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Abstract Periphyton is a key primary producer in

shallow lakes, sensitive to global warming and

changes in nutrient balances. Reduced nitrogen avail-

ability due to accelerated denitrification at higher

temperatures or in response to reduced N loadings

aimed to reduce the eutrophication may affect peri-

phyton biomass and composition, to compensate for

the low N availability (e.g. promoting N2-fixing). We

analysed periphyton responses to N decline in 12

eutrophic shallow lake mesocosms during one year of

low N compared to high N, under three temperature

scenarios: ambient, A2 IPCC scenario and A2

increased by 50%. We used two submerged macro-

phytes (Potamogeton crispus and Elodea canadensis)

and artificial imitations of these as substrates for

periphyton growth. Nitrogen decline increased peri-

phyton biomass and induced compositional changes

irrespective of season, plant type, and temperature.

Periphyton biomass was negatively associated to

phytoplankton and positively to plant complexity.

Warmer scenarios negatively affected periphyton

exclusively at high N loadings. Low N conditions

were associated with lower periphyton taxonomic
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richness, lower N2-fixing cyanobacteria biovolume

and increased biovolume of large-sized chlorophytes

and non-N2-fixing cyanobacteria. Our results suggest

that low N conditions promoted periphyton due to a

more efficient use of nutrients and improved light

conditions resulting from lower phytoplankton bio-

mass and contrasting effects of temperature.

Keywords Benthic algae � Oligotrophication � Plant
morphology � Diazotrophic cyanobacteria �
Phytoplankton

Introduction

The periphyton (attached algae and cyanobacteria) is

often a key primary producer community of shallow

lakes (Vadeboncoeur & Steinman, 2002; Liboriussen

& Jeppesen, 2003), regulating the biogeochemical

cycles and food webs (Dodds, 2003; Vander Zanden &

Vadeboncoeur, 2020). In shallow lakes, benthic-

littoral production is comparatively higher than in

deep systems, and therefore, periphyton production

and its interactions with phytoplankton and macro-

phytes may have a strong influence on ecosystem

structure and functioning (Phillips et al., 2016; Vander

Zanden &Vadeboncoeur, 2020). Periphyton competes

with phytoplankton for light and nutrients and

sequesters large amounts of nutrients from the water

column (Hansson, 1990, 1992; Havens et al., 1999;

Rodusky et al., 2001). It has been estimated that

periphyton is responsible for approximately 60% of

the phosphorus captured in vegetated areas in fresh-

waters (Dodds, 2003; Richardson & Marshall, 1986).

Climate change drives profound changes in fresh-

water ecosystem structure and functioning, affecting

hydrological and thermal regimes, biogeochemical

processes, and primary production in shallow lakes

(Jeppesen et al., 2010; Moss et al., 2011). Predicted

scenarios of global surface air temperature indicate an

increase between 1.1 – 6.4 �C to 2090–2099 (IPCC,

2014) which may affect the primary producers of

freshwater ecosystems with different effects depend-

ing on the community (Meis et al., 2009; Moss et al.,

2013; McDowell et al., 2020; Woolway et al., 2020).

The effects of increased temperatures on the periphy-

ton are still under debate (e.g. Mahdy et al.,

2015; Pacheco et al., 2021). Some studies have found

that higher temperatures favour periphyton growth

(Tarkowska-Kukuryk &Mieczan, 2012; Mahdy et al.,

2015). Others have seen negative responses (e.g. Hao

et al., 2020; Shurin et al., 2012) and, supporting these

latter experiments, latitudinal studies have evidenced

that higher periphyton biomasses are often seen in

shallow lakes in colder climates (Bécares et al., 2008;

Meerhoff et al., 2007, 2012).

Eutrophication and climate change can drive drastic

changes in nitrogen levels, influencing its availability

and ratio relative to other nutrients, which can affect

primary production in shallow lakes (González-Mad-

ina et al., 2019; Hungate et al., 2003; Khan & Ansari

2005; Moss et al., 2013; Pacheco et al., 2010; Tro-

chine et al., 2014). Human-derived nutrient inputs to

freshwaters, from agricultural, industrial, and domes-

tic runoff are often particularly N-enriched which may

affect N to P balances (Arocena et al., 2018; Boyer

et al., 2002; Moss et al., 2013; Paerl et al., 2020).

