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Light is a fundamental driver of ecosystem dynamics, affecting the rate of

photosynthesis and primary production. In spite of its importance, less is

known about its community-scale effects on aquatic ecosystems compared

with those of nutrient loading. Understanding light limitation is also impor-

tant for ecosystem management, as human activities have been rapidly

altering light availability to aquatic ecosystems. Here we show that decreasing

light can paradoxically increase phytoplankton abundance in shallow lakes.

Our results, based on field manipulation experiments, field observations

and models, suggest that, under competition for light and nutrients between

phytoplankton and submersed macrophytes, alternative stable states are

possible under high-light supply. In a macrophyte-dominated state, as light

decreases phytoplankton density increases, because macrophytes (which

effectively compete for nutrients released from the sediment) are more

severely affected by light reduction. Our results demonstrate how species

interactions with spatial heterogeneity can cause an unexpected outcome in

complex ecosystems. An implication of our findings is that partial surface

shading for controlling harmful algal bloom may, counterintuitively, increase

phytoplankton abundance by decreasing macrophytes. Therefore, to predict

how shallow lake ecosystems respond to environmental perturbations, it is

essential to consider effects of light on the interactions between pelagic and

benthic producers.
1. Introduction
Light intensity is a fundamental driver of ecosystem processes, affecting the rate

of photosynthesis and primary production [1–3]. For example, Karlsson et al. [1]

proposed that productivity in most unproductive lakes is limited by light and not

by nutrients. In spite of its importance, however, the effect of light intensity in

natural ecosystems has been relatively under-investigated compared with that

of nutrients (but see [1,2,4,5]). Because human activities have altered light avail-

ability to aquatic ecosystems by riparian deforestation [6], changing the amount

of clouds and aerosols with global climate change [7], reducing ice cover area

over lakes with global warming [8], installing floating solar photovoltaic power

plants [9], and changing inputs of terrestrial dissolved organic matter (DOM)

[10], it is important to understand the effects of light availability on community

dynamics and their implications for conservation and management.

Because of its requirement for photosynthesis, decreasing light availability is

expected to reduce primary production [1,2]. However, the effects of light inten-

sity on communities can be different from those of nutrient loading due to spatial

heterogeneity. Light always comes from above (the Sun), thus the vertical
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Figure 1. Field site and shading treatments. (a) A bird’s-eye view of the assigned treatments in CUEPF at the end of the experiment (after floating mats
were removed). Control: high-light (0% shading), medium: medium-light (56.5% shading) and low: low-light (75.4% shading). T-shape floating docks
(3 m � 1 m each), used for sampling, are visible on dikes between ponds. Floating mats during experiment in (b) a medium-light treatment ( pond 218)
and (c) a low-light treatment ( pond 219).

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20181067

2

distribution of species affects the outcome of competition for

light: when species higher in the water column increase in bio-

mass, the amount of light available for deeper species

decreases. In shallow lakes containing phytoplankton, rooted

macrophytes with floating leaves, submersed macrophytes

and benthic algae (periphyton), community structure is pre-

dicted by theoretical studies [11–14] to show complicated

dynamics such as hysteresis (i.e. alternative stable states)

along light gradients. Therefore, the effects of light input on

community structures must be examined in the context of the

details of spatial heterogeneity and biological feedbacks.

To understand ecosystem responses to changing light

intensity at a natural scale, we manipulated light input to

experimental pond ecosystems (figure 1) and examined the

effects of light availability on the plankton communities.

Although previous studies have often used coloured DOM

for manipulating underwater light conditions [5,15], this may

affect phytoplankton abundance through addition of organic

nutrients [16,17] and indirect effects on microbial activity

[18]. Natural and anthropogenic environmental changes

that affect light availability are in fact often tied to changes in

nutrient concentrations [19] and other factors, however, simpli-

fying the situation by solely manipulating light availability will

be helpful for mechanistically understanding and predicting

complex ecosystem dynamics [2,4,20,21]. In this study, by

using partial shading with opaque floating swimming pool

covers (figure 1b,c), we manipulated light input without

changing the concentrations of DOM in the pond. We

measured light penetration though the cover material and

found that it removed greater than 95% of sunlight, although

primary production still occurred because there was some

light transmission into the ponds between the floating covers.

