3-N-depleted conditions might result

in increasing occurrence of N-fixing cyanobacteria

(Hyenstrand, Blomqvist & Pettersson, 1998; Ferber et al.,

2004; Weyhenmeyer et al., 2007; Rober et al., 2011). Burg-

mer & Hillebrand (2011) observed that elevated temper-

ature resulted in lower phytoplankton variability in a

long-term microcosm experiment. In a mesocosm experi-

ment, Kratina et al. (2012) also showed that warming

made phytoplankton communities more susceptible to

the cascading effects of predators but reduced their

sensitivity to nutrient enrichment (e.g. less mean and

temporal variation in primary producer biomass).

Finally, Jeppesen et al. (2009, 2011) and Kosten et al.

(2012) evidenced a positive relationship between warm-

ing and the percentage contribution of cyanobacteria to

the total phytoplankton biomass of shallow lakes and

synergistic effects with nutrient enrichment.

Since changes in periphyton growth can have strong

effects on higher trophic levels, as well as on nutrient

fluxes and system metabolism, investigation of the

response of periphyton to altered nutrient supply ratios

or availability is critical for our understanding of aquatic

ecosystems in a future warmer world. In this study, we

elucidated how the combined effects of increased nutri-

ent loading and climate warming modulate nutrient

limitation of periphyton in shallow lakes. For this pur-

pose, experiments were performed using nutrient diffu-

sion substrata (NDS, diffusion substrata releasing N, P

and combined N and P) in a unique advanced flow-

through mesocosm system consisting of 24 experimental

ponds with two contrasting nutrient levels and three

temperature scenarios. We hypothesised that (i) warming

will shift the timing of nutrient limitation for periphyton

growth as the growth season would start earlier in the

heated mesocosms, (ii) warming will make periphyton

less sensitive to nutrient enrichment (lowering its mean

and temporal variation) and also makes periphyton less

susceptible to the effects of grazers related to, for

instance, cyanobacteria blooms, (iii) nutrient enrichment

will stimulate periphyton accumulation, but grazers

should regulate the response of algae to nutrients by

suppressing their accumulation and increasing produc-

tivity via nutrient recycling. Thus, grazers may alter

periphyton nutrient limitation patterns. To our knowl-

edge, this is the first field-scale study of changes in

seasonal variations in N and P limitation of periphyton

run under contrasting climate scenarios.
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Methods

The experimental set-up (Fig. 1) consisted of outdoor

mesocosms (cylindrical stainless steel tanks 1.9 m in

diameter and 1.5 m in total depth, filled with 2.8 m3 of

water) established in August 2003 in a lowland valley in

Central Jutland, Denmark (56°14′N, 9°31′E). The meso-

cosms were equipped with a flow-through system where

a timer-controlled magnetic valve (Danfoss Group, EV

220B) automatically adds ground water to the meso-

cosms every sixth hour, while an overflow pipe (diame-

ter = 2.6 cm) drains off excess surface water. This flow

system ensures a constant water level of 1.0 m. The sys-

tem was maintained at two nutrient levels: unenriched

and enriched ground water (weekly loading rates equiv-

alent to a concentration increase in the mesocosms of

19 lg L�1 of P, 768 lg L�1 of N, and N / P (atomic) of

88 crossed with three temperature treatments: ambient

(¨reference¨) and heated according to the IPCC (Hough-

ton et al., 2001) scenarios, A2 (predicted temperature in

the period 2071–2100 downscaled to local 25 9 25 km

grid cells) and A2 + 50%. Each treatment combination

had four replicates, resulting in a total of 24 mesocosms.

The water retention time of the mesocosms averaged

2.5 months. Electrical elements heated the water, and

paddles provided continuous stirring. The highest tem-

perature difference between the ambient and heated

mesocosms occurred from August to January (max. 4.4

and 6.6 °C in September for A2 and A2 + 50%, respec-

tively) compared to the rest of the year (minimal 2.5 and

3.7 °C in June, respectively). The sediment and mixture

of active plankton communities inoculated in the meso-

cosms came from nearby lakes and ponds. The meso-

cosms also contained three-spined sticklebacks

(Gasterosteus acuelatus) close to natural densities in Dan-

ish lakes according to the nutrient treatment: one male

in each unenriched mesocosm, while 12 fish (males and

females) were stocked in each enriched mesocosm, thus

allowing reproduction. This strategy was chosen as the

mesocosms were too small to have piscivores, which

usually exert strong control of plankti-benthivorous fish

at low nutrient level, but not at high nutrient level in

shallow temperate lakes (Jeppesen et al., 2000). For fur-

ther details, see Liboriussen et al. (2005).

Nutrient enrichment bioassays

We used NDS to determine the effect of added inorganic

N and P on the development of periphyton biofilm in

the 24 mesocosms mimicking natural ponds with con-

trasting nutrient states and different temperatures.

We made the NDS by amending 2% agar with

NH4NO3 (N treatment) and NaH2PO4 (P treatment;

modified from Gibeau & Miller, 1989). We used four

treatments of NDS: control (agar only), N addition

(0.05 M NH4NO3), P addition (0.025 M NaH2PO4) and N

+ P combined (0.05 M NH4NO3 + 0.025 M NaH2PO4). We

poured the amended agar solutions into 30-mL polysty-

rene vials. After the agar mixture had solidified, we

placed GF/F glass fibre filters (0.7 lm retention; What-

man, Kent, U.K.) on the top of the containers to cover

the agar completely. We held the filter (the growth sur-

face) in place with a tight fitting snap-on cap, exposing

a 2-cm-diameter circle on the top of the substratum for

periphyton colonisation.

We selected the concentrations of N and P and the

N / P nutrient ratios used in the NDS experiments

based on published data and a pilot experiment. We

chose 0.025 and 0.05 M (for P and N, respectively) to

ensure concentrations that would not affect the nutrient

dynamics of the 24 mesocosms (taking into account total

water volume, retention time and N and P concentra-

tions in the mesocosms). We assumed that these nutrient

levels would saturate algal growth rates because they
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Fig. 1 Experimental design showing the nutrient diffusion sub-

strata (NDS) in place: (a) mesocosm set-up with two nutrient load-

ings, unenriched (no symbol) and enriched (+ symbol), and three

temperatures, ambient (white circles), A2 (grey circles) and

A2 + 50% (black circles); (b) mesocosms; (c) NDS placed inside the

cages.
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exceeded concentrations reported to be limiting for ben-

thic algae in studies reviewed by Borchardt (1996).