Strategies of re-oligotrophication of shallow lakes

may affect the nutrient balance in different ways and

induce changes in production patterns (Jeppesen et al.,

2005). Furthermore, warming increases denitrification

(Pinay et al., 2007; Weyhenmeyer et al., 2007) and it

has been estimated that a warming of 3 �C doubles the

denitrification rate in shallow lakes (Veraart et al.,

2011) adding to the aforementioned processes that

alter the N balances in freshwaters.

Warming and low N levels may result in compo-

sitional changes with a positive selection for dia-

zotrophic (N2-fixing) cyanobacteria (González-

Madina et al., 2019; Wagner & Adrian, 2009) that

might compensate for the relative N deficiency in the

environment by atmospheric N2-fixation (Schindler,

1977; Schindler et al., 2008). However, several

experimental and field studies have pointed out that

N2-fixation by cyanobacteria cannot compensate for

low N levels, since the N2-fixation is a metabolically

expensive process (Reynolds, 2006; Camacho et al.,

2003; Dı́az et al., 2007; Moss et al., 2013) and, in

addition, denitrification can exceed the N2-fixation

rates (Paerl et al., 2020; Scott et al., 2019). Besides,

many other studies have emphasized the relevance of

N as limiting or co-limiting the primary production in

shallow lakes (Havens et al., 1999; Elser et al., 2007;

Paerl et al., 2016; Trochine et al., 2017). Therefore,

evidence exists that N availability may control

primary production in shallow lakes. Hence, mitiga-

tion measures targeting lowering N seem to be valid to
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limit the production and to mitigate negative conse-

quences of eutrophication, such as harmful algal

blooms (Chorus & Spijkerman, 2020; Paerl et al.,

2016, 2020) particularly at high P concentrations

(Søndergaard et al., 2017). Furthermore, composi-

tional changes in algae and cyanobacteria in response

to low N availability are not necessarily related to a

higher representation of N2-fixing groups. Under low

N and high P availability, non-N2-fixing groups can

persist and outcompete with N2-fixers due to other

adaptive characteristics, such as the superior capacity

of cellular N storage in large-sized groups (Paerl et al.,

2014). However, although many studies have focussed

on the effects of N availability and oligotrophication

on phytoplankton production (e.g. Schindler 1977;

Jeppesen et al., 2005; Paerl et al., 2016; Søndergaard

et al., 2017; Schindler et al., 2008), the effects on

periphyton are less known, particularly under global

warming scenarios.

Global warming and eutrophication are considered

to promote planktonic over benthic production in

shallow lakes (Vander Zanden & Vadeboncoeur,

2020; Vadeboncoeur et al., 2003), while oligotroph-

ication will likely favour the periphytic over plank-

tonic production (Liboriussen & Jeppesen, 2003;

Vadeboncoeur & Steinman, 2002; Vadeboncoeur

et al., 2003). However, the effects of oligotrophica-

tion, along with global warming scenarios, are still

unclear, particularly so for the effects of a decline in N

availability on periphyton biomass and composition.

In this study, we analysed the effects of a dissolved

nitrogen decline during one year in eutrophic shallow

lake mesocosms under three temperature scenarios,

ambient, A2 IPCC scenario, and A2 increased by 50%,

comparing with the same experiments performed

during the previous year when the availability of N

was high (Hao et al., 2020).

We aimed to answer how a decline of the dissolved

N under eutrophic conditions affects the biomass and

composition of periphyton under different temperature

scenarios. We hypothesized that: (1) conditions of low

N will increase periphyton biomass, due to less

shading from phytoplankton and a greater capacity

to store and recirculate nutrients in the periphytic

matrix; (2) the decrease in N will promote the

selection of large-sized groups in the periphyton such

as filamentous green algae, which can store and

recirculate resources more efficiently, and this will be

reflected in lower taxonomic richness (3) warming

will exacerbate the effects of N decrease on the

biomass and composition of periphyton due to

increased metabolism and denitrification; (4) periphy-

ton at low N will not be associated to a higher biomass

of diazotrophic cyanobacteria, not even at warmer

scenarios, since atmospheric N2-fixation cannot com-

pensate for N deficiency in periphyton growth.

Materials and methods

Experimental design

We performed our experiment in the climate change

mesocosms facilities of Aquacosms-Aarhus Univer-

sity, in Central Jutland, Denmark (56�140N, 9�310E).
The mesocosms were designed to study the combined

effects of global warming and eutrophication in

shallow lakes and have been in continuous operation

since August 2003 (Liboriussen et al., 2005). The

experiment ran from 2017 to 2019 in the twelve open

mesocosms with a diameter of 1.9 m and a depth of

1 m (2800 L) (Fig. 1). They are groundwater-fed and

have a surface overflow with a residence time of

approximately 2.5 months (Liboriussen et al., 2005).