In contrast to our intuition, we found that low light increased

phytoplankton biomass (as measured by chlorophyll a concen-

tration [22]). We also found a negative correlation between

chlorophyll a and the abundance of submersed macrophytes,
implying a potential competitive interaction between them.

Although previous studies that examined the effects of light

change by DOM have mainly focused on competition between

pelagic phytoplankton and benthic periphyton [5,14], our

simulations suggest that periphyton and macrophytes play a

similar role to benthic producers in competition with pelagic

phytoplankton. Our experimental results, field observations

and a simulation model combine to demonstrate that shading

can paradoxically increase phytoplankton abundance through

the indirect effect of competition with benthic producers.
2. Methods
(a) Light manipulation and sampling at experimental

ponds
We used the ponds at the Cornell University Experimental Ponds

Facility (CUEPF) in Ithaca, NY, USA (428300 N, 768260 W). At the

Neimi Road Site (Unit 2) of CUEPF, 50 ponds were built in 1964

and have been used for various field experiments in aquatic ecol-

ogy (e.g. [23–25]). We conducted our experiment at six ponds

(pond ID: 202, 203, 204, 217, 218 and 219; figure 1) from 3 July

to 28 September 2015. Each pond is 0.09 ha surface area (30 �
30 m) with a 0.04ha central deep area (20 � 20 m) at 1.5 m

depth. Slopes from the shore to the deep area occupy approxi-

mately 0.05 ha yielding a water body of 950 m3 volume. In

June 2015, to equalize initial conditions among ponds, we

pumped the water down to a depth of 10 cm, chlorinated the

remaining water with granular (swimming pool) sodium

dichloroisocyanurate, and then refilled the ponds with filtered

water from a reservoir source (through a 1 mm mesh). Pond

219 had unusually high initial densities of macrophytes (mostly

Potamogeton crispus), so we further removed those manually to

be roughly equivalent to those in other ponds. To prevent preva-

lence of remaining small zooplanktivorous cyprinid fish (mainly

fathead minnow, Pimephales promelas), we added five to six juvenile

largemouth bass (Micropterus salmoides; electronic supplementary
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material, table S1) to each pond on 3 July 2015. We manipulated

light supply to the ponds by using opaque floating swimming

pool covers (6 m diameter; Solar-cell SunBlanket, Century

Products, Inc., Georgia, USA). The mats are dark blue on one

side and silvered and reflective on the other. They were installed

silvered side up to reflect light and minimize heating of the

water (figure 1). We randomly assigned the six ponds to low-

light treatment (75.4% of pond surface area covered with 24

covers/pond), medium-light treatment (56.5% shading with 18

covers/pond) and high-light (control) treatment (0% shading

with 0 cover). Ponds 202 and 219 were low-light treatments,

ponds 204 and 218 were medium-light treatments, and ponds

203 and 217 were controls (figure 1). Dissolved oxygen (DO)

data (electronic supplementary material, figure S1) did not indicate

any dramatic differences between the treatments, suggesting that

gas exchange with the atmosphere was less important than

internal dynamics of oxygen production and consumption.

Sampling, performed once every two weeks during the

experiment, consisted of collecting 10-l pond water from the

bottom to surface by repeated deployment of a 2.2-l tube sam-

pler. The water samples were kept in the dark, brought to the

laboratory within 2 h and analysed for chlorophyll a, total phos-

phorus (TP) and total nitrogen (TN). Subsamples were preserved

for analysis of phytoplankton biovolume and composition. Zoo-

plankton samples were collected by filtering a total of 22-l pond

water from five sites in each pond with a 100 mm mesh net, and

fixed with 99% ethanol for enumeration. Benthic primary produ-

cers were collected in triplicate on 16 August 2015 using an

Ekman-Birge grab sampler (15 � 15 cm) from floating docks

deployed in each pond (figure 1). We measured the dry weight

of benthic producers after drying for 24 h at 1058C. We found

that submersed macrophyte, Chara vulgaris, was dominant in

the ponds. Thus, to quantify the area dominated by macro-

phytes, we took photos of the six experimental ponds from

above using an unmanned aerial vehicle (UAV, i.e. a drone)