Besides, Capps et al. (2011) found that the N / P ratios

(e.g. 1 : 1 or 16 : 1) in the combined treatments do not

affect limitation patterns on plastic-cup NDS in environ-

ments with low ambient nutrient levels. Finally, our

pilot experiment results indicated that release rates of

NDS using the selected concentrations of P and N

decreased log-linearly over 21 days (the time period for

the NDS experiments). After 21 days, we calculated a

mean release rate of around 8% of the initial rate for N

(both NH4-N and NO3-N) at 0.05 M (20 lg h�1) and 11%

of P at 0.025 M (8.4 lg h�1). These release rates are high

compared with the nutrient concentrations in our study

mesocosms and therefore represented a nutrient source

for periphyton growth.

We added NDS to the 24 mesocosms on four occasions:

July–August 2008 (late summer), October–November

2008 (autumn), April 2009 (spring, directly after ice

break) and June 2009 (early summer). Experimental NDS

sets consisted of a plastic circular rack, each containing

12 randomly distributed NDS (three replicates of each

treatment) of which two were placed in each mesocosm,

one inside a cage (cylindrical containers with a diameter

of 30 and 35 cm long) made of 0.5-mm mesh (without

grazers, WOG) and the other in a cage made of 5-mm

mesh with grazers (WG; Fig. 1). In the WG treatment, we

also cut larger holes in the base of the cages to allow

colonisation by meso- and macrograzers (see Ventura

et al., 2008 for detailed information on species composi-

tion). All the cages were open at the top to ensure natural

light availability and were placed 5 cm above the water

surface to avoid grazer entrance from the top. We

secured the racks containing the NDS inside the cages

with nylon strings. The filters for periphyton colonisation

hung 15 cm below the water surface. We collected the

filters from each substratum after 21 days for chlorophyll

a (Chl-a) analyses.

Physical, chemical and biological parameters

We recorded water temperature continuously via tem-

perature sensors (sensor type: Pt 100; maximum error

�0.15 °C at 0 °C, temperature transmitter type: TT-5333;

PR electronics products, Rønde, Denmark) placed cen-

trally in each mesocosm. We measured pH (light-duty

submersion type connected to a Manta pH measurement

system; OxyGuard, International, Birkerød, Denmark) in

12 of the mesocosms at the same time and rotated

among the mesocosms every fourth week. Calibration of

the probes occurred weekly, and we recorded water

temperature and pH every 30 min. In addition, we cal-

culated the light attenuation coefficient (Kd PAR) in the

mesocosms at 15 cm using a PAR irradiance sensor

(2100 Series; Biospherical Instruments, San Diego, CA,

USA) as Kd (m�1) = [log (irradiance at 0 cm) � log

(irradiance at 15 cm)]/0.15.

We measured concentrations of phosphate (PO4-P)

(Murphy & Riley, 1962), total phosphorus (TP), nitrate

(NO3-N) (Grasshoff, Ehrhardt & Kremling, 1983), ammo-

nium (NH4-N), total N (TN) (Sol�orzano & Sharp, 1980)

and total iron (Rebsdorf, Søndergaard & Thyssen, 1989).

We determined phytoplankton Chl-a and nutrient con-

centrations monthly from a pooled integrated water

sample collected with a core sampler in open water at

three random sites. We measured Chl-a using ethanol

extraction of filter residues [Whatman glass microfibre

filters (GF/C, 47 mm)] according to Jespersen & Christ-

offersen (1987). For the NDS experiments, we also mea-

sured periphyton Chl-a concentrations (lg cm�2)

(Jespersen & Christoffersen, 1987) and corrected for

phaeophytin (Standard Methods, 1998).

We estimated coverage of macrophytes and filamen-

tous green algae once every month in the upper (0–

0.5 m depth) and lower (0.5–1.0 m depth) parts of each

mesocosm from August 2008 to June 2009. We assigned

macrophytes and filamentous green algae coverage to

the following categories: 0, >0–5%, >5–25%, >25–50%,

>50–75% and >75–100%. In addition, we measured

upper and lower heights/lengths of the macrophytes

and filamentous green algae, and we calculated total

plant volume inhabited (PVI, sensu Canfield et al., 1984)

for each mesocosm as %PVI = % coverage 9 plant

height/water depth.

Data analyses

We performed repeated-measures (RM) ANOVAs with

autoregressive variance structure to analyse for differ-

ences in each biological, chemical and physical parame-

ter across seasons. Also, we calculated averages of all

measured values in replicate NDS treatments (n = 3) for

each mesocosm on each sampling occasion. Then, we

evaluated the results from each experiment using log-

transformed ratio effect-size criteria. This was carried

out by quantifying the response by the periphyton of

each mesocosm to N, P or combined N and P enrich-

ment by normalising the final periphyton Chl-a concen-

tration in a given nutrient enrichment treatment to the

final periphyton Chl-a concentration in the control (C)/

relative response (RR-X) = log (ChlX/ChlC), where X is

N, P or NP (combined N and P enrichment). The

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 59, 905–917
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response was then evaluated for the effects of nutrient

status (unenriched, enriched), temperature (ambient, A2,

A2 + 50%) and season (late summer, autumn, spring,

early summer; WOG, WG) as a nested factor (RM ANO-

VAs with autoregressive covariance structure and plot-

ted also for each treatment combination).

Finally, we generated general linear models (GLMs)

with the various indices of nutrient limitation from the

bioassays (log RR-ChlX) as response variables and nutri-

ent availability measurements (TN, TP and total iron),

biological measurements (phytoplankton Chl-a, filamen-

tous green algae %PVI and macrophyte %PVI) and physi-

cal measurements (temperature, pH and Kd) as

quantitative covariates, and we also included the factor

season in the models. We ran the models with autoregres-

sive covariance structure and reduced the initial model in

a stepwise manner, using the log-likelihood test to com-

pare the models. We log-transformed or square-root

arcsine-transformed the data, when needed, to fulfil the

requirements of homoscedasticity and normal distribu-

tion of residuals.