The mesocosms are set at three temperature scenarios:

ambient (Amb) without heating, predicted A2 IPCC

scenario for the period 2071–2100 (ca. ? 3 �C; IPCC
2014) and A2 ? 50% (ca. ? 4.5 �C; A2 scenario

increased to 50%), each replicated four times (total 12

mesocosms). An automatic electrical heating system

maintains the temperature of the heated mesocosms

using the ambient ones as a reference following the

seasonal and daily variation in temperature. Paddles

mounted in the tanks continuously mix the water to

keep uniform conditions in the water column. All

these mesocosms included submerged macrophytes

Elodea canadensis Michx. and Potamogeton crispus

L. andsmall planktivorous fish (three-spined stickle-

backs Gasterosteus aculeatus Linnaeus 1758) stocked

in near-natural densities corresponding to Danish

lakes (Jeppesen et al., 2002). High nutrient conditions

in the mesocosms are maintained with weekly addi-

tions of 7 mg P m-2 day-1 and 27.1 mg N m-2 -

day-1, with Ca(NO3)2 and Na2HPO4 to a constant

loading of 54 mg P and 538 mg N per mesocosm as

detailed in Liboriussen et al. (2005). Further experi-

mental details are fully described by Liboriussen et al.

(2005).The initial average nutrient concentrations
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were TN 2.40 mg L-1 and TP 165 lg L-1 for the

period 2017—2018 (Hao et al., 2020). The N additions

in the enriched mesocosms were stopped in June 2018

for one year, to elucidate the effect of N decline on

shallow lakes under different temperature scenarios.

During this year, the mesocosms kept the P additions

and only received low concentrations of N from

groundwater (Liboriussen et al., 2005). To analyse the

responses of periphyton biomass and composition to

the N decline, we conducted identical seasonal

experiments: summer (August), autumn (November),

winter (February) and spring (May) during one year

before stopping the N additions (high N conditions

August 2017 to May 2018) and one year after (August

2018 to May 2019). We compared the experiments

during the second year, after stopping N additions,

with the control conditions before stopping N addi-

tions, which partially correspond to the same exper-

iments performed during the same seasons the year

before by Hao et al. (2020). The design, seasonality

and sample analysis were identical in both experi-

mental phases (high and low levels of N).

For each experimental time, we placed in each

mesocosm a pot filled with a mix of soil and sediments

from the same mesocosm, which included two shoots:

one Potamogeton crispus and one Elodea canadensis,

together with two artificial plants, morphologically

similar (Fig. 1). All these plants, natural and artificial

were of similar size and area, but of contrasting

morphological complexity, with E. canadensis being

more complex than P. crispus (Hao et al., 2020,

Fig. 1). We used different natural and artificial plants

as substrates for periphyton to elucidate the potential

effect of different substrate types and structural

complexity (Hao et al., 2020) and potential allelopathy

(Hilt, 2006; Pakdel et al., 2013) on periphyton. All the

natural plants were collected from one mesocosm, and

carefully washed to remove the periphyton at the

Fig. 1 Experimental setup, mesocosms and plants used as substrate for periphyton colonization. Temperature scenarios: Ambient, A2

IPCC scenario (ca. 3 �C, IPCC, 2014) and A2 increased by 50% (ca. 4.5 �C). Factorial design, with factors and levels
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beginning of each experimental time. The artificial

plants were discarded after use, and new plants were

used for each experimental time. Thepots with the

natural and artificial plants were placed at 30 cm depth

and enclosed the plants in a 0.5 cm mesh net

surpassing the water surface to avoid grazing by fish

and large snails (Fig. 1). The plants were placed for

three weeks for each seasonal experimental time

(August, November, February and May), to allow

periphyton colonization. This was repeated in both

phases of high and low levels of N: four experimental

times of three weeks each in each condition of high

and low N, a total of 8 experiments of 3 weeks each.