with a video camera (Phantom 3, DJI, Shenzhen, China) on 7

October 2015 after the experiment had been terminated and the

floating swimming pool covers removed. Methods for measuring

chlorophyll a, TP and TN, and for enumerating and estimating

biomass of phytoplankton and zooplankton are given in electronic

supplementary material, appendix S1.

(b) Pattern of primary producers in 35 unmanipulated
ponds

In addition to the experimental manipulation, we surveyed 35

CUEPF ponds that were not used for our shading experiments

on 27–28 July and on 11–12 August 2016 to understand patterns

of pond communities without shading. For this survey, at each

pond, we collected 7-l pond water for chlorophyll a analysis

from below the surface using a 1.4-l weighted throw bottle and

quantified as described in electronic supplementary material,

appendix S1. For macrophytes, we took aerial photos by the

UAV and quantified the area dominated by macrophytes using

IMAGEJ software [26]. We used the fraction of pond area covered

by macrophytes as a proxy for macrophyte abundance as these

measures were positively correlated in our six experimental

ponds in 2015 (electronic supplementary material, figure S2).

Averaged values of chlorophyll a and macrophyte abundance

of the two samplings were used for the subsequent analyses.

(c) Statistical analyses
For the six experimental ponds manipulated in 2015, we con-

ducted linear mixed-effect model (LMM) analyses for log-scaled

chlorophyll a data except for the initial date, 24 June, because it

was a transitory period (figure 2a). We set sampling date as the

random effects and used ‘lme’ function of the ‘nlme’ package
in R [27]. Also, we statistically compared the differences in

log-scaled chlorophyll a among the study ponds as a post-hoc

multiple comparison of LMM using the ‘multicomp’ function of

the ‘multicomp’ package in R [27].

We examined correlations between chlorophyll a and macro-

phyte biomass (figure 2c), macrophyte biomass and areal

coverage (electronic supplementary material, figure S2), attenuation

coefficients, chlorophyll a, total biovolume of phytoplankton and

seston carbon (electronic supplementary material, figure S3),

chlorophyll a, TP, TN, zooplankton biomass and zooplankton

body length (electronic supplementary material, figure S4), chloro-

phyll a and phytoplankton biovolume (electronic supplementary

material, figure S5a), phytoplankton biovolume and macrophyte

biomass (electronic supplementary material, figure S8c), seston

carbon and macrophyte biomass (electronic supplementary

material, figure S9c), and zooplankton body length, phytoplankton

biovolume and seston carbon (electronic supplementary material,

figure S12) using Spearman’s rank correlation tests. We used the

data from all sampling dates of the experiment in electronic sup-

plementary material, figures S3 and S5a, whereas we used mean

values of all the data except for the initial date, 24 June (a transitory

period), in electronic supplementary material, figures S4 and S12.

For the survey of 35 CUEPF ponds in 2016, the chlorophyll a
and macrophyte coverage data were plotted against each other

(figure 2d, note that we removed a pond with an outlier value

of mean chlorophyll a, 46.9 mg l21, with 100% macrophyte cover-

age) and subsequently analysed for unimodality by using

Hartigans’ dip test (‘dip.test’ function of the ‘diptest’ package

in R [27]) where the alternative hypothesis is non-unimodal.

A two-dimensional binned kernel density estimation for drawing

contours (figure 2d ) was calculated using the ‘bkde2D’ function

of the ‘KernSmooth’ package with bandwidth (10, 10) in R.

(d) Theoretical model
Because we found that most benthic producers in these ponds were

submersed macrophytes (the macroalga Chara), we developed a

dynamic model of phytoplankton biomass Ai (g DW m–3), macro-

phyte biomass S (g DW m–3) and nutrient concentration in a water

column Ri (g m–3) with vertical spatial heterogeneity to explore

the mechanistic relationship between phytoplankton and macro-

phyte densities, as determined by light and nutrient resources.