Results

Physical, chemical and biological parameters

The temperature in the mesocosms differed significantly

under the three climate scenarios (Fig. 2a, Table 1). The

enriched mesocosms had higher concentrations of TN,

NH4-N, NO3-N, TP and PO4-P than the unenriched

mesocosms (Fig. 3a,c,d,e, Table 1). NO3-N concentrations

were lower in the A2 + 50% scenario compared to the

ambient scenario (Table 1). Also, phytoplankton Chl-a
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Fig. 2 (a) Temperature and (b) pH data (mean � 1 SE) for the six

mesocosm treatment combinations. AmU, ambient unenriched; A2U,

A2 unenriched; A2 + 50%U, A2 + 50% unenriched; AmE, ambient

enriched; A2E, A2 enriched; A2 + 50%E, A2 + 50% enriched.

Table 1 Results of repeated-measures ANOVAs of physical, chemical and biological parameters using the effects of nutrients (two levels,

unenriched and enriched) and temperature (three levels, ambient, A2 and A2 + 50%)

Treatments

Nutrient Temperature

Nutrient 9

temperature Tukey′s test P < 0.05

F-values

Temperature 0.116 N.S 22.951*** 0.002 N.S Ambient < A2 < A2 + 50%

pH 0.251 N.S 0.037 N.S 0.261 N.S

Kd 0.098 N.S 0.644 N.S 0.250 N.S

TN 234.581*** 0.089 N.S 1.995 N.S Unenriched < enriched

NH4-N 25.705*** 0.721 N.S 0.344 N.S Unenriched < enriched

NO3-N 34.525*** 3.209* 2.118 N.S Unenriched < enriched

Ambient > A2 + 50%

TP 24.051*** 0.521 N.S 0.121 N.S Unenriched < enriched

PO4-N 37.455*** 0.341 N.S 1.226 N.S Unenriched < enriched

Dissolved inorganic nitrogen/TP 0.122 N.S 1.578 N.S 1.080 N.S

Total iron 0.093 N.S 0.125 N.S 0.140 N.S

Chl-a 26.268*** 0.333 N.S 0.880 N.S Unenriched < enriched

Macrophytes %PVI 20.951*** 3.181 N.S 2.155 N.S Unenriched > enriched

Filamentous green algae %PVI 1.159 N.S 1.921 N.S 0.214 N.S

N.S., Not significant; PVI, plant volume inhabited; TN, total nitrogen; TP, total phosphorus.

Significance levels: *P < 0.05, **P < 0.01, ***P < 0.0001.
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concentrations were significantly higher in the enriched

than in the unenriched mesocosms (Fig. 3g, Table 1). In

the unenriched mesocosms, phytoplankton chlorophyll

concentrations were relatively low (Am: 1.1–13.8 lg L�1;

A2: 1.2–47.4 lg L�1 and A2 + 50%: 2–39 lg L�1). On

average, phytoplankton Chl-a concentrations were 21

times higher in the enriched mesocosms (Am:

4.8–738 lg L�1; A2: 15.5–412 lg L�1 and A2 + 50%:

2.8–1004 lg L�1; Fig. 3g). Finally, macrophyte %PVI was

significantly higher in the unenriched mesocosms (Fig. 3i,

Table 1). The treatments did not differ in pH (Fig. 2b; e.g.

mean: 8.7 and 8.8 for the unenriched and enriched

mesocosms, respectively), Kd (data not shown), dissolved

inorganic nitrogen (DIN) (NO3-N + NH4-N)/TP mass

ratio, total iron or filamentous green algae %PVI (Fig. 3f,

h,j, Table 1).

Analyses of the quantitative response of periphyton growth

The quantitative nature of periphyton nutrient limitation

was examined by considering the log-transformed RR-X

values for all treatments as a function of time (nested

ANOVAs factors: season, nutrient status, temperature

WG as a nested factor; Figs 4 & 5, Table 2). None of the
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Fig. 3 Nutrient concentrations and bio-

logical parameters for the six mesocosm

treatment combinations: (a) total nitro-

gen, TN; (b) ammonium, NH4-N; (c)

nitrate, NO3-N; (d) total phosphorus, TP;

(e) phosphate, PO4-P; (f) dissolved

inorganic nitrogen (DIN)/TP mass ratio;

(g) phytoplankton chlorophyll a; (h) total

iron; (i) macrophytes; (j) filamentous

green algae. Data show mean � 1 SE.

For abbreviations, see Fig. 2.
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relative responses showed an effect of grazers (Table 2).

The average log periphyton Chl-a relative response to N

(log RR-N) differed between warmed and ambient mes-

ocosms (being negative in the latter) in early summer.

Moreover, the periphyton response to N addition was

significantly higher in late summer in the unenriched

ambient and A2 mesocosms compared to the A2 + 50%

mesocosms (Table 2 and Tukey’s test P < 0.05). The log

relative response to P addition (RR-P) was significantly

higher in the unenriched compared to the enriched

mesocosms in spring and early summer (Table 2 and

Tukey’s test P < 0.05). Following the trends for single-

nutrient additions, log RR-NP was higher in the

unenriched mesocosms in spring and in early and late

summer (Table 2 and Tukey’s test P < 0.05). Moreover,

log RR-NP was significantly higher in early summer in

the A2 + 50% compared to the ambient mesocosms, and

the opposite occurred in late summer (Table 2 and

Tukey’s test P < 0.05). To further examine the relative

importance of N versus P limitation in the study

mesocosms, for each experiment, an N versus P

index was calculated using the log of the ratio RR-N to

RR-P. This ratio is equivalent to the ratio of the final

periphyton chlorophyll concentrations in the +N and +P

treatments, respectively (i.e. if the average ratio of the

response to N is equal to the response to P, the log of

that ratio is 0). This log N to P index (RR-N/RR-P) was

significantly positive in late summer in the unenriched

mesocosms (indicating N limitation), while stronger P

limitation was observed in the unenriched mesocosms in

spring for all climate scenarios and in the ambient and

A2 scenarios in early summer (Table 2 and Tukey’s test

P < 0.05).