At the end of each experiment, we collected

phytoplankton samples for compositional analysis

and biomass estimation. Then we carefully collected

the plants and rinsed the periphyton with a soft brush

in 250 ml of tap water. From these samples, we filtered

a known fraction through fibreglass GF/C for Chloro-

phyll-a estimation and saved 50 ml for identification

and counting. The filtered volume of Chlorophyll-a

varied depending on the concentration of periphyton

since we filtered until saturating the GF/C filter,

correcting later for the filtered volume. Chlorophyll-a

was extracted with cold ethanol and absorbance was

measured with a spectrophotometer (UV-1800, Shi-

madzu, Germany) at 665 nm and 750 nm before and

after acidification with 0.1 N HCL to correct by

phaeopigments (Nusch, 1980; ISO 1992). Periphyton

biomass was standardized by plant area, which was

estimated by scanning in Image J. Phytoplankton and

periphyton quantitative samples were preserved with

5% Lugol�s iodine acid solution, enumerated in

inverted microscope following Utermöhl (1958) and

Lund et al. (1958) and estimated biovolume following

Hillebrand et al. (1999).

In situ environmental variables temperature, pH

and dissolved oxygen were measured every 30 min

with different sensors placed at 50 cm depth in each

mesocosm (Temperature: PR electronics temperature

sensor, pH: OxyGuard pH probe with Manta mea-

surement system, DO: OxyGuard oxygen sensor).

Turbidity and conductivity were weekly measured

with an YSI650 MDS multiprobe and water samples

were collected for nutrient determination in laboratory

following the Danish / European standards for total

nitrogen (TN, Danish standard no 221, 1975), total

phosphorus (TP, Danish standard no 292, 1985), and

Danish standard / EN ISO 10304–1 (1996) for

orthophosphate (PO4), and total dissolved inorganic

nitrogen (TDIN: NH4 ? NO3 ? NO2)

determinations.

Data analysis

We compared the periphyton responses for each

experiment during the N decline in the mesocosms

(August 2018 to May 2019) with the corresponding

experiment under normal (high N) conditions (August

2017 to May 2018) (partially from Hao et al., 2020).

We analysed periphyton biomass and composition

responses to N conditions (high and lowN conditions),

temperature treatment (Amb, A2, A2 ? 50%) and

plant type (E. canadensis natural—EN; E. canadensis

artificial—EA; P. crispus natural PN and P. crispus

artificial PA) by three-way ANOVA followed by post

hoc Tukey HSD. We tested the overall effects of the

experimental variables on periphyton biomass by

general linear models (GLM), checking for normality

and homoscedasticity through visual inspection of the

residuals. To test the responses of periphyton compo-

sition to the experimental variables we performed non-

parametric permutational analysis of variance (PER-

MANOVA; Anderson, 2001). In all cases, we tested

the effects of each variable and their interactions and

we log-transformed (log(x ? 1)) the biomass data

when needed.

To analyse the main environmental variables

influencing the periphyton composition we performed

a canonical correspondence analysis (CCA) testing the

individual contribution and significance of each vari-

able from the full set of environmental variables. To

decide whether to use CCA we first explored the data

structure by detrended correspondence analysis

(DCA), and as the length of the gradients were larger

than three standard deviations we choose to use CCA

(ter Braak & Verdonschot, 1995). We verified the

significance of CCA axis and model by unrestricted

permutations (Monte Carlo with 999 iterations) and

we forward selected the variables to include in the

model, eliminating the correlated variables with

variance inflation factors (VIF) of 0 or larger than 10

(Oksanen et al., 2019). We performed all the statistical

analyses in R (R core team 2019).
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Results

Environmental variables

Nitrogen declined in all the mesocosms during the

period with low N conditions from June 2018 to June

2019 (Fig. 2). The peak of TN and TDIN observed

during the previous winters (2017 and 2018) was not

observed for TN and to a lesser extent for TDIN during

the period of low N (Fig. 2). Total phosphorus,

orthophosphate, turbidity and chlorophyll-a in the

water were highly variable during the entire period

(2017–2019) regardless of temperature treatment.

Only the warmer treatments (A2 ? 50%) tended to

differ during the first half of the low N period (June to

December 2018) with higher orthophosphate and

lower chlorophyll-a compared to Amb and A2 treat-

ments (Fig. 2).

