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1  |  INTRODUC TION

In recent decades, human activities and global changes have trig-
gered changes in ecosystems, leading to problems such as climate 
warming, water pollution, and biodiversity loss, both regionally and 
globally (Greaver et al., 2016; Halpern et al., 2019; Zhang et al., 2020). 

According to the Intergovernmental Panel on Climate Change (IPCC) 
2014 report, extreme events will increase in the 21st century (Field 
et al., 2014) and ecosystems are more likely to be exposed to differ-
ent disturbances (Papalexiou & Montanari, 2019; Wentz et al., 2007). 
For example, the increasing water temperatures caused by climate 
change may lead to the release of phosphorus from sediments, 
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Abstract
Due to climate change and increasing anthropogenic activities, lakes are disturbed 
frequently, usually by press (e.g., diffused pollution, rising temperatures) or pulse (e.g., 
storms,	rainfall,	pollution	events)	disturbances.	Both	press	and	pulse	disturbances	can	
affect abiotic and biotic environments, changing the structure of ecosystems and af-
fecting ecosystem services. To confront with the effects of climate change and in-
creasing anthropogenic activities, understanding the different effects of press and 
pulse disturbances on lake ecosystems is essential. This study assessed the effect 
of press and pulse disturbances of phosphorus on a microcosmic aquatic ecosystem 
by measuring the total phosphorus (TP), algae density, and physiological indicators 
of submerged macrophytes. We found that the microcosmic aquatic ecosystem re-
sponded differently to press and pulse disturbances. Our results suggested that it 
had a lower resistance to pulse phosphorus disturbances than to press phosphorus 
disturbances. There were significantly higher nutrient concentrations and algal densi-
ties in the pulse treatment than in the press treatment. Positive feedback was found 
between the biomass of submerged macrophytes and the water quality. There was a 
higher submerged macrophytes biomass at low TP concentration and algal density. 
In the context of climate change, press and pulse disturbances could have severe im-
pacts on lake ecosystems. Our findings will provide some insight for further research 
and lake management.

K E Y W O R D S
climate change, press disturbance, pulse disturbance, resistance, submerged macrophyte

T A X O N O M Y  C L A S S I F I C A T I O N
Botany,	Ecosystem	ecology

http://www.ecolevol.org
https://orcid.org/0000-0001-5443-9324
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:rwang@niglas.ac.cn


2 of 11  |     ZHAO et al.

thereby	 increasing	 algal	 biomass	 (Kosten	 et	 al.,	 2011). Extreme 
events such as storms can increase the frequency of short- term nu-
trient pulses in lakes, thus altering the nutrient balance and disrupt-
ing	the	ecosystem	structure	of	the	lakes	(Kasprzak	et	al.,	2017; Leigh 
et al., 2015).

Disturbances can be classified as press or pulse disturbances 
(Glasby & Underwood, 1996; Jentsch & White, 2019;	 Yang	
et al., 2008). Press disturbances are lasting or continuous distur-
bances that are usually a result of anthropogenic activities (Glasby 
& Underwood, 1996). Press disturbances such as nutrient input from 
agricultural runoff can threaten drinking water and endanger human 
health through pathogen transfer (Zhang et al., 2021). Pulse distur-
bances are short- term, relatively discrete events that are usually the 
result of physical forces (storms or floods), chemical inputs (nutri-
ents,	antibiotics),	or	bioturbation	(invasion	of	exotic	species)	(Brasell	
et al., 2021). Pulse disturbances in the form of resources can lead 
to dramatic changes in ecosystems by facilitating large increases in 
the numbers of primary producers and altering food web structures 
and ecosystem stability (Carpenter et al., 1999; Holt, 2008;	Scheffer	
et al., 2001). Press and pulse disturbances can occur simultaneously 
in the context of climate change, and the superimposed effects of 
different disturbances could have catastrophic consequences for 
ecosystems	(Beniston	et	al.,	2007; Easterling et al., 2000).

Lake ecosystems, which can serve as sensitive indicators of 
environmental changes, provide critical ecosystem services and 
functional values such as biodiversity conservation, habitat for-
mation, and nutrient transformation (Heino et al., 2009;	O'Beirne	
et al., 2017; Tolonen et al., 2014). Due to global warming, an increase 
in extreme events, and cultural eutrophication, it is essential to 
understand the impact of press disturbances (e.g., surface source 
pollution, rising temperatures) and pulse disturbances (e.g., floods, 
storms, pollution events) on lake ecosystems. Press disturbances 
from herbicide use have been shown to promote increases in lake 
turbidity and phytoplankton biomass, leading to alterations in top- 
down control processes by diminishing zooplankton populations 
(Rumschlag et al., 2020). Pulse disturbances such as nutrients input 
and heatwaves in lakes could exacerbate the incidence of harmful 
algal blooms and change the distribution patterns of plants (Deegan 
et al., 2012;	Higashino	&	Stefan,	2014; Jeppesen et al., 2009; Johnk 
et al., 2008).

Submerged	macrophytes	and	algae	play	significant	roles	 in	the	
functioning of shallow lakes, and their interaction affects the func-
tion	 and	 stability	of	 lake	ecosystems	 (Sayer	 et	 al.,	2010). The sur-
vival of submerged macrophytes can be threatened by algae through 
shading and algal toxins (Jia et al., 2016). Eutrophication caused by 
nutrient input has altered the relationship between submerged mac-
rophytes and algae in shallow freshwater lakes, resulting in the shift 
from a macrophyte- dominated clear- water state to a phytoplankton- 
dominated turbid- water state (Hargeby et al., 2007;	 Scheffer	
et al., 1993, 2001). The nutrient inputs, which are likely to become 
more frequent due to climate change and increased human activi-
ties, can allow algal blooms and the consequent loss of submerged 
macrophytes in many shallow lakes (Deegan et al., 2012; Johnk 

et al., 2008). It is interesting to know whether such aquatic eco-
systems composed of submerged macrophytes and algae respond 
differently to press/pulse disturbances of nutrients. To answer this 
question, aquatic ecosystems consisting of submerged macrophytes 
and algae were constructed through a microcosm experiment and 
were exposed to different forms of nutrient disturbances. Three 
treatments were set up: (1) no nutrient addition (control treatment), 
(2) a constant input of nutrients (press treatment), and (3) the same 
amount of nutrients as (2) but as pulse additions (pulse treatment). 
Our object is to identify the differences in the response of aquatic 
systems to press and pulse nutrient disturbances and the mecha-
nisms responsible for the differences. The study will provide some 
insight for further research and lake management.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental design

We	used	nine	experimental	aquariums	 (35 cm	 length,	13 cm	width,	
65 cm	height,	and	29.575 L).	The	water	level	was	maintained	at	50 cm	
(22.75 L),	 and	evaporation	 losses	were	compensated	once	a	week.	
Three treatments were set up: (1) no nutrient addition (control treat-
ment), (2) a constant input of nutrients (press treatment), and (3) the 
same	amount	of	nutrients	as	(2)	but	as	pulse	additions	every	5 days	
(pulse treatment). Each treatment had three replicates. The water 
used for the experiments was distilled water. The sediment was 
10	cm	thick,	taken	from	Lake	Taihu,	and	filtered	through	a	1 mm	ap-
erture sieve.

The nutrient variable observed in the water column was total 
phosphorus	 (TP),	 added	 in	 the	 form	 of	 a	 BG11	 culture	 medium	
(Rippka et al., 1979). The initial TP concentration of all the treat-
ments	in	the	water	column	was	0.014 ± 0.002 mg L−1. We set the TP 
concentration in the water column at the end of the experiment to 
be	the	same	for	the	press	and	pulse	treatments,	both	at	0.3	mg L−1. 
The difference between the two treatments was the method of nu-
trient	addition,	with	the	constant	addition	of	BG11	every	day	for	the	
press	treatment	and	a	pulse	addition	of	BG11	every	5 days	for	the	
pulse	treatment.	The	experiment	was	conducted	over	30 days	which	
contained	six	periods	of	5 days	each	(Figure 1).