Relationships of relative responses to physical, chemical

and biological parameters

We also considered the GLMs among various indices of

nutrient limitation from the bioassays and nutrient avail-

ability measurements and biological and physical

parameters. None of the models of nutrient limitation

indicators included total iron concentrations, filamentous

green algae %PVI or Kd in the mesocosms (Table 3). The

final regression model obtained for RR-P included TN,

TP, macrophyte %PVI and pH interacting with time

(season) as significant covariates (Table 3). TN and RR-P
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Late summer (July–August 2008)
Autumn (October–November 2008)
Spring (April 2009)
Early summer (June 2009)

Fig. 4 Periphyton responses to N and/or

P addition for mesocosms with two

nutrient loadings (unenriched, enriched)

and three temperatures (ambient, A2,

A2 + 50%) given as the ratio of final

chlorophyll concentration in the +P, +N
or +N+ P relative to the chlorophyll con-

centration in the control in the without-

grazer treatment (WOG). The response

ratio, log RR, has no units. Relative

response to P addition alone (P); relative

response to N addition alone (N); rela-

tive response to combined N and P addi-

tion (NP); relative response to N versus

P (N/P, equivalent to final ChlN/final

ChlP). Data show mean � 1 SE.
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showed a positive relationship, while RR-P was nega-

tively related with macrophyte %PVI in spring and with

TP and pH in early summer (Table 3). Mean monthly

temperatures showed a positive relationship with RR-P

in early summer. The final GLM for RR-N included time

as a factor and the covariates TN and temperature

interacting with season (Table 3). As is to be expected if

nutrient limitation patterns were determined by changes

in N availability, RR-N was negatively related with TN

in late summer (Table 3). Also, RR-N and temperature

were positively related in early summer and negatively

related in late summer (Table 3). RR-NP was negatively

related with TN in early and late summer, but was posi-

tively related with temperature in all seasons (Table 3).

Following these trends, the index of N versus P limita-

tion (RR-N/RR-P) and TN were positively related in

Table 2 Results of repeated-measures ANOVA tests on various indices of nutrient limitation (log RR-X) using the effects of nutrients (two

levels, unenriched and enriched), temperature (three levels, ambient, A2 and A2 + 50%) and season (four levels: late summer, autumn,

spring and early summer) with grazers (without grazers, WOG versus with grazers, WG) as a nested factor

Treatments/RR-X d.f.

F-values

RR-P

F-values

RR-N

F-values

RR-NP

F-values

RR-N/RR-P

Season 3 16.313*** 11.604*** 19.773*** 32.471***

Nutrient 1 2.119 N.S. 1.461 N.S. 22.376*** 2.131 N.S.

Temperature 2 0.723 N.S. 2.455 N.S. 0.672 N.S. 0.153 N.S.

Season 9 nutrient 3 5.537** 5.771** 6.119** 16.765***

Season 9 temperature 6 0.511 N.S. 5.362*** 2.841* 1.135 N.S.

Nutrient 9 temperature 2 0.352 N.S. 1.034 N.S. 0.295 N.S. 1.551 N.S.

Season 9 Nutrient 9 Temperature 6 0.329 N.S. 3.010** 1.209 N.S. 2.485*

Season 9 Nutrient 9 Temperature (Grazers) 24 0.526 N.S. 1.041 N.S. 0.953 N.S. 0.997 N.S.

N.S., Not significant; RR-N, relative response to N; RR-P, relative response to P addition; RR-X, relative response.

Significance levels:*P < 0.05, **P < 0.01, ***P < 0.0001.
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Late summer (July–August 2008)
Autumn (October–November 2008)
Spring (April 2009)
Early summer (June 2009)

Fig. 5 Periphyton responses to N and/or

P addition for mesocosms with two

nutrient loadings (unenriched, enriched)

and three temperatures (ambient, A2,

A2 + 50%) given as the ratio of final

chlorophyll concentration in the +P, +N
or +N+ P to the chlorophyll concentra-

tion in the control in the with-grazer

treatment (WG). For further details, see

Fig. 4. Data show mean � 1 SE.
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early summer and negatively related in late summer

(Table 3), while during all seasons, RR-N/RR-P was pos-

itively related with temperature (Table 3).

Discussion

Our experiments clearly showed that periphyton

responded differently to nutrient (N and P) addition

depending on the nutrient status of the system and its

warming scenario. Furthermore, these responses were

time- (season-) sensitive. Not unexpectedly, increased

nutrient loading seemed to shift the mesocosms into a

regime where N and P supplies no longer limited the

periphyton.

A meta-analysis of N and P limitation of primary pro-

ducers in freshwater ecosystems by Elser et al. (2007)

indicated that enrichment by either N or P can increase

autotroph production, but that a simultaneous increase

in both nutrients often leads to much higher levels of

production in nearly all situations, including benthic

habitats. Harpole et al. (2011) provided further evidence

for N as well as P limitation by showing that primary

producers in freshwater systems are equally likely to be

N- or P-limited and are most probably co-limited by

both. Thus, the relative lack of a synergistic response to

combined N and P enrichment in our study is somewhat

surprising. We only observed a strict co-limitation

(enhanced growth of periphyton only when N and P

were added together, sensu Harpole et al., 2011) in the

warmest unenriched treatment in early summer.