Periphyton biomass

Periphyton biomass was higher during the low N

period (Table 1; After (Low N)[Before (High N)

TukeyHSD P\ 0.001) and was in general negatively

correlated to TDIN (GLM, R2 = 52.3, F = 69.83,

P\ 0.0001). This negative response of periphyton

biomass to high N was also observed when conducting

seasonal comparisons before and after the N decline

(Table 1, Fig. 3). Periphyton biomass decreased with

increased temperature treatments (Table 1, Amb[
A2[A2 ? 50%, Tukey HSD P\ 0.03) and was in

general negatively correlated with temperature (GLM:

R2 = 41.6, F = 13.92, P = 0.0002). This negative

response to warming was also observed when sepa-

rating into seasons for summer, autumn and spring but

not for winter (Table 1). These responses were,

however, only significant at high N (before stopping

the N additions) and there were no differences in

periphyton biomass between temperature treatments

during the low N period (Table 1). Plant type also

influenced periphyton biomass (Table 1) with higher

biomass on E. canadensis artificial (EA) than on the

less morphologically complex P. crispus (both natural

and artificial; Tukey HSD P = 0.0015 and P = 0.0105

,respectively, for the whole period). Periphyton

responses to plant type were similar at both N

conditions, with higher biomass in the more complex

E. canadensis with different effects depending on the

season. At high N conditions (before), periphyton

biomass was higher on natural E. canadensis than on

the other plants in winter and spring (EN[EA =

PN = PA). At low N conditions (after), periphyton

biomass was higher on natural and artificial E.

canadensis in autumn (EN = EA[ PN = PA) and

on the artificial E. canadensis in spring (EA[ PN =

PA) (Table 1). There was no significant interaction

between experimental factors analysed and the effects

observed on the periphyton biomass were almost

exclusively due to the effect of the particular factors in

general and when considering by nitrogen conditions

or season (Table 1).

During the autumn experiment at low N conditions

(after), there was a peak in periphyton biomass on

natural P. crispus in the ambient treatments (Fig. 3).

Periphyton biomass was negatively associated to

phytoplankton chlorophyll-a (R2 = 27.1; F = 2.88,

P = 0.046) and did not show any significant responses

to the other environmental variables considered.

Periphyton composition

Periphyton taxonomic composition differed between

N conditions (before and after) (PERMANOVA:

F = 32.76, P = 0.001), temperature (F = 3.45,

P = 0.001) and their interactions (F = 1.99,

P = 0.002) but showed no differences with respect to

the plant type. Periphyton genus richness was higher at

high N conditions compared to the low N period

(ANOVA: F = 525.62, P\ 0.0001) and higher under

ambient than in the A2 ? 50% scenario (ANOVA:

F = 9.06 P = 0.001, Tukey HSD P = 0.001) (Fig. 4).

In the canonical correspondence analysis (CCA),

periphyton taxonomic composition was mainly

explained by TDIN, TN and phytoplankton biomass

(F = 8.9, 375df, P = 0.001; Fig. 5). Turbidity was

also selected as an explanatory variable in the CCA

model, but was excluded as since it was correlated to

phytoplankton biomass (VIF[ 10) which explained

more variance. Periphyton composition at high N was

associated with high N (TN and TDIN) and phyto-

plankton biomass, as opposed to periphyton under low

N conditions (after; Fig. 5). Under high N conditions

periphyton was represented by diatoms (Cymbella

spp., Diatoma sp., Achnantes sp., Gomphonema spp.

and Epithemia spp.), while under low N conditions,

the periphyton was characterized by large-sized (lin-

ear dimension[ 200 lm) filaments of green algae

(Rhizoclonium sp., Stigeoclonium sp., Oedogonium
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spp.) and cyanobacteria,(Lyngbya sp.), as well as by

large-sized colonies green algae (Sphaerocystis sp.,

Botryococcus sp.) and cyanobacteria (Aphanocapsa

sp.), together with flagellates (Chlamydomonas sp.)

(Fig. 5).

Diazotrophic cyanobacteria biomass was low in

general, representing 1–4% of the total biovolume

being higher under high N (ANOVA: F = 31.98,

P\ 0.0001) and in summer and spring than in winter

and autumn (summer[ spring[winter = autumn,

Fig. 2 Physico-chemical variables in the mesocoms for the

period 2017–2019 for each temperature scenario. Total nitrogen

(upper left), total dissolved inorganic nitrogen (TDIN: NO3-

? NO2 ? NH4; upper right), total phosphorus (TP; left),

orthophosphate (PO4; right), turbidity (lower left) and phyto-

plankton chlorophyll-a (lower right). Red dashed line indicates

when the nitrogen additions were stopped
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Tukey HSD P = 0.001) (ANOVA: F = 28.94,

P\ 0.0001).