Two types of submerged macrophytes, typical and widely dis-
tributed in freshwater lakes of middle and lower reaches of the 
Yangtze	River,	were	planted	in	all	three	treatments:	the	meadow-	
forming submerged macrophyte Vallisneria natans and the canopy- 
forming submerged macrophyte Myriophyllum spicatum (Zhong 
et al., 2013).	The	plants	were	sourced	from	Lake	Taihu.	Submerged	
macrophytes of uniform morphology were selected and gently 
washed for measurement and planting. The water quality was 
maintained in optimal clear states when the biomass proportions 
of V. natans were between 60% and 80% in the communities 
(Figure S1). Therefore, the biomass proportion of V. natans was 
set at 70%. The total fresh weight of the submerged macrophytes 
was	15 g,	consisting	of	10.5	g	of	V. natans	and	4.5	g	of	M. spicatum. 
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Then, the submerged macrophytes were transplanted into aquar-
iums	and	acclimatized	for	7 days.	The	initial	TP	concentration	and	
OD680	were	0.014 ± 0.002 mg L−1	and	0.003 ± 0.001,	respectively.	
The aquariums were placed in a light incubator with an illumina-
tion	level	of	12,000 lx	for	16 h	at	25°C	during	the	day	and	0	lx	for	
8	h	at	22°C	during	the	night	(Szabo	et	al.,	2022).

2.2  |  Sampling and processing

Water	 samples	 20 cm	 below	 the	 water	 surface	 were	 collected	
once a day in all treatments. TP concentrations in the water col-
umn were measured using combined persulfate digestion (Ebina 
et al., 1983). The optical density 680 (OD680) value, which repre-
sents	 the	 algal	 density,	was	measured	 at	 a	wavelength	 of	 680 nm	
using an ultraviolet– visible spectrophotometer accurately and rap-
idly (Poulickova et al., 2008).

After	30 days,	intact	plants	were	collected	and	washed	for	labora-
tory determination of indicators. Each individual plant was carefully 
collected, and the epiphyton was separated from the macrophyte 
using a small brush in the laboratory. Filamentous algae were col-
lected with a scraper from the walls of the aquariums and dried nat-
urally on foil. Weight and root/shoot were expressed in fresh weight.

Peroxidase (POD), catalase (CAT), and superoxide dismutase 
(SOD)	were	extracted	from	fresh	V. natans tissues. The enzyme con-
tent of M. spicatum was not analyzed, due to insufficient fresh weight 
for grinding. POD activity was determined by an increase in absor-
bance	at	a	wavelength	of	470 nm	due	to	guaiacol	oxidation	(Civello	
et al., 1995). The unit of CAT activity was defined as the amount 
of enzyme that decomposed 1 μmol H2O2 per minute (Candan & 
Tarhan, 2003).	 SOD	 activity	was	measured	 using	 the	method	 de-
scribed by Ewing and Janero (1995).

We	obtained	3	ml	water	samples	(20 cm	below	the	water	surface)	
from the experimental aquariums each day. The samples were dark- 
acclimated	for	15 min.	The	minimum	fluorescence	(F0) value and the 
maximum fluorescence (Fm) value were measured by a Phyto- PAM 
(Walz). The difference between the Fm and F0 values is the variable 
fluorescence (Fv). Then, the maximum photochemical efficiency of 
photosystem II (Fv/Fm) was measured. Fv/Fm reflects the maximum 
photosynthetic capacity of a plant, and its value decreases when 
plants are light- limited (Woitke et al., 2004).

2.3  |  Data analysis

The diffuse attenuation coefficient was expressed as light attenua-
tion	at	the	surface	and	40 cm	underwater.	The	photon	flux	densities	
at	the	surface	and	40 cm	underwater	were	measured	by	an	Apogee	
MQ-	510	 underwater	 PAR	 meter	 (Apogee	 Instruments,	 Inc.;	 Chen	
et al., 2016). The diffuse attenuation coefficient reflects the trans-
parency of the water. The higher the value is, the more turbid the 
water. The value of Kd was calculated as follows:

where Kd (m−1)	 is	 the	 diffuse	 attenuation	 coefficient	 at	 40 cm	
 underwater; I0 (μmol m2 s) is the photon flux density at the surface; 
I40 (μmol m2	s)	is	the	photon	flux	density	at	40 cm	underwater;	and	
Z is the depth (m) (Liu et al., 2013).

Resistance is the ability to withstand disturbance (Folke 
et al., 2010; Nimmo et al., 2015). In our study, resistance was ex-
pressed as the response of the TP concentration in the water column 
to nutrient addition. The calculation of resistance was adapted from 

(1)Kd =
lnI0 − lnI40

Z

F I G U R E  1 Schematic	diagram	of	the	
experimental setup. The experiments 
involved control (treatment 1), press 
(treatment 2), and pulse treatments 
(treatment 3). The press treatment 
consisted	of	a	constant	addition	of	BG11	
every day, and the pulse treatment 
consisted	of	a	pulse	addition	of	BG11	
every	5 days.	The	ecosystem	state	on	the	
vertical axis can be represented by the 
concentration of nutrients, the population 
of organisms, and other indicators.
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previous research (Jentsch & White, 2019;	Yi	&	Jackson,	2021) and 
was defined as follows:

where ΔTPmeasured (actual value) refers to the actual change in measured 
TP	of	 the	experimental	 system	 following	 the	 addition	of	BG11,	 and	
ΔTPtheoretical refers to the value of the expected change in TP. When 
ΔTPmeasured (actual value) is <0,	 it	 indicates	that	adding	BG11	did	not	 in-
crease the TP concentration and the system could return to the pre- 
disturbance state. The opposite is true when ΔTPmeasured (actual value) is 
>0. The higher the resistance, the more tolerant the system is to nu-
trient additions.

The total effect, which represents the magnitude of the distur-
bance effect, is defined as the area under the curve for TP concentra-
tion (Jentsch & White, 2019). We calculated the total press effect and 
the total pulse effect for each period. The initial pulse rate was defined 
as the change in TP concentration after pulse addition per unit time:

where ΔTP	is	equal	to	the	TP	concentration	after	the	addition	of	BG11	
minus the concentration before the addition. In this study, Δt was 1. 
The smaller the initial pulse rate, the more resistant the system is to 
nutrient addition.

Locally weighted regression was used to smooth the temporal 
data. Locally weighted regression is a process of dividing a sample 
into small intervals, fitting a polynomial to the samples in the inter-
val, and repeating the process to obtain a weighted regression curve 
for	different	intervals.	Plots	were	constructed	for	R	with	a	95%	con-
fidence level for all analyses (Pacheco, 2011). Values are shown as 
mean ± standard	 error.	 The	 differences	 in	 the	 indicators	 between	
the treatments were evaluated by one- way ANOVA at a significance 
level	 of	 0.05.	 Before	 performing	 one-	way	 ANOVA,	 Shapiro–	Wilk	
test was used to check normality, and Levene's test was used to 

check homoscedasticity. Non- normal data were log- transformed to 
obtain normality. Post hoc multiple comparisons of treatment means 
were performed by Tukey's least significant difference procedure at 
a	significance	level	of	0.05.	Pearson's	correlations	analysis	was	used	
to test for relationships between the biomass proportions of V. na-
tans and M. spicatum. Normality was tested before the correlation 
analysis. The method used to normalize the data was the z- score.

3  |  RESULTS

3.1  |  Water quality

The TP and OD680 significantly differed between the treatments 
(p < .05;	 Table	 S1). Overall, the TP concentration was the greatest 
(0.06 ± 0.01 mg L−1) in the pulse treatment, at an intermediate level in 
the	press	treatment	(0.05 ± 0.01 mg L−1), and the lowest in the control 
treatment	 (0.03 ± 0.02 mg L−1) (Figure 2b). The TP concentration in 
the water column of the pulse treatment initially increased and then 
declined during each period (Figure 2a). Overall, an increasing trend 
was found for the TP concentration in the press treatment. During 
the	 first	period	 (day	1–	5),	 the	TP	concentration	 in	 the	pulse	 treat-
ment decreased to a lower level than that in the press treatment. 
During the second period (day 6– 10), the TP concentration in the 
press treatment decreased slightly but was still higher than that in 
the pulse treatment. Ten days later, the TP concentration in the pulse 
treatment was higher than that in the press treatment at all times, 
although the TP concentration in the pulse treatment gradually de-
creased after each disturbance. The OD680 value was the great-
est	 (0.019 ± 0.006)	 in	the	pulse	treatment,	at	an	 intermediate	 level	
in	the	press	treatment	(0.015 ± 0.003),	and	the	lowest	in	the	control	
treatment	 (0.100 ± 0.003)	 (Figure 2d). Throughout the experiment, 
the TP concentration and OD680 for the same treatment showed 
similar trends, indicating that the TP concentration may influence 
algal growth (Figure 2a,c). TP and OD680 were significantly lower 
in the press treatment than in the pulse treatment (p < .05;	Table	S1).