N limitation of primary producers is more likely to

occur if environmental factors limit nitrogen fixation

(Howarth et al., 1988; Vitousek & Howarth, 1991). In our

investigation, N limitation occurred in the unenriched

mesocosms under all temperature treatments, possibly

due to the inability of N-fixing cyanobacteria to thrive in

these systems where P concentrations were low. Indeed,

Marcarelli & Wurtsbaugh (2006) found that the presence

Table 3 Results of general linear models on the

effects of TP, TN, total iron, phytoplankton Chl-a,

macrophyte %PVI, filamentous green algae %PVI,

pH, Kd and mean monthly temperature on log

RR-ChlX. The fixed factor season (time) was also

included in the models

d.f. F-values

Partial

coefficient P-value

RR-P R2 = 0.930

Season 4 7.636 – <0.0001
TN 1 9.256 0.171 0.004

TP 9 Season 4 14.450 – <0.0001
Macrophyte %PVI 9 Season 4 3.935 – 0.006

pH 9 Season 4 8.117 – <0.0001
TP : early summer – – �0.467 <0.0001
Macrophyte %PVI : spring – – 0.647 <0.0001
pH : early summer – – 0.319 <0.0001

RR-N R2 = 0.818

Season 4 6.238 – <0.0001
TN 9 Season 4 2.375 – 0.061

Mean monthly temperature 9 Season 4 5.745 – <0.0001
TN : late summer – – �0.248 <0.003
Mean monthly temperature : early summer – – 2.575 <0.005
Mean monthly temperature : late summer – – �2.747 <0.0001

RR-NP R2 = 0.842

Mean monthly temperature 4 138.317 0.453 <0.0001
TN 9 Season 4 7.014 – <0.0001
TN : early summer – – �0.326 <0.0001
TN : late summer – – �0.369 <0.0001

RR-N/P R2 = 0.804

TN 9 Season 4 7.168 – <0.0001
Mean monthly temperature 9 Season 4 70.068 – <0.0001
TN : late summer – – �0.371 <0.0001
TN : early summer – – 0.137 0.027

Mean monthly temperature : early summer – – 0.174 <0.0001
Mean monthly temperature : late summer – – 0.405 <0.0001
Mean monthly temperature : autumn – – 0.251 <0.0001
Mean monthly temperature : spring – – 0.175 <0.0001

PVI, plant volume inhabited; RR-N, relative response to N; RR-P, relative response

to P addition; TN, total nitrogen; TP, total phosphorus.
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of N fixers in oligotrophic streams was primarily limited

by the supply of P and simultaneously controlled by

water temperature. Furthermore, Jensen et al. (1994)

analysed monitoring data from 94 systems, mainly

shallow Danish lakes, and showed that dominance of N-

fixing phytoplankton cyanobacteria was more driven by

their high P affinity than by low concentrations of inor-

ganic N. Another survey performed by Diaz et al. (2007)

in Patagonian lakes with extremely low N / P ratios

detected low abundance of phytoplankton with only

occasional presence of N-fixing cyanobacteria and very

low Chl-a/TP ratios, indicating absence of full compen-

sation by N fixation.

Moreover, as hypothesised, we observed seasonal pat-

terns in nutrient limitation with N limitation occurring

earlier in the warmest climate scenario. We observed N

limitation (actually N and P co-limitation) in the warm-

est scenario (A2 + 50%) in early summer in the unen-

riched mesocosms, while in late summer, N limitation

occurred in ambient and A2 scenarios. We also found

evidence of this trend in the positive relationship

between RR-N and mean monthly temperature during

early summer and an inverse relationship in late sum-

mer. A recent study by Veraart et al. (2011) demon-

strated that a three-degree temperature rise may double

denitrification rates due to a systematic decrease in oxy-

gen concentrations with rising temperatures. Actually,

we found that NO3-N was lower in the A2 + 50% com-

pared to the ambient scenario. Others (Kosten et al.,

2009; €Ozkan et al., 2010), however, have observed accu-

mulation of inorganic N in shallow lakes from warmer

climates, indicating that the fate of N may differ among

systems under the same climate warming scenario.

Our study showed P limitation for periphyton growth

in spring (April) and early summer (June) in the unen-

riched mesocosms. The availability, in the water, of N

(TN) appeared to be an important environmental factor

controlling the extent of P limitation at any given time.

The positive relationship in spring between the periphy-

ton RR-P, macrophyte %PVI and pH, respectively,

points to competition for P between the two primary

producers, which makes sense as it is the period with

strongest macrophyte biomass development (T.L. Lau-

ridsen, unpublished data) and production (E. Jeppesen,

unpublished data) in the mesocosms. The periphyton

response to nutrient addition did not notably diminish

under the warmer climate scenarios compared to the

ambient scenario, which contradicts our hypotheses and

differs as well from the findings of Kratina et al. (2012)

on warming effects on eutrophication in experimental

phytoplankton communities. Also, in agreement with

previous work (e.g. Harpole et al., 2011), we observed

negative responses to addition of N and P. Unbalanced

nutrient additions could have led to internal elemental

imbalance [Liebscher′s law of the optimum (Browne,

1942)], precipitating a negative effect such as growth

inhibition. Our results showed statistically significant

negative responses only in early summer for N addition

in the ambient unenriched mesocosms (AmU); at this

time, periphyton exhibited P limitation, and P and N+P

supplies led to enhanced growth.

Periodically, the periphyton showed weak (not statisti-

cally significant) P limitation in the enriched mesocosms

and no N limitation. This relative absence of nutrient

limitation may be linked with increased fish-derived

nutrient supply (Vanni, 2002; Vanni, Boros & McIntyre,

2013), as fish were abundant in this treatment, mimick-

ing a condition found in shallow eutrophic lakes (Jeppe-

sen et al., 2000). It should be mentioned that in our

study, the weekly nutrient loading may have also

reduced nutrient limitation. In real temperate shallow

lakes, external nutrient loading varies over the season,

being lowest during summer. The TP concentration in

summer is mainly driven by internal P loading

(Bostr€om, Jansson & Forsberg, 1982; Søndergaard et al.,

2002). By contrast, our results suggest that N limitation

of periphyton may be of greater importance in summer

in eutrophic lakes with low external N loading and per-

haps stronger at higher temperatures due to enhanced

denitrification. In support of this, in a study of northern

shallow lakes, Weyhenmeyer et al. (2007) observed

decreasing NO3-N concentrations and ascribed these to

a reduction in external N loading, including atmospheric

deposition, and changes in climate (e.g. warmer temper-

atures, changes in the amount of water loading per unit

of lake surface area). Thus, we conclude that our results

are most representative for lakes with short retention

times, and we speculate that P limitation in shallow

eutrophic systems may occur in spring to early summer,

while N limitation may happen in summer due to NO3-

depleted conditions (NO3-N concentrations below

10 lg L�1), particularly in a future warmer climate as

suggested by Weyhenmeyer et al. (2007).