Discussion

The decrease in N conditions lead to an increase in

periphyton biomass, lower genus richness along with a

higher biomass of large filaments and colonies partic-

ularly of green algae. Periphyton biomass decreased

with high N concentration, warming, high phyto-

plankton biomass, and lower morphological plant

complexity, while the composition mostly differed

with respect to the N scenario and phytoplankton

biomass. This suggests that a decline in N may induce

drastic changes in the ecological conditions of shal-

low lakes, promoting a decay in phytoplankton and

increase in periphyton biomass. This change from

planktonic to periphytic production is also reflected in

compositional changes in the periphyton community

to groups with higher capacity to store and recirculate

N in conditions of N deficiency. The increased

periphyton biomass at low N conditions was not

associated with a higher biomass of diazotrophic

Table 1 Three-way ANOVA comparing the effects of the experimental variables on periphyton biomass by season and overall

effects

Periphyton Summer Autumn Winter Spring Overall Tukey HSD

Chl- a (August) (November) (February) (May) (2017—

2019)

F P F P F P F P F P

Nitrogen

scenario

6.46 0.001 15.05 0.001 36.88 0.001 4.33 0.014 88.68 0.001 Low N[High N

Temperature

treat

7.73 0.002 7.01 0.003 – n.s 3.46 0.034 3.77 0.003 Amb[A2[A2 ? 50%

Plant type 2.47 0.026 2.74 0.011 2.43 0.011 3.16 0.005 5.77 0.001 EA[PN = PA (overall)

Nitrogen:

Temperature

– n.s – n.s – n.s – n.s – n.s –

Nitrogen:

Plant type

– n.s – n.s – n.s – n.s – n.s –

Temperature:

Plant type

– n.s – n.s 2.02 0.039 – n.s – n.s –

Nitrogen:

Temp: Plant

– n.s – n.s – n.s – n.s – n.s –

Before (2017 – 2018)

Temperature 3.09 0.03 2.79 0.044 – n.s – n.s 3.16 0.008 Amb[A2[A2 ? 50%

Plant type – n.s – n.s 2.84 0.014 2.39 0.041 – n.s EN[EA = PN = PA (Winter,

Spring)

Temp: Plant

type

– n.s – n.s – n.s – n.s – n.s –

After (2018 – 2019)

Temperature – n.s – n.s – n.s – n.s – n.s –

Plant type – n.s 2.328 0.028 – n.s 3.69 0.003 7.34 0.001 EN = EA[PN = PA (Autumn)

EA[ PN = PA (Spring)

Temp: Plant

type

– n.s – n.s – n.s – n.s – n.s –

Nitrogen scenarios (two levels: before and after nitrogen decline), temperature scenarios (three levels: Amb, A2 and A2 ? 50%),

plant type (four levels: EA E. canadensis Artificial, EN E. canadensis Natural, PA P. crispus Artificial, PN P. crisupus Natural), and
interactions, F and p values. Before: August 2017 to May 2018, After: August 2018 to May 2019. Post hoc Tukey HSD for the

different levels of each significant factor. Significance: p\ 0.05 in bold, n.s.: not significant

123

3896 Hydrobiologia (2022) 849:3889–3904



cyanobacteria, but rather with large-sized groups with

effective use of N that were favoured by the decreased

phytoplankton biomass that led to improved light

conditions.

Periphyton biomass was higher on the morpholog-

ically complex plant, E. canadensis, than on P. crispus

(both natural and artificial), which coincide with

previous findings (Ferreiro et al., 2013; Hao et al.,

2017, 2020; Pettit et al., 2016). This has been

attributed to the higher surface area available for

periphyton colonization in the more complex forms

and lower susceptibility to grazers (Taniguchi et al.,

2003; Hao et al., 2017; Tramonte et al., 2019). In our

experiment, these responses were similar in general

with some variation according to N scenario and

season. While at high N conditions, periphyton

biomass was higher on natural E. canadensis (in

winter and spring), at low N conditions the artificial E.

canadensis had similar (autumn) or higher (spring)

periphyton biomass than the natural. Natural plants

can both promote algae growth by nutrient release

(Carignan & Kalff, 1982) or inhibit growth by the

release of allelopathic compounds (Erhard & Gross,

2006; Hilt, 2006). The secretion of allelopathic

Fig. 3 Periphyton biomass under high and low nitrogen conditions for each season, temperature scenario and plant type. EA Elodea
canadensis Artificial, EN Elodea canadensis Natural, PA Potamogeton crispus Artificial, PN Potamogeton crispus Natural
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compounds may contribute to explain why under high

periphyton growth (at low N conditions) periphyton

biomass was lower in natural plants. However, the

experimental design with all the plants placed together

does not allow us to separate the effect of allelopathic

substances, as described in other studies (Cao et al.,

2019; Liu et al., 2021). Although the periphyton

biomass was generally lower on the less complex

P. crispus, the highest peak of periphyton biomass was

observed on natural P. crispus at ambient temperature

and low N conditions during autumn. P. crispus

typically decay after summer (Bolduan et al., 1994;

Cao et al., 2015; Hao et al., 2017) and its decompo-

sition produces high nutrient release (Wang et al.,

2018). Despite we did not observe a drastic decay of

P. crispus in the mesocosms, the shoots used for the

experiment were in decomposition in autumn at

ambient conditions, which may have enhanced the

periphyton growth under these conditions.