(2)Resistance = −
ΔTPmeasured (actual value)

ΔTPtheoretical

(3)Initial pulse rate =
ΔTP

Δt

F I G U R E  2 Variation	in	total	
phosphorus (TP) concentration (a) and 
OD680 (c) in the water column over time 
for different treatments. The curves 
are drawn by loess regression (locally 
weighted regression). Violin plots of 
TP (b) and OD680 (d) for the different 
treatments. The lowercase letters at the 
top of the violin plots indicate significant 
differences obtained by Tukey's least 
significant difference test at p < .05.
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The turbidity of the water column varied with different treat-
ments, with the clear state showing a smaller diffuse attenuation 
coefficient (Kd). The mean value of Kd for the control treatment was 
1.76 ± 0.05 m−1,	which	was	smaller	than	the	value	of	2.22 ± 0.28 m−1 
for	the	press	treatment	and	the	value	of	2.52 ± 0.05 m−1 for the pulse 
treatment. The treatment with a high algal density had a high Kd 
value, indicating that algae can block light penetration and decrease 
transparency.

3.2  |  Changes in aquatic organisms

The total fresh weight of submerged macrophytes was the greatest 
in	 the	 control	 treatment,	with	 a	mean	 value	of	 48.93 ± 6.11 g,	 fol-
lowed	by	the	press	treatment,	with	a	mean	value	of	45.06 ± 3.28 g,	
and the lowest in the pulse treatment, with a mean value of 
37.55 ± 1.87 g.	The	fresh	weight	of	V. natans was the greatest in the 

control treatment, while it was the lowest in the pulse treatment. 
The fresh weight of M. spicatum was the lowest in the control treat-
ment. The stolon fresh weight of V. natans was the greatest in the 
control	 treatment,	with	a	mean	value	of	2.74 ± 0.13 g,	while	 it	was	
the	lowest	in	the	pulse	treatment,	with	a	mean	value	of	1.99 ± 0.55 g.	
The fresh weight of V. natans and stolon showed the same trend in 
the different treatments. The more stolon there was, the higher the 
biomass of V. natans (Figure 3a). The pulse treatment, characterized 
by a high nutrient concentration and algal density, had a low total 
fresh weight and V. natans fresh weight.

At the end of the experiment, the biomass proportion of V. na-
tans increased in all treatments, while the proportion of M. spica-
tum decreased in all treatments (Figure 3b). The biomass proportion 
of V. natans was the greatest in the control treatment, with a mean 
value	 of	 92.67 ± 1.34%,	 followed	 by	 the	 press	 treatment,	 with	 a	
mean	value	of	87.25 ± 1.29%,	and	the	lowest	in	the	pulse	treatment,	
with	 a	 mean	 value	 of	 85.60 ± 0.35%.	 The	 biomass	 proportions	 of	

F I G U R E  3 Changes	in	the	fresh	weight,	biomass	proportion,	epiphyton,	and	filamentous	algae.	(a)	Total	fresh	weight	of	submerged	
macrophytes, fresh weight of Vallisneria natans (V.), fresh weight of Myriophyllum spicatum (M.), and fresh weight of stolon for different 
treatments.	(b)	Biomass	proportion	of	V. natans (V.) and M. spicatum (M.) in different treatments at the beginning and end of the experiment. 
(c) Epiphyton biomass attached to submerged macrophytes. (d) Filamentous algae biomass attached to the containers. The error bars 
represent standard error.
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V. natans and M. spicatum were significantly negatively correlated 
(p < .05).	The	treatment	with	a	high	proportion	of	M. spicatum had 
a low proportion of V. natans, implying that M. spicatum may have a 
competitive advantage over V. natans.

Due to the leaf morphology, the number of epiphytes attached to 
M. spicatum was higher than the number attached to V. natans in both 
treatments. Regardless of the type of submerged macrophyte, epi-
phyton biomass was higher in the pulse treatment than in the press 
treatment (Figure 3c). Filamentous algae biomass was the greatest 
in the pulse treatment, intermediate in the press treatment, and the 
lowest in the control treatment. The mean filamentous algae bio-
mass	was	1.05 ± 0.33 g	in	the	control	treatment,	1.16 ± 0.33 g	in	the	
press	treatment,	and	1.39 ± 0.56 g	in	the	pulse	treatment	(Figure 3d). 
The biomasses of both the epiphyton and filamentous algae in the 
pulse treatment were higher than those in the press treatment. This 
showed the same trend as that for the TP concentration in the water 
column, which indicated that an increase in the TP concentration 
could promote the growth of epiphyton and filamentous algae.

The plant height, plant weight, and canopy height of V. natans 
were significantly higher in the press treatment than in the remaining 
treatments (p < .05;	Figure 4; Table S2). The plant height, weight, and 
canopy height of M. spicatum were significantly higher in the press 
and pulse treatments than in the control treatment (p < .05).	 The	
root/shoot ratio of M. spicatum was significantly higher in the con-
trol treatment than in the remaining treatments (p < .05)	(Figure 4).

When exposed to environmental stress, plants adapt to the pres-
sure	by	enhancing	their	enzymatic	activity.	The	POD	and	SOD	en-
zyme contents of V. natans in the press and pulse treatments were 
significantly higher than those in the control treatment (p < .05;	
Figure 5a–	c; Table S3). The mean CAT enzyme content of the plants 
was the highest in the pulse treatment, but there was no significant 
difference between treatments (p > .05).	The	SOD	enzyme	contents	
of the plants in the pulse treatment were significantly higher than 
those in the press treatment (p < .05).

Fv/Fm reflects the maximum photosynthetic capacity of a plant, 
and its value decreases when plants are light- limited. The Fv/Fm of 
V. natans	was	0.79 ± 0.01	in	the	control	treatment,	0.73 ± 0.07	in	the	
press	treatment,	and	0.69 ± 0.12	 in	the	pulse	treatment.	The	Fv/Fm 
was significantly higher in the control treatment than in the pulse 
treatment (p < .05;	Figure 5d).

3.3  |  Stability of the experimental 
aquatic ecosystem

Resistance was significantly higher in the press treatment than in the 
pulse treatment (p < .05).	The	resistance	of	the	system	to	pulse	dis-
turbance decreased with time, whereas the resistance of the system 
to press disturbance was relatively stable (Figure 6a). As TP rose, 
the resistance of the system to the pulse disturbance decreased 

F I G U R E  4 Morphological	indicators	of	submerged	macrophytes.	(a)	Plant	height	and	plant	weight	of	Vallisneria natans and Myriophyllum 
spicatum in different treatments. (b) Canopy height and root/shoot ratio of V. natans and M. spicatum in different treatments. The lowercase 
letters at the top of the boxplots indicate significant differences obtained by Tukey's least significant difference test at p < .05.
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F I G U R E  5 (a)	Peroxidase	(POD),	(b)	catalase	(CAT),	and	(c)	superoxide	dismutase	(SOD)	of	Vallisneria natans in different treatments. 
(d) The light energy conversion efficiency (Fv/Fm) of V. natans in different treatments. The lowercase letters at the top of the boxplots 
indicate significant differences obtained by Tukey's least significant difference test at p < .05.

F I G U R E  6 (a)	Variation	in	resistance	with	time	for	different	treatments.	The	curves	were	drawn	by	loess	regression	(locally	weighted	
regression). The dotted lines represent the mean values. (b) Variation in resistance with TP for different treatments. (c) The total press effect 
and the total pulse effect in different periods. (d) The initial pulse rate of the pulse treatment for the six pulse additions.
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significantly (Figure 6b). Except for in period 2, the total pulse ef-
fect was greater than the total press effect, and the initial pulse rate 
showed an upwards tendency (Figure 6c,d).

4  |  DISCUSSION

Several	studies	have	shown	that	aquatic	systems	respond	differently	
to press and pulse disturbances (Parkyn & Collier, 2004; Urrutia- 
Cordero et al., 2021).	Systems	receiving	nutrient	pulses	tend	to	show	
a domed- curve dynamic due to the rapid response of the primary 
producers in those ecosystems (Holt, 2008). The concentration of 
nutrients tends to drop to pre- pulse levels after pulse disturbances 
(Yang	et	al.,	2010). In our experiment, the TP concentration rose and 
then fell during every period in the pulse treatment. However, the 
TP concentration of the pulse treatment did not decrease to the 
pre- pulse levels (Figure 2a), especially at a high TP concentration 
level, which may be due to a decrease in the system stability as the 
nutrient concentration and algal density increased (Figure 6). This 
suggests that pulse disturbances may pose a greater threat to lake 
ecosystems,	especially	in	the	context	of	eutrophication.	Systems	re-
ceiving continuous nutrient inputs tend to show smooth increases 
in nutrient concentrations. Our experiments showed an overall up-
wards trend in TP concentration and algal density in the press treat-
ment (Figure 2a,c).