Periphyton productivity and nutrient limitation may

be influenced by factors other than nutrients such as

light and grazing (Steinman, 1996; Sterner et al., 1997;

Hillebrand & Kahlert, 2001; Hillebrand, 2005), and we

therefore included both factors in our analyses. Light is

the ultimate energy source for primary production

and algal growth (Harris, 1980) and can modulate nutri-

ent limitation (Sterner et al., 1997), while grazing by var-

ious herbivorous species may dramatically reduce
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periphyton biomass (Lamberti, Feminella & Resh, 1987;

Jones & Sayer, 2003; Hillebrand, 2005) or alter the nutri-

ent content or biomass-specific productivity of grazed

compared to ungrazed periphyton (McCormick & Ste-

venson, 1991; Rosemond, Mulholland & Elwood, 1993).

Interestingly and in opposition to our prediction, grazer

presence did not affect the quantitative nutrient

limitation results, which were consistent between grazer

and grazer-free treatments. Also, in our study, none of

the indices of nutrient limitation (RR-ChlX) related to

light measurements (Kd). In addition, light showed no

relationship with periphyton Chl-a during the experi-

ments (data not shown). The absence of light effects,

combined with the low ambient nutrient concentrations

in the unenriched mesocosms, may explain the

observed strong responses of periphyton to nutrient

addition.

In recent years, the concept of resource limitation has

shifted from an earlier paradigm of single-resource limi-

tation towards concepts of co-limitation by multiple

resources. However, synergistic interactions of N and P

as limiting resources were uncommon for periphyton in

our experimental temperate shallow lakes, indicating

that co-limitation is not a constraint for these primary

producers. Nonetheless, important changes in N and P

loading to lakes can be expected with global warming,

with consequent impacts on the ecological state and

water quality of surface waters (Jeppesen et al., 2009,

2011). Our results indicate that warming shifted the sea-

sonality of N limitation and turned the single-nutrient

limitation of periphyton into NP co-limitation in unpro-

ductive lakes. This last observation indicates that warm-

ing reduces the sensitivity of temperate shallow lakes to

bottom-up perturbations.

Acknowledgments

The authors thank A.M. Poulsen for editing the manu-

script and N. Baccala for statistical advice. We are grate-

ful to M. Elser and J. Elser for their comments on and

suggestions to an earlier version of this manuscript. We

also thank the two anonymous referees and the editor

for their valuable comments. C. T. is a researcher for the

Argentinean Research Council ‘CONICET’ and had a

postdoctoral grant from Unesco-L′Oreal. This project

was supported by the EU FP-7 project ‘REFRESH’

(Adaptive Strategies to Mitigate the Impacts of Climate

Change on European Freshwater Ecosystems, Contract

No.: 244121), ‘CLEAR’ (a Villum Kann Rasmussen

Centre of Excellence project), ‘CRES’ and ‘CIRCE’.

References

Allgeier J.E., Rosemond A.D. & Layman C.A. (2011) The

frequency and magnitude of non-additive responses to

multiple nutrient enrichment. Journal of Applied Ecology,

48, 96–101.

American Public Health Association (1998) Standard Methods

for the Examination of Water and Wastewater, 20th edn.

American Public Health Association, Washington, DC.

Borchardt M.A. (1996) Nutrients. In: Algal Ecology – Fresh-

water Benthic Ecosystems (Eds R.J. Stevenson , M.L. Both-

well & R.L. Lowe ), pp. 183–227. Academic Press,

London.

Bostr€om B., Jansson M. & Forsberg C. (1982) Phosphorus

release from lake sediments. Archiv f€ur Hydrobiologie, 18,

5–59.

Browne C.A. (1942) Liebig and the Law if the Minimum. In:

Liebig and After Liebig: A century of Progress in Agricultural

Chemistry (Ed. F.R. Moulton ), pp. 71–82. American Asso-

ciation for the Advancement of Science, The Science Press

Printing Co., Lancaster, Washington, DC.

Burgmer T. & Hillebrand H. (2011) Temperature mean and

variance alter phytoplankton biomass and biodiversity

in a long-term microcosm experiment. Oikos, 120, 922–

933.

Canfield D.E., Shireman J.V., Colle D.E., Haller W.T.,

Watkins C.E. & Maceina M.J. (1984) Prediction of chloro-

phyll a concentrations in Florida lakes - Importance of

aquatic macrophytes. Canadian Journal of Fisheries and

Aquatic Sciences, 41, 497–501.

Capps K.A., Booth M.T., Collins S.M., Davison M.A.,

Moslemi J.M., El-Sabaawi R.W. et al. (2011) Nutrient dif-

fusing substrata: a field comparison of commonly used

methods to assess nutrient limitation. Journal of the North

American Benthological Society, 30, 522–532.

Cazzanelli M., Forsstr€om L., Rautio M., Michelsen A. &

Christoffersen K.S. (2012) Benthic resources are the key to

Daphnia middendorffiana survival in a high arctic pond.

Freshwater Biology, 57, 541–551.

Conley D.J., Paerl H.W., Howarth R.W., Boesch D.F., Seitz-

inger S.P., Havens K.E. et al. (2009) Ecology - Controlling

eutrophication: nitrogen and phosphorus. Science, 323,

1014–1015.

Diaz M., Pedrozo F., Reynolds C. & Temporetti P. (2007)

Chemical composition and the nitrogen-regulated trophic

state of Patagonian lakes. Limnologica, 37, 17–27.

Elser J.J., Bracken M.E.S., Cleland E.E., Gruner D.S.,

Harpole W.S., Hillebrand H. et al. (2007) Global analysis

of nitrogen and phosphorus limitation of primary

producers in freshwater, marine and terrestrial ecosys-

tems. Ecology Letters, 10, 1135–1142.

Elser J.J. & Urabe J. (1999) The stoichiometry of consumer-

driven nutrient recycling: theory, observations, and con-

sequences. Ecology, 80, 735–751.

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 59, 905–917

Nutrient limitation of periphyton in lakes 915



Evans C.D., Monteith D.T. & Cooper D.M. (2005) Long-term

increases in surface water dissolved organic carbon:

observations, possible causes and environmental impacts.