According to our hypothesis, periphyton biomass

responded negatively to warming. Hence, our results

support previous findings that warming negatively

affects periphyton biomass (Hao et al., 2020; Liu et al.,

2021; Shurin et al., 2012) including comparative

latitudinal studies (Bécares et al., 2008; Meerhoff

et al., 2007) and metanalysis (Meerhoff et al., 2012)

while contrasting other findings reporting a positive

response of periphyton biomass to high temperatures

Fig. 4 Periphyton genus richness under high (blue) and low N

(red) conditions for the three temperature scenarios: ambient

(Amb), A2 IPCC scenario (ca. 3.5 �C) and A2 ? 50% (ca.

4.5 �C). Periphyton genus richness was lower at low N

(ANOVA: F = 525.62, P\ 0.0001) and in the higher temper-

ature scenario (A2 ? 50%) compared to ambient (Amb)

conditions (ANOVA: F = 9.06 P = 0.001, Tukey HSD

P = 0.001)

Fig. 5 Canonical correspondence analysis of the periphyton

and environmental variables before and after the nitrogen

decline. Red dots indicate conditions of high N before the

decline. Blue dots indicate the conditions of low N after the

decline. Colour gradient indicates the different treatment

scenarios. TN: total nitrogen, TDIN: total dissolved nitrogen,

Phyto_Bm: phytoplankton biomass. We did not include plant

type since it did not affect the periphyton composition. The first

two axes explained the 57.01 of the constrained variance

(k1 = 33.75%, k2 = 23.26%; MonteCarlo 999 permutations:

F = 8.9, 375df, P = 0.001)
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(e.g. Tarkowska-Kukuryk & Mieczan, 2012; Mahdy

et al., 2015).

The response of algae production to temperature

also depends on nutrient availability (e.g. Reynolds,

2006; Kosten et al., 2012; Liu et al., 2021; Verbeek

et al., 2018) and, additionally, on the combined effect

of warming and nutrient availability (Feuchtmayr

et al., 2009; Jeppesen et al., 2009, 2011). Accordingly,

periphyton biomass decreased with warming at high N

loadings, which coincides with other studies (Hao

et al., 2020; Liu et al., 2021) but did not change at low

N loadings. These responses varied depending on the

season and seem to be influenced by phytoplankton

responses to warming (Bécares et al., 2008), with

contrasting effects depending on the N availability.

Verbeek et al. (2018) described that the response of

phytoplankton biomass to warming is positive under

high nutrient availability, but negative under low

nutrient conditions. The effects of phytoplankton

biomass could explain this contrasting effect of the

temperature depending on the N conditions. At high N

conditions, phytoplankton shading restricts periphyton

photosynthesis. The metabolic increase imposed by

higher temperatures on the periphyton cannot be met

due to light restrictions competition by nutrients with

the phytoplankton. However, at low N conditions, the

phytoplankton biomass decreases and allows an

enhanced light environment for the periphyton. Under

these conditions, it is likely that the periphyton, with a

greater capacity to store and recirculate nutrients, was

not adversely affected by temperature since it had

enough N reserves and light to cope with the metabolic

demands of the higher temperatures. Therefore, the

negative effect of warming on the periphyton biomass

might have been compensated by higher growth

promoted by the enhanced light conditions due to the

phytoplankton decline.