Similar models have been developed for describing competition

among phytoplankton [28], between floating and submersed

plants [11], and between pelagic and benthic algae [5,14].

Dynamics are represented as

dAi

dt
¼ ðpAi �mAÞAi þ

a
zi
ðAj � AiÞ,

dS
dt
¼ ðpS �mSÞS,

dR1

dt
¼ a

z1
ðR2 � R1Þ � cApA1

A1,

dR2

dt
¼ 1

z2
½qðRin � R2Þ þ aðR1 � R2Þ� � ðcApA2

A2 þ cSpSSÞ,

ð2:1Þ

where i, j ¼ 1, 2. We assume that nutrients and phytoplank-

ton occur in the pelagic (1) and the benthic (2) habitats with

exchange rate a. Here pi is the growth rate of the primary producers

(i ¼ Aj or S), mi is loss rate, q is the nutrient loading rate from sedi-

ments, z1 is depth of the pelagic habitat, z2 is depth of the benthic

habitat, Rin is the concentration of incoming nutrients and ci is the

nutrient to dry weight ratio (electronic supplementary material,

table S2). The growth rate is co-limited by nutrient (R) and light

(I) as pi ¼ fi(Ri)gi(I )pmax,i, where pmax,i is maximum growth rate.

The nutrient limitation factor, fi(Ri), is a saturating function,

fiðRiÞ ¼ Ri=ðRi þMiÞ, where Mi is a half-saturation constant. The

light limitation factor, gi(I ), is obtained by integrating over the

depth as
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gA1
ðIÞ ¼ 1

ðkAA1 þ KbgÞz1

ðIin

I0

dI
HA þ I

¼ 1

ðkAA1 þ KbgÞz1
ln

HA þ Iin

HA þ I0

� �
,

gA2
ðIÞ ¼ 1

ðkAA2 þ kSSþ KbgÞz2

ðI0

Iout

dI
HA þ I

¼ 1

ðkAA2 þ kSSþ KbgÞz2
ln

HA þ I0

HA þ Iout

� �
,

gSðIÞ ¼
1

ðkAA2 þ kSSþ KbgÞz2

ðI0

Iout

dI
HS þ I

¼ 1

ðkAA2 þ kSSþ KbgÞz2
ln

HS þ I0

HS þ Iout

� �
,

ð2:2Þ
where ki is a light attenuation coefficient, Hi is a half-saturation

constant for light and Kbg is a background light attenuation

[28]. Here Iin is surface light intensity, I0 is light intensity

below the pelagic habitat and above the benthic habitat and

Iout is light intensity below the benthic habitat. They depend

on the light attenuation by water and producer biomass

(electronic supplementary material, figure S3), according to

Lambert–Beer’s Law

I0 ¼ Iin exp½�ðkAA1 þ KbgÞz1�,

Iout ¼ I0 exp½�ðkAA2 þ kSSþ KbgÞz2�:
ð2:3Þ
Based on field observation, we set z1 ¼ 1.4 and z2 ¼ 0.1. We conduc-

ted numerical simulations based on parameter values obtained

primarily from previous studies (electronic supplementary

material, table S2) [11,14].
3. Results
(a) Field manipulation experiments
In contrast to the previous studies where an increase in light

availability led to an increase in phytoplankton biomass
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(e.g. [20,29,30]), in our field experiments, phytoplankton bio-

mass instead increased with decreasing light (figure 2a,b).

We found that chlorophyll a concentration increased in low-

light ponds (mean values from 10 July to 21 September:

10.4 and 9.11 mg l21) relative to medium-light ponds (2.83

and 5.28 mg l21). In addition, whereas, consistent with

this trend, one of the control (no shading) ponds had the

lowest mean chlorophyll a (1.47 mg l21), the other had mean

chlorophyll a as high as in the low-light ponds

(11.8 mg l21). We found a statistically significant difference

between ponds (202L, 219L, 218M, 203H) and (204M, 217H)

(figure 2b, p , 0.002). The pattern except for the control

ponds is consistent and is apparently driven by the light

manipulation, because chlorophyll a concentrations were

similar among the ponds before the manipulation (24 June

of figure 2a) and the differences among the ponds were

roughly consistent throughout the experimental period

(10 July to 21 September of figure 2a).