Environmental Pollution, 137, 55–71.

Ferber L.R., Levine S.N., Lini A. & Livingston G.P. (2004) Do

cyanobacteria dominate in eutrophic lakes because they fix

atmospheric nitrogen? Freshwater Biology, 49, 690–708.

Feuchtmayr H., Moran R., Hatton K., Connor L., Heyes T.,

Moss B. et al. (2009) Global warming and eutrophication:

effects on water chemistry and autotrophic communities

in experimental hypertrophic shallow lake mesocosms.

Journal of Applied Ecology, 46, 713–723.

Gibeau G.G. & Miller M.C. (1989) A micro-bioassay for epil-

ithon using nutrient diffusing substrata. Journal of Fresh-

water Biology, 5, 171–176.

Grasshoff K., Ehrhardt M.A. & Kremling K. (1983) Methods

of Seawater Analysis. Verlag Chemie, New York.

Harpole W.S., Ngai J.T., Cleland E.E., Seabloom E.W., Borer

E.T., Bracken M.E. et al. (2011) Nutrient co-limitation of pri-

mary producer communities. Ecology Letters, 14, 852–862.

Harris G.P. (1980) Temporal and spatial scales in phyto-

plankton ecology: mechanisms, methods, models, and

management. Canadian Journal of Fisheries and Aquatic Sci-

ences, 37, 877–900.

Hill W.R., Boston H.L. & Steinman A.D. (1992) Grazers and

nutrients simultaneously limit lotic primary productivity.

Canadian Journal of Fisheries and Aquatic Sciences, 49, 504–

512.

Hillebrand H. (2005) Light regime and consumer control of

autotrophic biomass. Journal of Ecology, 93, 758–769.

Hillebrand H. & Kahlert M. (2001) Effect of grazing and

nutrient supply on periphyton biomass and nutrient stoi-

chiometry in habitats of different productivity. Limnology

and Oceanography, 46, 1881–1898.

Houghton J.T., Ding Y., Griggs D.J., Noguer M., Van Der

Linden P.J., Dai X. et al. (2001) Climate Change 2001: The

Scientific Basis, pp. 881. Cambridge University Press,

Cambridge, UK.

Howarth R.W., Marino R., Lane J. & Cole J.J. (1988)

Nitrogen fixation in freshwater, estuarine and marine

ecosystems. 1. Rates and importance. Limnology and

Oceanography, 33, 669–687.

Hyenstrand P., Blomqvist P. & Pettersson A. (1998) Factors

determining cyanobacterial succes in aquatic systems - a

literature review. Archiv f€ur Hydrobiologie Special Issues in

Advanced Limnology, 51, 41–62.

Jensen H.S. & Andersen F.O. (1992) Importance of tempera-

ture, nitrate, and pH for phosphate release from aerobic

sediments of four shallow, eutrophic lakes. Limnology and

Oceanography, 37, 577–589.

Jensen J.P., Jeppesen E., Olrik K. & Kristensen P. (1994)

Impact of nutrients and physical factors on the shift from

cyanobacterial to chlorophyte dominance in shallow Dan-

ish lakes. Canadian Journal of Fisheries and Aquatic Sciences,

51, 1692–1699.

Jeppesen E., Kronvang B., Meerhoff M., Søndergaard M.,

Hansen K.M., Andersen H.E. et al. (2009) Climate change

effects on runoff, catchment phosphorus loading and lake

ecological state, and potential adaptations. Journal of Envi-

ronmental Quality, 38, 1930–1941.

Jeppesen E., Kronvang B., Olesen J.E., Audet J., Sønderg-

aard M., Hoffmann C.C. et al. (2011) Climate change

effects on nitrogen loading from cultivated catchments in

Europe: implications for nitrogen retention, ecological

state of lakes and adaptation. Hydrobiologia, 663, 1–21.

Jeppesen E., Peder Jensen J., Søndergaard M., Lauridsen T.

& Landkildehus F. (2000) Trophic structure, species rich-

ness and biodiversity in Danish lakes: changes along a

phosphorus gradient. Freshwater Biology, 45, 201–218.

Jespersen A.M. & Christoffersen K. (1987) Measurements of

chlorophyll a from phytoplankton using ethanol as

extraction solvent. Archiv f€ur Hydrobiologie, 109, 445–454.

Jones J.I. & Sayer C.D. (2003) Does the fish-invertebrate-

periphyton cascade precipitate plant loss in shallow

lakes? Ecology, 84, 2155–2167.

Kosten S., Huszar V.L.M., B�ecares E., Costa L.S., Van Donk

E., Hansson L.A. et al. (2012) Warmer climates boost

cyanobacterial dominance in shallow lakes. Global Change

Biology, 18, 118–126.

Kosten S., Huszar V.L.M., Mazzeo N., Scheffer M., Sternberg

L.D.S.L. & Jeppesen E. (2009) Lake and watershed charac-

teristics rather than climate influence nutrient limitation in

shallow lakes. Ecological Applications, 19, 1791–1804.

Kratina P., Greig H.S., Thompson P.L., Carvalho-Pereira

T.S.A. & Shurin J.B. (2012) Warming modifies trophic cas-

cades and eutrophication in experimental freshwater

communities. Ecology, 93, 1421–1430.

Lamberti G.A., Feminella J.W. & Resh V.H. (1987) Herbiv-

ory and intraspecific competition in a stream caddisfly

population. Oecologia, 73, 75–81.

Lewis W.M., Wurtsbaugh W.A. & Paerl H.W. (2011) Ratio-

nale for control of anthropogenic nitrogen and phospho-

rus to reduce eutrophication of inland waters.

Environmental Science and Technology, 45, 10300–10305.

Liboriussen L., Landkildehus F., Meerhoff M., Bramm M.E.,

Søndergaard M., Christoffersen K. et al. (2005) Global

warming: design of a flow-through shallow lake meso-

cosm climate experiment. Limnology and Oceanography-

Methods, 3, 1–9.

Maberly S.C., King L., Dent M.M., Jones R.I. & Gibson C.E.

(2002) Nutrient limitation of phytoplankton and periphy-

ton growth in upland lakes. Freshwater Biology, 47, 2136–

2152.