Differences in total phosphorus concentrations and algal 
density were observed between treatments in our study. The TP 
concentration and algal density of the water column were signifi-
cantly higher in the pulse treatment than in the press treatment 
(p < .05),	 although	 both	 treatments	 received	 the	 same	 nutrient	
loads (Figure 2b,d). These differences in response indicated that 
the resistance varied between treatments. The analysis showed 
that the resistance was significantly higher in the press treatment 
than in the pulse treatment (p < .05;	Figure 6a). The pulse treat-
ment showed lower resistance to disturbances, especially at a 
higher nutrient concentration, indicating that lake ecosystems may 
show lower resistance to pulse disturbances as those ecosystems 
deteriorate (Dai et al., 2013).	Both	the	total	pulse	effect	and	the	ini-
tial pulse rate showed an upwards trend with time, which could be 
explained by the reduced resistance of the ecosystem as nutrients 
increased (Figure 6).

The different life strategies and abilities of algae and sub-
merged macrophytes to exploit nutrients could explain these dif-
ferences	(Kautsky,	1988; Reynolds, 1987). The algae grow fast and 
have a high metabolism rate and nutrient requirements, but their 
biomass	 is	 often	 nutrient-	limited	 (Sand-	Jensen	 &	 Borum,	 1991). 
Hence, this may have resulted in the higher algal density in the 
treatment with pulse nutrient inputs, although the press treat-
ment	 received	 equal	 loads	 during	 the	 experiment.	 Submerged	
macrophytes grow more slowly compared to algae. The nutrient 
requirements of submerged macrophytes are lower than algae be-
cause	 of	 their	 low	metabolism	 (Sand-	Jensen	 &	 Borum,	1991). In 
summary, the different nutrient uptake strategies of submerged 

macrophytes and algae resulted in higher TP concentrations and 
algal densities in the pulse treatment.

In our study, pulse treatment with higher TP concentrations and 
algal densities had lower total biomass of submerged macrophytes 
than that in the press treatment (Figures 2c and 3a).	 Submerged	
macrophytes are important for the resistance of aquatic ecosys-
tems when facing disturbances (Moss, 1990).	 Studies	 have	 shown	
that shallow freshwater lakes with higher submerged plant biomass 
could facilitate a clear- water state through nutrient uptake, allelo-
pathic	interactions,	providing	refuge	and	shading	(Burks	et	al.,	2002; 
Gross, 2003; Hector et al., 2001; Vandonk et al., 1993). There was 
positive feedback between the biomass of submerged macrophytes 
and water quality, contributing to the high resistance of the press 
disturbance- receiving systems. Differences in community biomass 
are caused by changes in the biomass of individual species, which 
could show phenotypic adaptations to disturbances. In response to 
the poor light conditions in the press treatment, V. natans can phys-
iologically adapt to meet its light requirements by elevating its can-
opy (Chou et al., 2022; Choudhury et al., 2019; Jiang et al., 2018; Li 
et al., 2020;	Yang	et	al.,	2022). However, the V. natans in the pulse 
treatment did not show a higher canopy height or plant height than 
the V. natans in the press treatment (Figure 4). This may be because 
V. natans was subjected to more severe stress and lost its ability to 
make morphological adaptations during the pulse disturbance (Qi 
et al., 2018).

In addition to morphological indicators, physiological indicators 
can be used to assess the resistance of submerged macrophytes 
to disturbances. The inhibition of V. natans in the pulse treatment 
was also evidenced by its lower light conversion efficiency (Fv/Fm) 
and higher enzyme content (Figure 5; Cao et al., 2004; Marwood 
et al., 2001; Wang et al., 2016). In contrast, M. spicatum, a eutro-
phic species, is more resistant to nutrient disturbances. The plant 
height, canopy height, and plant weight of M. spicatum were signifi-
cantly higher in the press and pulse treatments than in the control 
treatment (Figure 4). Furthermore, plants allocate more resources to 
shoot development than to root development under higher nutrient 
and light- limited condition. And they will show a lower root/shoot 
ratio (Weiner, 2004). The lower root/shoot ratio of M. spicatum in 
the press and pulse treatments indicated a poor light environment 
(Figure 4). As nutrient increases, the number of epiphyton present 
on M. spicatum may increase, which could affect the plant's photo-
synthesis and cause mortality (Accoroni et al., 2017; Wijewardene 
et al., 2022).

There are increasing concerns about disturbances to aquatic eco-
systems, which could change the structure and function of ecosys-
tems (Moller et al., 2015; Rabalais et al., 2009; Verhoeven et al., 2006). 
Studies	have	revealed	that	the	input	of	nutrients	leads	to	an	increase	
in primary productivity (Gende et al., 2002; Naiman et al., 2002; 
Nowlin et al., 2008). We found that both press and pulse nutrient 
inputs	increased	algal	density.	Weber	and	Brown	(2013) found that 
biotic and abiotic indicators tended to be less stable in systems ex-
periencing pulse inputs of nutrients but more stable in systems ex-
periencing press inputs of nutrients. Our findings are consistent with 
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that study. The system that received pulse disturbances exhibited 
instability, reflected in its lower resistance (Figure 6). Natural con-
ditions are often more complex than experimental conditions, with 
disturbances varying in intensity and frequency. Our experiments, 
however, were conducted in a microcosmic aquatic system and in-
volved only two forms of disturbances. Larger- scale experiments 
with multiple proxy indicators deserve to be carried out further. In 
addition, as climate change and incidents of extreme events increase, 
press and pulse disturbances will co- occur. Whether the interaction 
between press disturbances and pulse disturbances will cause more 
serious ecological consequences should be considered in the future.

5  |  CONCLUSION

In this study, we demonstrated the differences in total phosphorus, 
algae density, and physiological indicators of macrophytes in the 
experimental aquatic ecosystems under press and pulse nutrient 
disturbances. The results showed that pulse disturbance- receiving 
systems had a higher TP concentration, algae density, and lower re-
sistance than press disturbance- receiving systems. The submerged 
macrophyte communities were suppressed in the pulse treatment, 
as evidenced by the lowest biomass. It is also important to note that 
various kinds of disturbances may become more frequent due to cli-
mate change and the effects of disturbance on aquatic ecosystems 
deserve to be further explored.

AUTHOR CONTRIBUTIONS
Yu Zhao: Conceptualization (equal); investigation (equal); writing –  
original draft (equal). Rong Wang:	Supervision	(equal);	writing	–		re-
view and editing (equal). Enlou Zhang: Writing –  review and editing 
(equal). Baohua Guan: Methodology (equal); visualization (equal). 
Min Xu: Methodology (equal); visualization (equal).

ACKNOWLEDG MENTS
The	 authors	 thank	 Kexin	 Zhu	 and	 Jianan	 Zheng	 for	 assistance	
with	 the	 experiments.	 This	 work	 was	 supported	 by	 the	 Strategic	
Priority	 Research	 Program	 of	 the	 Chinese	 Academy	 of	 Sciences	
(XDB310403)	and	the	National	Natural	Science	Foundation	of	China	
(42025707	 and	 42171163).	 R.W.	 acknowledges	 the	 financial	 sup-
port	of	the	Youth	Innovation	Promotion	Association	of	the	Chinese	
Academy	of	Sciences	(award	Y2021086).

CONFLIC T OF INTERE S T
The authors declare no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
Data used in this study are available at the Dryad Digital Repository 
(https://doi.org/10.5061/dryad.pzgms	bcqn).