To understand the mechanism behind the unexpected

pattern, we measured a range of relevant biological and

environmental variables (electronic supplementary material,

appendix S1) and found that phytoplankton chlorophyll a
concentration was significantly and negatively correlated

with the areal biomass of submersed macrophytes (primarily

Chara vulgaris in these ponds) (Spearman’s r ¼ –0.99; p ¼
0.00031; figure 2c). Because all the ponds began with the

equivalent macrophyte conditions, probably macrophyte bio-

mass changed over the summer to produce the observed

pattern. We also found indications of positive correlations
between chlorophyll a and nutrients (Spearman’s r ¼ 0.66,

p ¼ 0.18 for TP, and r ¼ 0.77, p ¼ 0.10 for TN; electronic sup-

plementary material, figures S4a and S4b, respectively). On

the other hand, the relationships between chlorophyll a and

zooplankton biomass and body length suggest much less

clear patterns (Spearman’s r ¼ –0.14 and –0.029 with p ¼
0.80 and p . 0.99 for biomass and body length, respectively;

electronic supplementary material, figures S4c, S4d).
(b) A simulation model
Because the observed negative correlation between phyto-

plankton and submersed macrophytes suggests competition

between these groups, we analysed a competition model in

which the growth rates of these primary producers are

co-limited by light and nutrients. By numerical simulation,

we found that macrophytes should dominate under high-

light supply, whereas phytoplankton should dominate under

low-light supply, and there are alternative stable states at inter-

mediate light (figure 3a,c). The alternative stable states have

one attractor at which phytoplankton and macrophytes coexist

(the grey dots in figure 3a,c). If the system is at that attractor,

phytoplankton can increase under low-light, because, due to

the stratified community structure in a water column, decreas-

ing surface light has a greater influence on macrophytes than

on phytoplankton suspended in the water column (figure 3).

The simulation results (figure 3a,c) were consistent with exper-

imental results (figure 3b,d) when the light intensity of control

(no shading) ponds is assumed to be 600 mmol m–2 s– 1. This
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could be taken as a rough approximation of the average irradi-

ance during a 24 h day–night cycle, because the mean light

intensity at the pond surface between 10.00 and 12.00 during

the study period was 1231 mmol m– 2 s– 1 (see electronic

supplementary material, appendix S1).

The results based on nitrogen (electronic supplementary

material, figure S6) showed qualitatively the similar bifurcation

pattern to that of phosphorus (figure 3), though our data show

TN : TP in all the ponds ranging between 49 : 1 and 73 : 1 (elec-

tronic supplementary material, figure S4), well above the

Redfield ratio and indicating general phosphorus limiting con-

ditions [31]. In our simulations, nutrients in the pelagic habitat

(R1 þ cAA1) are also dynamic response variables that depend

on many drivers, and we can examine the relationship between

phytoplankton and nutrients in our framework. As long as the

incoming light intensity is not very small, there is a positive

correlation between phytoplankton and nutrients (electronic

supplementary material, figure S7), and hence the observed

positive correlations (electronic supplementary material,

figure S4a and S4b) are consistent with our simulations.