Marcarelli A.M. & Wurtsbaugh W.A. (2006) Temperature

and nutrient supply interact to control nitrogen fixation

in oligotrophic streams: an experimental examination.

Limnology and Oceanography, 51, 2278–2289.

McCormick P.V. & Stevenson R.J. (1991) Grazer control of

nutrient availability in the periphyton. Oecologia, 86, 287–

291.

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 59, 905–917

916 C. Trochine et al.



Moss B., Jeppesen E., Søndergaard M., Lauridsen T.L. &

Liu Z. (2012) Nitrogen, macrophytes, shallow lakes and

nutrient limitation: resolution of a current controversy?

Hydrobiologia, 710, 3–21.

Murphy J. & Riley J.P. (1962) A modified single solution

method for determination of phosphate in natural waters.

Analytica Chimica Acta, 26, 31–36.
€Ozkan K., Jeppesen E., Johansson L.S. & Beklioglu M.

(2010) The response of periphyton and submerged macro-

phytes to nitrogen and phosphorus loading in shallow

warm lakes: a mesocosm experiment. Freshwater Biology,

55, 463–475.

Rebsdorf A., Søndergaard M. & Thyssen N. (1989) Water

and Sediment Analysis of Freshwater. Publication No. 98 from

the Freshwater Laboratory of the Environmental. Protection

Agency, Denmark.

Riber H.H. & Wetzel R.G. (1987) Boundary-layer and inter-

nal diffusion effects on phosphorus fluxes in lake periph-

yton. Limnology and Oceanography, 32, 1181–1194.

Rober A.R., Wyatt K.H. & Stevenson R.J. (2011) Regulation

of algal structure and function by nutrients and grazing

in a boreal wetland. Journal of the North American Bentho-

logical Society, 30, 787–796.

Rosemond A.D., Mulholland P.J. & Elwood J.W. (1993)

Top-down and bottom-up control of stream periphyton:

effects of nutrients and herbivores. Ecology, 74, 1264–1280.

Sand-Jensen K. & Borum J. (1991) Interactions among

phytoplankton, periphyton, and macrophytes in temper-

ate freshwaters and estuaries. Aquatic Botany, 41, 137–175.

Schatz G.S. & McCauley E. (2007) Foraging behavior by

Daphnia in stoichiometric gradients of food quality. Oeco-

logia, 153, 1021–1030.

Schindler D.W. (1977) Evolution of phosphorus limitation

in lakes. Natural mechanisms compensate for deficiencies

of nitrogen and carbon in eutrophied lakes. Science, 195,

260–262.

Schindler D.W., Hecky R.E., Findlay D.L., Stainton M.P.,

Parker B.R., Paterson M.J. et al. (2008) Eutrophication of

lakes cannot be controlled by reducing nitrogen input:

results of a 37-year whole-ecosystem experiment. Proceed-

ings of the National Academy of Sciences of the United States

of America, 105, 11254–11258.

Smith V.H., Tilman G.D. & Nekola J.C. (1999) Eutrophica-

tion: impacts of excess nutrient inputs on freshwater,

marine, and terrestrial ecosystems. Environmental Pollu-

tion, 100, 179–196.

Sol�orzano L. & Sharp J.H. (1980) Determination of total

dissolved nitrogen in natural waters. Limnology and

Oceanography, 25, 751–754.

Søndergaard M., Jensen J.P., Jeppesen E. & Møller P.H. (2002)

Seasonal dynamics in the concentrations and retention of

phosphorus in shallow Danish lakes after reduced loading.

Aquatic Ecosystems Health & Management, 5, 19–29.

Steinman A.D. (1996) Effects of grazers on benthic freshwa-

ter algae. In: Algal Ecology – Freshwater Benthic Ecosystems

(Eds R.J. Stevenson , M.L. Bothwell & R.L. Lowe ), pp.

341–373. Academic Press, San Diego.

Sterner B.W. & Elser J.J. (2002) Ecological Stoichiometry: The

Biology of Elements from Molecules to the Biosphere. Prince-

ton University Press, Princeton.

Sterner R.W. (2008) On the phosphorus limitation paradigm

for lakes. International Review of Hydrobiology, 93, 433–445.

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

ski T.H. (1997) The light:nutrient ratio in lakes: the bal-

ance of energy and materials affects ecosystem structure

and process. The American Naturalist, 150, 663–684.

Vadeboncoeur Y., Lodge D.M. & Carpenter S.R. (2001)

Whole-lake fertilization effects on distribution of primary

production between benthic and pelagic habitats. Ecology,

82, 1065–1077.

Vanni M.J. (2002) Nutrient cycling by animals in freshwater

ecosystems. Annual Review of Ecology and Systematics, 33,

341–370.

Vanni M.J., Boros G. & McIntyre P.B. (2013) When are fish

sources vs. sinks of nutrients in lake ecosystems? Ecology,

94, 2195–2206.

Ventura M., Liboriussen L., Lauridsen T., Søndergaard M.

& Jeppesen E. (2008) Effects of increased temperature and

nutrient enrichment on the stoichiometry of primary pro-

ducers and consumers in temperate shallow lakes. Fresh-

water Biology, 53, 1434–1452.

Veraart A.J., de Klein J.J.M. & Scheffer M. (2011) Warming

can boost denitrification disproportionately due to altered

oxygen dynamics. PLoS ONE, 6, 1–6.

Vitousek P.M. & Howarth R.W. (1991) Nitrogen limitation

on land and in the sea: how can it occur? Biogeochemistry,

13, 87–115.

Vollenweider R.A. (1976) Rotsee, a source, not a sink for

phosphorus? A comment to and a plea for nutrient

balance studies. Schweizerische Zeitschrift f€ur Hydrologie,

38, 29–34.

Weyhenmeyer G.A., Jeppesen E., Adrian R., Arvola L.,

Blenckner T., Jankowski T. et al. (2007) Nitrate-depleted

conditions on the increase in shallow northern European

lakes. Limnology and Oceanography, 52, 1346–1353.

(Manuscript accepted 11 December 2013)

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 59, 905–917

Nutrient limitation of periphyton in lakes 917