ORCID
Yu Zhao  https://orcid.org/0000-0001-5443-9324 

R E FE R E N C E S
Accoroni,	 S.,	 Totti,	 C.,	 Razza,	 E.,	 Congestri,	 R.,	 Campanelli,	 A.,	Marini,	

M., & Ellwood, N. T. W. (2017). Phosphatase activities of a micro-
epiphytic community during a bloom of Ostreopsis cf. ovata in the 
northern	Adriatic	 Sea.	Water Research, 120, 272– 279. https://doi.
org/10.1016/j.watres.2017.05.004

Beniston,	M.,	Stephenson,	D.	B.,	Christensen,	O.	B.,	Ferro,	C.	A.	T.,	Frei,	
C.,	Goyette,	S.,	Halsnaes,	K.,	Holt,	T.,	Jylha,	K.,	Koffi,	B.,	Palutikof,	J.,	
Schoell,	R.,	Semmler,	T.,	&	Woth,	K.	(2007).	Future	extreme	events	
in European climate: An exploration of regional climate model 
projections. Climatic Change, 81,	 71–	95.	 https://doi.org/10.1007/
s1058	4-	006-	9226-	z

Brasell,	 K.	 A.,	 Howarth,	 J.,	 Pearman,	 J.	 K.,	 Fitzsimons,	 S.	 J.,	 Zaiko,	 A.,	
Pochon,	X.,	Vandergoes,	M.	J.,	Simon,	K.	S.,	&	Wood,	S.	A.	(2021).	
Lake microbial communities are not resistant or resilient to re-
peated large- scale natural pulse disturbances. Molecular Ecology, 
30(20),	5137–	5150.	https://doi.org/10.1111/mec.16110

Burks,	R.	L.,	Lodge,	D.	M.,	Jeppesen,	E.,	&	Lauridsen,	T.	L.	 (2002).	Diel	
horizontal migration of zooplankton: Costs and benefits of inhab-
iting the littoral. Freshwater Biology, 47(3),	 343–	365.	 https://doi.
org/10.1046/j.1365-	2427.2002.00824.x

Candan, N., & Tarhan, L. (2003). Relationship among chlorophyll- 
carotenoid content, antioxidant enzyme activities and lipid perox-
idation levels by Mg- 2 deficiency in the Mentha pulegium leaves. 
Plant Physiology and Biochemistry, 41(1),	 35–	40.	 https://doi.
org/10.1016/s0981 - 9428(02)00006 - 2

Cao,	T.,	Ni,	L.	Y.,	&	Xie,	P.	(2004).	Acute	biochemical	responses	of	a	sub-
mersed macrophyte, Potamogeton crispus L., to high ammonium in 
an aquarium experiment. Journal of Freshwater Ecology, 19(2), 279– 
284. https://doi.org/10.1080/02705	060.2004.9664542

Carpenter,	 S.	 R.,	 Ludwig,	 D.,	 &	 Brock,	 W.	 A.	 (1999).	 Management	
of eutrophication for lakes subject to potentially irrevers-
ible change. Ecological Applications, 9(3),	 751–	771.	 https://doi.
org/10.2307/2641327

Chen,	 J.	 F.,	 Cao,	 T.,	 Zhang,	 X.	 L.,	 Xi,	 Y.	 L.,	 Ni,	 L.,	 &	 Jeppesen,	 E.	 (2016).	
Differential photosynthetic and morphological adaptations to low 
light affect depth distribution of two submersed macrophytes in lakes. 
Scientific Reports, 6, 34028. https://doi.org/10.1038/srep3 4028

Chou,	 Q.,	 Zhang,	W.,	 Chen,	 J.,	 Ren,	W.,	 Yuan,	 C.,	Wen,	 Z.,	 Zhang,	 X.,	
Cao, T., Ni, L., & Jeppesen, E. (2022). Phenotypic responses of 
a submerged macrophyte (Vallisneria natans) to low light com-
bined with water depth. Aquatic Botany, 176, 103462. https://doi.
org/10.1016/j.aquab ot.2021.103462

Choudhury,	M.	I.,	Urrutia-	Cordero,	P.,	Zhang,	H.,	Ekvall,	M.	K.,	Medeiros,	
L. R., & Hansson, L.- A. (2019). Charophytes collapse beyond a 
critical warming and brownification threshold in shallow lake sys-
tems. Science of the Total Environment, 661,	 148–	154.	https://doi.
org/10.1016/j.scito tenv.2019.01.177

Civello,	 P.	 M.,	 Martinez,	 G.	 A.,	 Chaves,	 A.	 R.,	 &	 Anon,	 M.	 C.	 (1995).	
Peroxidase from strawberry fruit (Fragaria ananassa Duch) -  Partial- 
purification and determination of some properties. Journal of 
Agricultural and Food Chemistry, 43(10),	 2596–	2601.	 https://doi.
org/10.1021/jf000	58a008

Dai,	L.,	Korolev,	K.	S.,	&	Gore,	J.	(2013).	Slower	recovery	in	space	before	
collapse of connected populations. Nature, 496(7445),	 355–	358.	
https://doi.org/10.1038/natur e12071

Deegan,	L.	A.,	Johnson,	D.	S.,	Warren,	R.	S.,	Peterson,	B.	J.,	Fleeger,	J.	W.,	
Fagherazzi,	S.,	&	Wollheim,	W.	M.	(2012).	Coastal	eutrophication	as	
a driver of salt marsh loss. Nature, 490(7420), 388– 392. https://doi.
org/10.1038/natur	e11533

Easterling,	D.	R.,	Meehl,	G.	A.,	Parmesan,	C.,	Changnon,	S.	A.,	Karl,	T.	
R., & Mearns, L. O. (2000). Climate extremes: Observations, mod-
eling, and impacts. Science, 289(5487),	 2068–	2074.	 https://doi.
org/10.1126/scien	ce.289.5487.2068

https://doi.org/10.5061/dryad.pzgmsbcqn
https://orcid.org/0000-0001-5443-9324
https://orcid.org/0000-0001-5443-9324
https://doi.org/10.1016/j.watres.2017.05.004
https://doi.org/10.1016/j.watres.2017.05.004
https://doi.org/10.1007/s10584-006-9226-z
https://doi.org/10.1007/s10584-006-9226-z
https://doi.org/10.1111/mec.16110
https://doi.org/10.1046/j.1365-2427.2002.00824.x
https://doi.org/10.1046/j.1365-2427.2002.00824.x
https://doi.org/10.1016/s0981-9428(02)00006-2
https://doi.org/10.1016/s0981-9428(02)00006-2
https://doi.org/10.1080/02705060.2004.9664542
https://doi.org/10.2307/2641327
https://doi.org/10.2307/2641327
https://doi.org/10.1038/srep34028
https://doi.org/10.1016/j.aquabot.2021.103462
https://doi.org/10.1016/j.aquabot.2021.103462
https://doi.org/10.1016/j.scitotenv.2019.01.177
https://doi.org/10.1016/j.scitotenv.2019.01.177
https://doi.org/10.1021/jf00058a008
https://doi.org/10.1021/jf00058a008
https://doi.org/10.1038/nature12071
https://doi.org/10.1038/nature11533
https://doi.org/10.1038/nature11533
https://doi.org/10.1126/science.289.5487.2068
https://doi.org/10.1126/science.289.5487.2068


10 of 11  |     ZHAO et al.

Ebina,	J.,	Tsutsui,	T.,	&	Shirai,	T.	 (1983).	Simultaneous	determination	of	
total nitrogen and total phosphorus in water using peroxodisul-
fate oxidation. Water Research, 17(12), 1721– 1726. https://doi.
org/10.1016/0043-	1354(83)90192	-	6

Ewing,	 J.	 F.,	 &	 Janero,	 D.	 R.	 (1995).	 Microplate	 superoxide	 dis-
mutase assay employing a nonenzymatic superoxide generator. 
Analytical Biochemistry, 232(2), 243– 248. https://doi.org/10.1006/
abio.1995.0014

Field,	C.	B.,	Barros,	V.	R.,	Mach,	K.,	&	Mastrandrea,	M.	 (2014).	Climate 
change 2014: Impacts, adaptation, and vulnerability. Contribution of 
working group II to the fifth assessment report of the intergovernmental 
panel on climate change. Cambridge University Press.