In our study, the N decrease induced not only higher

periphyton biomass, but drastic compositional

changes. According to our hypothesis we observed

compositional replacement in response to N decrease,

with a higher representation of large-sized filaments

and colonies (mostly chlorophytes) along with a

decrease in the genus richness. Periphyton can

sequester, store and relocate large amounts of nutrients

from the water and released by plants and these

reserves can be used to compensate for nutrient

imbalances (Carignan & Kalff 1982; Blumenshine

et al., 1997; Havens et al., 1999). In contrast,

phytoplankton can more effectively capture nutrient

from the water (Riber & Wetzel, 1987; Reynolds,

2006) but they have a reduced storage capacity than

the periphyton (Cattaneo, 1987; Blumenshine et al.,

1997; Havens et al., 1999; Rodusky et al., 2001) and

they are therefore more sensitive to prolonged periods

of low nutrient conditions. Periphyton biomass was

enhanced at low N and low phytoplankton biomass,

which indicates that high N concentrations together

with high P availability promote phytoplankton over

periphyton. Furthermore, in these high P availability

conditions, low N promoted periphyton biomass, with

compositional changes towards large-sized filaments

with higher N storage capacity that can effectively

outcompete phytoplankton for light and nutrients

(Hansson, 1992; Vadeboncoeur & Steinman, 2002;

Rodusky et al., 2001). Furthermore, periphyton taxo-

nomic richness was lower at low N conditions and

mainly associated with large-sized filaments and

colonies, which may indicate a selection of large-

sized groups that can compensate for low N: P ratios

with high N reserves (Havens et al., 1999). Previous

studies suggested that higher nutrient concentrations

favour greater taxonomic richness in the periphyton

due to a more diversified use of resources. However,

when resources become scarce, periphyton richness

diminishes in favour of groups with a more efficient

use of resources (Passy, 2007; Wu et al., 2017).

Temperature also played an important role on peri-

phyton composition, promoting different community

composition in the periphyton, particularly in interac-

tion with N scenarios (PERMANOVA). According to

our hypothesis, temperature exacerbated the effects of

N decrease, decreasing the taxonomic richness of the

periphyton. The metabolic increase imposed by higher

temperatures, accompanied by low N may have

increased the selection pressure of larger groups with

greater capacities to store and recirculate N to the

detriment of other groups that could not cope with this

higher stress under conditions of deficiency of nutri-

ents (Azim et al., 2005).

According to out hypothesis the higher periphyton

biomass at low N were not associated with a higher

biomass of diazotrophic cyanobacteria, since atmo-

spheric N2-fixation cannot compensate for N defi-

ciency in periphyton growth. Instead, we found lower

biomass of diazotrophic cyanobacteria at low N

conditions even in high temperature scenarios. High

nutrient concentrations and low N: P ratios often
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promote higher cyanobacteria biomass, which include

N2-fixing cyanobacteria (Reynolds, 2006; Elser et al.,

2007; Kosten et al., 2012; Moss et al., 2013). In

addition, warming can also promote the presence of

cyanobacteria (Pearl & Huisman, 2008) and decrease

the N: P ratio by accelerating denitrification (Veraart

et al., 2011). However, N is a key limiting nutrient in

lake production that cannot be compensated by

cyanobacteria atmospheric N2-fixation (Chorus &

Spijkerman, 2020; Elser et al., 2007; Harpole et al.,

2011; Pacheco et al., 2010; Paerl et al., 2016;

Søndergaard et al., 2017). Recent evidence indicate

that N2-fixation is a metabolically expensive process

(Agawin et al., 2007; Muggide et al., 2003). It depends

on high light intensities, P concentrations and

micronutrients among others (Reynolds 2006; De

Tezanos Pinto & Litchman 2010) and, therefore

cannot compensate for low N: P ratios in lakes

(Camacho et al., 2003; Dı́az et al., 2007; Moss et al.,

2013; Paerl et al., 2020). According to these findings,

our study does not support classical theoretical

expectations that low N: P ratios favour diazotrophic

cyanobacteria (e.g. Schindler, 1977, 2006; Vollen-

weider 1976).

Conclusions

Overall, our results support previous findings indicat-

ing that the N decline in lakes led to changes from a

pelagic to periphytic production dominance (Libo-

riussen & Jeppesen, 2003; Vadeboncoeur et al., 2003).

The effect of warming on periphyton depended on N

concentrations, with negative effects at high N and no

effects at low N, which might be explained by the

enhanced light environment by low phytoplankton

biomass at low N. Changes in the periphyton taxo-

nomic composition, and a drop in genus richness

accompanied the increased periphyton biomass at low

N conditions. However, these changes were not related

to increased biomass of N2-fixing cyanobacteria, but

to large-sized groups with an efficient capacity to store

and recirculate nutrients (Havens et al., 1999)

favoured by the decreased phytoplankton biomass

that led to improved light conditions. Strategies to

control N in shallow lakes must consider these

potential effects on periphyton growth and their

eventual effects on the different ecosystem services

and functions.
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