(c) Field survey
To explore whether the bistability is a more general pattern

beyond our experimental ponds, we looked for it in 35

ponds at the CUEPF in 2016, by measuring in each pond

both chlorophyll a and the fraction of pond area covered by

macrophytes as a proxy for macrophyte abundance (elec-

tronic supplementary material, figure S2). The bimodal

frequency distribution of states in real ecosystems has been

used to demonstrate the existence of alternative stable states

[13]. We found, as predicted, a bimodal distribution in macro-

phyte coverage (figure 2d, p ¼ 0.0030 with Hartigans’ dip

test). Interestingly, we did not find a concomitant bimodal

pattern in chlorophyll a (figure 2d, p ¼ 0.85). The absence of

the clear bimodal pattern in chlorophyll a in 2016 might be

because temporal variance of chlorophyll a was so high

(figure 2a) that a single sampling was not representative of

average chlorophyll a over a long period.
4. Discussion
(a) A shady phytoplankton paradox
Although our experimental observations seem at first to be

paradoxical (figure 2), our mechanistic model, parametrized

for phytoplankton and submersed macrophytes (electronic

supplementary material, table S2), successfully replicates the

pattern observed, in particular, the increase of phytoplankton

abundance under low light, the negative correlation between

phytoplankton and macrophytes, and the possibility of

alternative stable states (figure 3) [14]. The concordance

between our observations and model supports our conclusion

that competition for light and nutrients is a crucial driver

inducing complex community dynamics. Previous theoreti-

cal studies have predicted a similar pattern [11,14], but this

prediction has not been generally recognized, or explored

experimentally, because most empirical studies have focused

primarily on the effects of nutrients on lake ecosystems [1]

and experimental studies manipulating light conditions often

have not typically considered the response of benthic produ-

cers (e.g. [20,32]). In shallow lakes, however, submersed

macrophytes are common primary producers and can affect

ecosystem dynamics [33]. Together with previous studies
[12,34], our results suggest that submersed macrophytes play

a pivotal role in phytoplankton dynamics in shallow lentic

freshwater systems such as the ones we studied.

In another recent study using field mesocosms to examine

competition between pelagic and benthic algae, Vasconcelos

et al. [5] demonstrated that light attenuation in high DOM treat-

ments decreased benthic algae and increased pelagic algae.

Because DOM can affect phytoplankton not only through

decreased light availability but also via addition of organic

matter [15–17] that stimulates microbial activity [18], our

result helps to separate the mechanisms by ensuring that

only light availability affects competition in this light-stratified

community. Because we reduced light supply (Iin in our

model), whereas previous studies with DOM increased the

background light attenuation (Kbg), direct comparison is diffi-

cult. However, future studies should try teasing apart the

parallel shading and fertilizing effects of DOM addition on

community dynamics.

Shading has often been proposed as a management tool

to regulate both blooms of nuisance and harmful algae in

reservoirs [35] and macrophytes in ponds [36]. However, our

study indicates that partial light-shading as a management

tool to reduce harmful algae might instead result in the oppo-

site outcome, especially in shallow lakes where submersed

macrophytes are initially abundant. Recently, installations of

floating solar photovoltaic systems at the surface of lakes

have been touted an emerging ‘attractive option’ to ‘conserve

the valuable land and water’ [9], but this interception of light

reaching the lake surface risks increasing phytoplankton

abundance and thus degrading water quality in ponds and

reservoirs. Although we have focused here on primary produ-

cers, it will also be important to consider the broader food webs

in the ponds, including zooplankton and zooplanktivorous

fish, in order to obtain more general conclusions.

We focused on submersed macrophytes (Chara, a benthic

macroalga) in this study, because we found that Chara was

dominant in benthic samples. Previous studies that manipu-

lated light inputs by adding DOM have mainly focused on

the effects on benthic microalgae (periphyton) [5,14]. How-

ever, considering competition with pelagic phytoplankton,

macrophytes (whether rooted plants or macroalgae) and per-

iphyton should play a similar role as they have limited access

to light and they can easily obtain nutrients from sediments

or near-sediment sources. Indeed, a model for competition

between pelagic and benthic algae [14] showed very similar

patterns to our model for competition between pelagic

algae and submersed macrophytes. Thus, we expect to see

the increase of phytoplankton under low light even with per-

iphyton. Periphyton can be key primary producers in lakes

[37,38], they may contribute to the establishment of alterna-

tive equilibria [37,39], and periphyton production can be

the primary regulator of nutrient loading from the sediments

[40]. Therefore, future studies should further explore the

interaction between pelagic phytoplankton, benthic periphy-

ton and submersed macrophytes under changing inputs of

light and nutrients.
(b) Other possible explanations
Though our experimental manipulation, field observations

and theoretical modelling suggest that competition between

phytoplankton and submersed macrophytes for light and

nutrients can explain the patterns we observed, alternative
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explanations may be possible. Here we discuss the following

three possibilities.