Folke,	 C.,	 Carpenter,	 S.	 R.,	 Walker,	 B.,	 Scheffer,	 M.,	 Chapin,	 T.,	 &	
Rockstrom, J. (2010). Resilience thinking: Integrating resilience, 
adaptability and transformability. Ecology and Society, 15(4), 20. 
https://doi.org/10.5751/es-	03610	-	150420

Gende,	 S.	 M.,	 Edwards,	 R.	 T.,	 Willson,	 M.	 F.,	 &	 Wipfli,	 M.	 S.	
(2002). Pacific salmon in aquatic and terrestrial ecosystems. 
Bioscience, 52(10), 917– 928. https://doi.org/10.1641/0006- 
3568(2002)052[0917:Psiaa	t]2.0.Co;2

Glasby,	T.	M.,	&	Underwood,	A.	J.	(1996).	Sampling	to	differentiate	be-
tween pulse and press perturbations. Environmental Monitoring and 
Assessment, 42(3),	241–	252.	https://doi.org/10.1007/bf004 14371

Greaver, T. L., Clark, C. M., Compton, J. E., Vallano, D., Talhelm, A. F., 
Weaver,	C.	P.,	Band,	L.	E.,	Baron,	J.	S.,	Davidson,	E.	A.,	Tague,	C.	L.,	
Felker- Quinn, E., Lynch, J. A., Herrick, J. D., Liu, L., Goodale, C. L., 
Novak,	K.	J.,	&	Haeuber,	R.	A.	(2016).	Key	ecological	responses	to	
nitrogen are altered by climate change. Nature Climate Change, 6(9), 
836– 843. https://doi.org/10.1038/nclim ate3088

Gross, E. M. (2003). Allelopathy of aquatic autotrophs. Critical Reviews 
in Plant Sciences, 22(3– 4), 313– 339. https://doi.org/10.1080/71361 
0859

Halpern,	 B.	 S.,	 Frazier,	 M.,	 Afflerbach,	 J.,	 Lowndes,	 J.	 S.,	 Micheli,	 F.,	
O'hara,	C.,	Scarborough,	C.,	&	Selkoe,	K.	A.	(2019).	Recent	pace	of	
change in human impact on the world's ocean. Scientific Reports, 
9(1), 1– 8. https://doi.org/10.1038/s4159	8-	019-	47201	-	9

Hargeby,	A.,	Blindow,	I.,	&	Andersson,	G.	(2007).	Long-	term	patterns	of	
shifts	between	clear	and	turbid	states	in	Lake	Krankesjon	and	Lake	
Takern. Ecosystems, 10(1), 29– 36. https://doi.org/10.1007/s1002 
1-	006-	9008-	5

Hector,	 A.,	 Joshi,	 J.,	 Lawler,	 S.	 P.,	 Spehn,	 E.	 M.,	 &	 Wilby,	 A.	 (2001).	
Conservation implications of the link between biodiversity and 
ecosystem functioning. Oecologia, 129(4), 624– 628. https://doi.
org/10.1007/s0044	20100759

Heino, J., Virkkala, R., & Toivonen, H. (2009). Climate change and fresh-
water biodiversity: Detected patterns, future trends and adapta-
tions in northern regions. Biological Reviews, 84(1),	39–	54.	https://
doi.org/10.1111/j.1469-	185X.2008.00060.x

Higashino,	M.,	 &	 Stefan,	 H.	 G.	 (2014).	Modeling	 the	 effect	 of	 rainfall	
intensity on soil- water nutrient exchange in flooded rice paddies 
and implications for nitrate fertilizer runoff to the Oita River in 
Japan. Water Resources Research, 50(11), 8611– 8624. https://doi.
org/10.1002/2013w r014643

Holt, R. D. (2008). Theoretical perspectives on resource pulses. Ecology, 
89(3), 671– 681. https://doi.org/10.1890/07- 0348.1

Jentsch, A., & White, P. (2019). A theory of pulse dynamics and distur-
bance in ecology. Ecology, 100(7), e02734. https://doi.org/10.1002/
ecy.2734

Jeppesen,	E.,	Kronvang,	B.,	Meerhoff,	M.,	Sondergaard,	M.,	Hansen,	K.	
M.,	Andersen,	H.	E.,	Lauridsen,	T.	L.,	Liboriussen,	L.,	Beklioglu,	M.,	
Ozen, A., & Olesen, J. E. (2009). Climate change effects on runoff, 
catchment phosphorus loading and lake ecological state, and po-
tential adaptations. Journal of Environmental Quality, 38(5),	1930–	
1941. https://doi.org/10.2134/jeq20 08.0113

Jia, J. M., Chen, Q. W., & Lauridsen, T. L. (2016). A systematic investiga-
tion into the environmental fate of microcystins and the potential 

risk:	Study	in	Lake	Taihu.	Toxins, 8(6), 170. https://doi.org/10.3390/
toxin s8060170

Jiang,	H.	S.,	Zhang,	Y.	Z.,	Yin,	L.	Y.,	Li,	W.,	Jin,	Q.,	Fu,	W.	L.,	Zhang,	T.,	&	
Huang, W. M. (2018). Diurnal changes in photosynthesis by six sub-
merged macrophytes measured using fluorescence. Aquatic Botany, 
149, 33– 39. https://doi.org/10.1016/j.aquab	ot.2018.05.003

Johnk,	 K.	 D.,	 Huisman,	 J.,	 Sharples,	 J.,	 Sommeijer,	 B.,	 Visser,	 P.	M.,	 &	
Stroom,	J.	M.	(2008).	Summer	heatwaves	promote	blooms	of	harm-
ful cyanobacteria. Global Change Biology, 14(3),	 495–	512.	https://
doi.org/10.1111/j.1365-	2486.2007.01510.x

Kasprzak,	 P.,	 Shatwell,	 T.,	 Gessner,	M.	O.,	 Gonsiorczyk,	 T.,	 Kirillin,	 G.,	
Selmeczy,	G.,	Padisak,	J.,	&	Engelhardt,	C.	(2017).	Extreme	weather	
event triggers cascade towards extreme turbidity in a clear- water 
lake. Ecosystems, 20(8), 1407– 1420. https://doi.org/10.1007/s1002 
1- 017- 0121- 4

Kautsky,	L.	 (1988).	Life	strategies	of	aquatic	soft	bottom	macrophytes.	
Oikos, 53(1),	126–	135.	https://doi.org/10.2307/3565672

Kosten,	 S.,	 Jeppesen,	E.,	Huszar,	V.	 L.	M.,	Mazzeo,	N.,	Van	Nes,	E.	H.,	
Peeters,	E.,	&	Scheffer,	M.	 (2011).	Ambiguous	climate	 impacts	on	
competition between submerged macrophytes and phytoplankton 
in shallow lakes. Freshwater Biology, 56(8),	1540–	1553.	https://doi.
org/10.1111/j.1365-	2427.2011.02593.x

Leigh,	C.,	Bush,	A.,	Harrison,	E.	T.,	Ho,	S.	S.,	Luke,	L.,	Rolls,	R.	J.,	&	Ledger,	
M.	E.	(2015).	Ecological	effects	of	extreme	climatic	events	on	river-
ine ecosystems: Insights from Australia. Freshwater Biology, 60(12), 
2620– 2638. https://doi.org/10.1111/fwb.12515

Li,	H.	M.,	Li,	Q.,	Luo,	X.,	Fu,	J.,	&	Zhang,	J.	B.	 (2020).	Responses	of	the	
submerged macrophyte Vallisneria natans to a water depth gra-
dient. Science of the Total Environment, 701, 134944. https://doi.
org/10.1016/j.scito tenv.2019.134944

Liu,	X.	H.,	Zhang,	Y.	 L.,	Yin,	Y.,	Wang,	M.	Z.,	&	Qin,	B.	Q.	 (2013).	Wind	
and submerged aquatic vegetation influence bio- optical properties 
in large shallow Lake Taihu, China. Journal of Geophysical Research –  
Biogeosciences, 118(2), 713– 727. https://doi.org/10.1002/jgrg.20054

Marwood,	C.	A.,	Solomon,	K.	R.,	&	Greenberg,	B.	M.	(2001).	Chlorophyll	
fluorescence as a bioindicator of effects on growth in aquatic 
macrophytes from mixtures of polycyclic aromatic hydrocarbons. 
Environmental Toxicology and Chemistry, 20(4), 890– 898. https://
doi.org/10.1002/etc.56202	00425

Moller,	 A.	 P.,	 Flensted-	Jensen,	 E.,	 Laursen,	 K.,	 &	 Mardal,	 W.	 (2015).	
Fertilizer leakage to the marine environment, ecosystem effects 
and population trends of waterbirds in Denmark. Ecosystems, 18(1), 
30– 44. https://doi.org/10.1007/s1002 1- 014- 9810- 4

Moss,	 B.	 (1990).	 Engineering	 and	 biological	 approaches	 to	 the	 resto-
ration from eutrophication of shallow lakes in which aquatic plant 
communities are important components. Hydrobiologia, 200, 367– 
377. https://doi.org/10.1007/bf025	30354

Naiman,	R.	J.,	Bilby,	R.	E.,	Schindler,	D.	E.,	&	Helfield,	J.	M.	(2002).	Pacific	
salmon, nutrients, and the dynamics of freshwater and riparian eco-
systems. Ecosystems, 5(4), 399– 417. https://doi.org/10.1007/s1002 
1- 001- 0083- 3

Nimmo,	D.	G.,	Mac,	N.	R.,	Cunningham,	S.	C.,	Haslem,	A.,	&	Bennett,	A.	
F.	 (2015).	Vive	 la	 resistance:	Reviving	 resistance	 for	21st	century	
conservation. Trends in Ecology & Evolution, 30(9),	516–	523.	https://
doi.org/10.1016/j.tree.2015.07.008

Nowlin,	W.	H.,	Vanni,	M.	J.,	&	Yang,	L.	H.	 (2008).	Comparing	 resource	
pulses in aquatic and terrestrial ecosystems. Ecology, 89(3), 647– 
659.	https://doi.org/10.1890/07- 0303.1

O'Beirne,	M.	D.,	Werne,	J.	P.,	Hecky,	R.	E.,	Johnson,	T.	C.,	Katsev,	S.,	&	
Reavie, E. D. (2017). Anthropogenic climate change has altered pri-
mary	 productivity	 in	 Lake	 Superior.	Nature Communications, 8(1), 
1– 8. https://doi.org/10.1038/ncomm	s15713

Pacheco, G. D. (2011). Graphics for statistics and data anal-
ysis with R. Journal of the Royal Statistical Society: 
Series A (Statistics in Society), 174,	 509–	510.	 https://doi.
org/10.1111/j.1467-	985X.2010.00681_8.x

https://doi.org/10.1016/0043-1354(83)90192-6
https://doi.org/10.1016/0043-1354(83)90192-6
https://doi.org/10.1006/abio.1995.0014
https://doi.org/10.1006/abio.1995.0014
https://doi.org/10.5751/es-03610-150420
https://doi.org/10.1641/0006-3568(2002)052%5B0917:Psiaat%5D2.0.Co;2
https://doi.org/10.1641/0006-3568(2002)052%5B0917:Psiaat%5D2.0.Co;2
https://doi.org/10.1007/bf00414371
https://doi.org/10.1038/nclimate3088
https://doi.org/10.1080/713610859
https://doi.org/10.1080/713610859
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1007/s10021-006-9008-5
https://doi.org/10.1007/s10021-006-9008-5
https://doi.org/10.1007/s004420100759
https://doi.org/10.1007/s004420100759
https://doi.org/10.1111/j.1469-185X.2008.00060.x
https://doi.org/10.1111/j.1469-185X.2008.00060.x
https://doi.org/10.1002/2013wr014643
https://doi.org/10.1002/2013wr014643
https://doi.org/10.1890/07-0348.1
https://doi.org/10.1002/ecy.2734
https://doi.org/10.1002/ecy.2734
https://doi.org/10.2134/jeq2008.0113
https://doi.org/10.3390/toxins8060170
https://doi.org/10.3390/toxins8060170
https://doi.org/10.1016/j.aquabot.2018.05.003
https://doi.org/10.1111/j.1365-2486.2007.01510.x
https://doi.org/10.1111/j.1365-2486.2007.01510.x
https://doi.org/10.1007/s10021-017-0121-4
https://doi.org/10.1007/s10021-017-0121-4
https://doi.org/10.2307/3565672
https://doi.org/10.1111/j.1365-2427.2011.02593.x
https://doi.org/10.1111/j.1365-2427.2011.02593.x
https://doi.org/10.1111/fwb.12515
https://doi.org/10.1016/j.scitotenv.2019.134944
https://doi.org/10.1016/j.scitotenv.2019.134944
https://doi.org/10.1002/jgrg.20054
https://doi.org/10.1002/etc.5620200425
https://doi.org/10.1002/etc.5620200425
https://doi.org/10.1007/s10021-014-9810-4
https://doi.org/10.1007/bf02530354
https://doi.org/10.1007/s10021-001-0083-3
https://doi.org/10.1007/s10021-001-0083-3
https://doi.org/10.1016/j.tree.2015.07.008
https://doi.org/10.1016/j.tree.2015.07.008
https://doi.org/10.1890/07-0303.1
https://doi.org/10.1038/ncomms15713
https://doi.org/10.1111/j.1467-985X.2010.00681_8.x
https://doi.org/10.1111/j.1467-985X.2010.00681_8.x


    |  11 of 11ZHAO et al.

Papalexiou,	 S.	M.,	&	Montanari,	 A.	 (2019).	Global	 and	 regional	 increase	
of precipitation extremes under global warming. Water Resources 
Research, 55(6), 4901– 4914. https://doi.org/10.1029/2018w r024067

Parkyn,	S.	M.,	&	Collier,	K.	J.	(2004).	Interaction	of	press	and	pulse	distur-
bance on crayfish populations: Food impacts in pasture and forest 
streams. Hydrobiologia, 527(1), 113– 124. https://doi.org/10.1023/
b:Hydr.00000 43189.91134.94

Poulickova,	A.,	Hasler,	P.,	Lysakova,	M.,	&	Spears,	B.	(2008).	The	ecology	
of freshwater epipelic algae: An update. Phycologia, 47(5),	437–	450.	
https://doi.org/10.2216/07-	59.1

Qi,	M.,	 Sun,	 T.,	 Xue,	 S.,	 Yang,	W.,	 Shao,	D.,	 &	Martinez-	Lopez,	 J.	 (2018).	
Competitive ability, stress tolerance and plant interactions along stress 
gradients. Ecology, 99(4),	848–	857.	https://doi.org/10.1002/ecy.2147

Rabalais, N. N., Turner, R. E., Diaz, R. J., & Justic, D. (2009). Global change 
and eutrophication of coastal waters. ICES Journal of Marine Science, 
66(7),	1528–	1537.	https://doi.org/10.1093/icesj ms/fsp047

Reynolds,	 C.	 S.	 (1987).	 The	 response	 of	 phytoplankton	 communi-
ties to changing lake environments. Schweizerische Zeitschrift für 
Hydrologie, 49(2), 220– 236. https://doi.org/10.1007/bf025	38504

Rippka,	R.,	Deruelles,	J.,	Waterbury,	J.	B.,	Herdman,	M.,	&	Stanier,	R.	Y.	
(1979). Generic assignments, strain histories and properties of pure 
cultures of cyanobacteria. Journal of General Microbiology, 111, 1– 
61. https://doi.org/10.1099/00221 287- 111- 1- 1

Rumschlag,	S.	L.,	Mahon,	M.	B.,	Hoverman,	J.	T.,	Raffel,	T.	R.,	Carrick,	H.	
J., Hudson, P. J., & Rohr, J. R. (2020). Consistent effects of pesticides 
on community structure and ecosystem function in freshwater sys-
tems. Nature Communications, 11(1), 1– 9. https://doi.org/10.1038/
s4146 7- 020- 20192 - 2

Sand-	Jensen,	 K.,	 &	 Borum,	 J.	 (1991).	 Interactions	 among	 phytoplank-
ton, periphyton, and macrophytes in temperate fresh- waters 
and estuaries. Aquatic Botany, 41(1–	3),	 137–	175.	 https://doi.
org/10.1016/0304- 3770(91)90042 - 4

Sayer,	C.	D.,	Burgess,	A.,	Kari,	K.,	Davidson,	T.	A.,	Peglar,	S.,	Yang,	H.	D.,	
& Rose, N. (2010). Long- term dynamics of submerged macrophytes 
and algae in a small and shallow, eutrophic lake: Implications for the 
stability of macrophyte- dominance. Freshwater Biology, 55(3),	565–	
583.	https://doi.org/10.1111/j.1365-	2427.2009.02353.x

Scheffer,	M.,	Carpenter,	S.,	Foley,	 J.	A.,	Folke,	C.,	&	Walker,	B.	 (2001).	
Catastrophic shifts in ecosystems. Nature, 413(6856),	 591–	596.	
https://doi.org/10.1038/35098000

Scheffer,	M.,	Hosper,	S.	H.,	Meijer,	M.	L.,	Moss,	B.,	&	Jeppesen,	E.	(1993).	
Alternative equilibria in shallow lakes. Trends in Ecology & Evolution, 
8(8),	275–	279.	https://doi.org/10.1016/0169-	5347(93)90254	-	m

Szabo,	 S.,	 Koleszar,	 G.,	 Braun,	M.,	 Nagy,	 Z.,	 Vicei,	 T.	 T.,	 &	 Peeters,	 E.	
(2022).	 Submerged	 rootless	 macrophytes	 sustain	 a	 stable	 state	
against free- floating plants. Ecosystems, 25(1), 17– 29. https://doi.
org/10.1007/s1002	1-	021-	00637	-	5

Tolonen,	K.	T.,	Hamalainen,	H.,	Lensu,	A.,	Merilainen,	J.	J.,	Palomaki,	A.,	&	
Karjalainen,	J.	(2014).	The	relevance	of	ecological	status	to	ecosys-
tem functions and services in a large boreal lake. Journal of Applied 
Ecology, 51(3),	560–	571.	https://doi.org/10.1111/1365-	2664.12245