First, the observed increase of chlorophyll a concentration

under low light might have been due to compensation for

photosynthesis (e.g. [2]). To explore this possibility, we calcu-

lated total phytoplankton biovolume from cell abundance

and the biovolumes of each taxon. We found that chlorophyll

a is proportional to total biovolume of phytoplankton across

all the experimental ponds (electronic supplementary material,

figure S5a) and the ratio of the two indices did not show consist-

ent changes through time (electronic supplementary material,

figure S5b). Furthermore, using phytoplankton biovolume

and seston carbon instead of chlorophyll a produces qualitat-

ively the same patterns as figures 2a–c and 3b (electronic

supplementary material, figures S8 and S9). In addition, phyto-

plankton community composition did not show a consistent

pattern in response to the light manipulation (electronic sup-

plementary material, figures S10 and S11), suggesting that

species replacement did not occur due to compensation or

photoinhibition. Therefore, chlorophyll a concentration is a

good proxy for the phytoplankton biomass in this study.

Second, fish predation is unlikely to cause the observed

divergence between ponds as we introduced piscivorous

largemouth bass to each pond in July. Although there were

zooplanktivorous fathead minnow and banded killifish

(Fundulus diaphanus) in ponds 217 (control) and 218

(medium-light), these ponds had relatively low chlorophyll

a, which is opposite to the pattern expected from a trophic

cascade [41]. In addition, the chlorophyll a concentration,

phytoplankton biovolume and seston carbon were not related

to either zooplankton biomass or body length (electronic sup-

plementary material, figures S2c, S2d and S12). These results

indicate that the influence of predation (top-down effects)

was very small in our experiment, although the trophic cas-

cade was strong in previous studies at the CUEPF in which

high fish stoking densities were used [23,25].

Finally, because our experimental ponds have had long and

pond-specific treatment histories dating from when they were

constructed in 1964 (e.g. [24]), it was difficult to equalize the

initial conditions among the ponds. Although we removed as

many of the macrophytes as we could before establishing

our experiments, we cannot exclude the possibility that differ-

ences in physical and biological conditions at the start might

have differently affected effect sizes of the experimental manip-

ulations. Indeed, we observed the divergent pattern in the

control ponds (figure 2). While the bimodal distribution of

macrophyte coverage in the neighbouring ponds (figure 2d)

and simulations (figure 3) were consistent with the idea that

alternative stable states are responsible for the divergence,

the distribution of chlorophyll a in the neighbouring ponds

(figure 2d) was not consistent, suggesting the potential role
of initial conditions. Nevertheless, the observed patterns of

phytoplankton and macrophytes were strikingly consistent

between replicates in low- and medium-light ponds (figure 2),

suggesting a stronger influence of shading than pond history

on the patterns observed.
5. Conclusion
Although phytoplankton and submersed macrophytes are the

major groups of primary producers in lakes, few studies

have examined their competitive interactions under different

light conditions. This study suggests strongly that phyto-

plankton abundance increased with decreasing light input as

a result of competition for light and nutrients. In addition, it

is plausible that this competitive interaction promoted distinct

phytoplankton communities with either high or low abun-

dances even under the same environmental conditions,

indicating the possibility of alternative stable states. It is essen-

tial to take into account the effects of the balance between

inputs of light and nutrients on biological interactions to pre-

dict how pelagic phytoplankton and benthic producers

respond to perturbations in shallow lake ecosystems. Although

our simulations are able to provide a plausible explanation

for the pond community dynamics, nature is always more com-

plex than models. In future studies, therefore, it will be

interesting to address what kinds of basin shapes and lake

sizes will exhibit these alternate stable-state dynamics due to

the interaction between rooted submersed macrophytes,

periphyton and phytoplankton.
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