Urrutia-	Cordero,	P.,	Langenheder,	S.,	Striebel,	M.,	Eklov,	P.,	Angeler,	D.	
G.,	Bertilsson,	S.,	Csitari,	B.,	Hansson,	L.	A.,	Kelpsiene,	E.,	Laudon,	
H., Lundgren, M., Osman, O. A., Parkefelt, L., & Hillebrand, H. 
(2021). Functionally reversible impacts of disturbances on lake 
food webs linked to spatial and seasonal dependencies. Ecology, 
102(4), e03283. https://doi.org/10.1002/ecy.3283

Vandonk, E., Gulati, R. D., Iedema, A., & Meulemans, J. T. (1993). 
Macrophyte- related shifts in the nitrogen and phosphorus con-
tents of the different trophic levels in a biomanipulated shallow lake. 
Hydrobiologia, 251(1– 3), 19– 26. https://doi.org/10.1007/bf000 07160

Verhoeven,	 J.	 T.	A.,	Arheimer,	B.,	 Yin,	C.	Q.,	&	Hefting,	M.	M.	 (2006).	
Regional and global concerns over wetlands and water qual-
ity. Trends in Ecology & Evolution, 21(2), 96– 103. https://doi.
org/10.1016/j.tree.2005.11.015

Wang, F., Liu, D., Qu, H., Chen, L., Zhou, Z., & Wang, P. (2016). A full eval-
uation for the enantiomeric impacts of lactofen and its metabolites 

on aquatic macrophyte Lemna minor. Water Research, 101,	55–	63.	
https://doi.org/10.1016/j.watres.2016.05.064

Weber,	M.	J.,	&	Brown,	M.	L.	(2013).	Continuous,	pulsed	and	disrupted	
nutrient subsidy effects on ecosystem productivity, stability, 
and energy flow. Ecosphere, 4(2), 1– 13. https://doi.org/10.1890/
es12-	00354.1

Weiner, J. (2004). Allocation, plasticity and allometry in plants. 
Perspectives in Plant Ecology, Evolution and Systematics, 6(4), 207– 
215.	https://doi.org/10.1078/1433- 8319- 00083

Wentz,	F.	J.,	Ricciardulli,	L.,	Hilburn,	K.,	&	Mears,	C.	(2007).	How	much	
more rain will global warming bring? Science, 317(5835),	233–	235.	
https://doi.org/10.1126/scien ce.1140746

Wijewardene, L., Wu, N., Fohrer, N., & Riis, T. (2022). Epiphytic bio-
films in freshwater and interactions with macrophytes: Current 
understanding and future directions. Aquatic Botany, 176, 103467. 
https://doi.org/10.1016/j.aquab ot.2021.103467

Woitke, M., Hartung, W., Gimmler, H., & Heilmeier, H. (2004). Chlorophyll 
fluorescence of submerged and floating leaves of the aquatic resur-
rection plant Chamaegigas intrepidus. Functional Plant Biology, 31(1), 
53–	62.	https://doi.org/10.1071/fp03167

Yang,	C.,	Shi,	X.,	Nan,	J.,	Huang,	Q.,	Shen,	X.,	&	Li,	J.	(2022).	Morphological	
responses of the submerged macrophyte Vallisneria natans along an 
underwater light gradient: A mesocosm experiment reveals the im-
portance	of	 the	Secchi	depth	 to	water	depth	 ratio.	Science of the 
Total Environment, 808,	 152199.	 https://doi.org/10.1016/j.scito 
tenv.2021.152199

Yang,	L.	H.,	Bastow,	J.	L.,	Spence,	K.	O.,	&	Wright,	A.	N.	(2008).	What	can	
we learn from resource pulses? Ecology, 89(3), 621– 634. https://doi.
org/10.1890/07-	0175.1

Yang,	L.	H.,	Edwards,	K.	F.,	Byrnes,	J.	E.,	Bastow,	J.	L.,	Wright,	A.	N.,	&	
Spence,	K.	O.	(2010).	A	meta-	analysis	of	resource	pulse-	consumer	
interactions. Ecological Monographs, 80(1),	 125–	151.	 https://doi.
org/10.1890/08- 1996.1

Yi,	C.,	&	Jackson,	N.	(2021).	A	review	of	measuring	ecosystem	resilience	
to disturbance. Environmental Research Letters, 16(5),	 053008.	
https://doi.org/10.1088/1748- 9326/abdf09

Zhang,	M.	S.,	 Li,	W.,	Zhang,	W.	U.,	 Li,	Y.	A.,	 Li,	 J.	 E.,	&	Gao,	Y.	 (2021).	
Agricultural land- use change exacerbates the dissemination of anti-
biotic	resistance	genes	via	surface	runoffs	in	Lake	Tai	Basin,	China.	
Ecotoxicology and Environmental Safety, 220, 112328. https://doi.
org/10.1016/j.ecoenv.2021.112328

Zhang,	 Y.	 F.,	 Liang,	 J.,	 Zeng,	 G.	M.,	 Tang,	W.	W.,	 Lu,	 Y.,	 Luo,	 Y.,	 Xing,	
W.	L.,	Tang,	N.,	Ye,	S.	J.,	Li,	X.,	&	Huang,	W.	 (2020).	How	climate	
change and eutrophication interact with microplastic pollution 
and sediment resuspension in shallow lakes: A review. Science of 
the Total Environment, 705,	135979.	https://doi.org/10.1016/j.scito 
tenv.2019.135979

Zhong, A., Cao, T., Zhang, M., Ni, L., & Xie, P. (2013). Uptake of ammo-
nium by Vallisneria natans and Myriophyllum spicatum under light 
and dark regimes. Scientia Limnologica Sinica, 25(2), 289– 294.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Zhao,	Y.,	Wang,	R.,	Zhang,	E.,	Guan,	
B.,	&	Xu,	M.	(2022).	Aquatic	ecosystem	responds	differently	
to press and pulse nutrient disturbances as revealed by a 
microcosm experiment. Ecology and Evolution, 12, e9438. 
https://doi.org/10.1002/ece3.9438

https://doi.org/10.1029/2018wr024067
https://doi.org/10.1023/b:Hydr.0000043189.91134.94
https://doi.org/10.1023/b:Hydr.0000043189.91134.94
https://doi.org/10.2216/07-59.1
https://doi.org/10.1002/ecy.2147
https://doi.org/10.1093/icesjms/fsp047
https://doi.org/10.1007/bf02538504
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1038/s41467-020-20192-2
https://doi.org/10.1038/s41467-020-20192-2
https://doi.org/10.1016/0304-3770(91)90042-4
https://doi.org/10.1016/0304-3770(91)90042-4
https://doi.org/10.1111/j.1365-2427.2009.02353.x
https://doi.org/10.1038/35098000
https://doi.org/10.1016/0169-5347(93)90254-m
https://doi.org/10.1007/s10021-021-00637-5
https://doi.org/10.1007/s10021-021-00637-5
https://doi.org/10.1111/1365-2664.12245
https://doi.org/10.1002/ecy.3283
https://doi.org/10.1007/bf00007160
https://doi.org/10.1016/j.tree.2005.11.015
https://doi.org/10.1016/j.tree.2005.11.015
https://doi.org/10.1016/j.watres.2016.05.064
https://doi.org/10.1890/es12-00354.1
https://doi.org/10.1890/es12-00354.1
https://doi.org/10.1078/1433-8319-00083
https://doi.org/10.1126/science.1140746
https://doi.org/10.1016/j.aquabot.2021.103467
https://doi.org/10.1071/fp03167
https://doi.org/10.1016/j.scitotenv.2021.152199
https://doi.org/10.1016/j.scitotenv.2021.152199
https://doi.org/10.1890/07-0175.1
https://doi.org/10.1890/07-0175.1
https://doi.org/10.1890/08-1996.1
https://doi.org/10.1890/08-1996.1
https://doi.org/10.1088/1748-9326/abdf09
https://doi.org/10.1016/j.ecoenv.2021.112328
https://doi.org/10.1016/j.ecoenv.2021.112328
https://doi.org/10.1016/j.scitotenv.2019.135979
https://doi.org/10.1016/j.scitotenv.2019.135979
https://doi.org/10.1002/ece3.9438

	Aquatic ecosystem responds differently to press and pulse nutrient disturbances as revealed by a microcosm experiment
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Experimental design
	2.2|Sampling and processing
	2.3|Data analysis

	3|RESULTS
	3.1|Water quality
	3.2|Changes in aquatic organisms
	3.3|Stability of the experimental aquatic ecosystem

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


