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Abstract

The subsidy of carbon derived from macrophytes and associated periphyton to bacterioplankton and zoo-

plankton in subtropical shallow eutrophic Huizhou West Lake in China was analyzed using carbon stable iso-

tope signatures. A restored part of the lake dominated by macrophytes was compared with an unrestored

phytoplankton-dominated part. Macrophytes, periphyton, seston, and zooplankton were sampled every two

months to determine natural-abundance carbon isotope ratios (d13C). The d13C of phytoplankton and bacter-

ioplankton was determined from d13C of fatty acid biomarkers. Macrophytes and associated periphyton had

similar d13C values and were the most enriched in 13C of all measured organic carbon pools. A macrophyte–

periphyton carbon isotopic signal was detected in particulate organic carbon, bacterioplankton, and zoo-

plankton in the macrophyte-dominated lake part, which was demonstrated by a significant enrichment in
13C compared with the unrestored part, while phytoplankton and dissolved organic carbon had similar d13C

values in both lake parts. A two-source (macrophytes–periphyton and phytoplankton) mixing model showed

that macrophytes–periphyton potentially contributed 14–85% (average 55%) to bacterioplankton in the

macrophyte-dominated lake part, depending on season. The macrophytes–periphyton contribution to zoo-

plankton seasonally varied between 26% and 86%, with an average of 47%. The contribution of macro-

phytes–periphyton to bacterioplankton increased with increasing macrophyte biomass relative to

phytoplankton biomass (indicated by chlorophyll a). Carbon from macrophytes with associated periphyton

subsidizes bacterioplankton and zooplankton, likely enhancing the cascading effects of planktonic food

webs, providing an additional explanation for the stability of a clear-water state in shallow lakes dominated

by macrophytes.

Macrophytes play a central role in shallow lakes, which

often exhibit two possible states: a turbid-water state domi-

nated by phytoplankton and a clear-water state dominated

by macrophytes (Scheffer et al. 1993). Macrophytes maintain

the clear water by a number of mechanisms; they retain

nutrients via incorporation into plant biomass and enhance

sedimentation and reduce sediment resuspension because of

their submerged roots (Carpenter and Lodge 1986). Macro-

phytes control phytoplankton through nutrient competition

and allelopathy (Van Donk and Van De Bund 2002). Mean-

while, increases in abundance and body sizes of zooplankton

and hence an enhanced grazing effect on phytoplankton

have also been observed in macrophyte beds, which has

been recognized as another main mechanism of sustaining

clear water by macrophytes (Jeppesen et al. 1997, 1998,

2002). These effects have been attributed mainly to the

structuring role of macrophytes which provide refuges for

zooplankters against fish predation (Jeppesen et al. 1998).

However, top-down control including the grazing effect on

phytoplankton by zooplankton in pelagic food webs may be

augmented if a benthic energy pathway exists (Vander Zan-

den et al. 2005).
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Macrophytes and associated periphyton can potentially

serve as a carbon source for lower trophic levels in lake sys-

tems. Macrophytes are known to release part of their organic

carbon as dissolved organic carbon (DOC) (Penhale and

Smith 1977; Søndergaard 1981), which is subsequently con-

sumed by microbial members of the periphyton or by bacter-

ioplankton (Findlay et al. 1986). Higher specific growth rates

of bacterioplankton in lakes with macrophytes compared

with those without macrophytes have been observed in sev-

eral studies in Danish lakes (Søndergaard et al. 1998; Theil-

Nielsen and Søndergaard 1999; Jeppesen et al. 2002), Aus-

trian lakes (Reitner et al. 1999), and Canadian lakes (Rooney

and Kalff 2003). These studies suggest direct bacterial sup-

port from macrophytes and associated periphyton, but it

remains a challenge to distinguish the direct support from

the indirect support due to changes in nutrients and pelagic

food-web structure.

Zooplankton feed on organic particles of different origin

and size depending on species, feeding mode, and substrate

availability. Phytoplankton is considered the primary food

source for zooplankton, but zooplankton can also obtain

energy from allochthonous carbon (Cole et al. 2011) and bac-

teria (Wylie and Currie 1991). Large-bodied zooplankters,

especially Daphnia spp., have been shown to be effective bac-

terivores (Pace et al. 1983). Copepods are considered more

selective feeders that consume larger particles and generally

do not prey directly on bacterioplankton, but they do graze

on bacterivores such as protists (Sanders and Wickham 1993).

Hence, macrophytes and associated periphyton could support

zooplankton production via bacterioplankton and the micro-

bial food web. In addition, zooplankton (Daphnia spp.) can

graze on periphyton directly, which has been shown in a labo-

ratory experiment (Siehoff et al. 2009). A field study in shal-

low European lakes also indicated that periphyton can be a

carbon source for zooplankton and higher trophic levels

(Jones and Waldron 2003). The latter study used carbon stable

isotope ratios (d13C) to discriminate between periphyton and

seston as macrophytes and associated periphyton are usually

enriched in d13C compared with phytoplankton (Fry 2006). A

relative enrichment in d13C in zooplankton during periods of

high macrophyte coverage has also been observed in shallow

European lakes by Boll et al. (2012). Although the authors sug-

gested that this d13C enrichment was due to changes in the

d13C of phytoplankton, it could also be indicative of carbon

subsidy by macrophytes and associated periphyton.

Few studies have investigated the direct carbon subsidy by

macrophytes and associated periphyton to bacterioplankton

and zooplankton (Jones and Waldron 2003). Such a subsidy

to lower trophic levels strengthens trophic linkages, length-

ens the food chains, and thus increases the complexity and

stability of lake food webs (Layman et al. 2007). Subsidies

have been shown to enhance cascading effects in ecosystems

(Nakano et al. 1999; Vander Zanden et al. 2005; Leroux and

Loreau 2008). Thus, subsidies of macrophytes–periphyton to

pelagic food webs likely enhance zooplankton growth and,

with it, the cascading effect on phytoplankton, constituting

an additional mechanism of maintaining clear water in

macrophyte-dominated lakes.

Here, we undertook a natural-abundance carbon stable-

isotope analysis to examine the carbon subsidy from macro-

phytes and associated periphyton to bacterioplankton and zoo-

plankton in a restored part of Huizhou West Lake, a shallow,

eutrophic, tropical lake in southern China. The restored part of

this lake was dominated by macrophytes, whereas the unre-

stored part was phytoplankton dominated. We hypothesized

that macrophytes and associated periphyton would be an

important carbon source for bacterioplankton and zooplankton

in a macrophyte-dominated system. To test this hypothesis,

the concentrations and isotopic composition (d13C) of all major

carbon pools were monitored over a year in both the restored

and the unrestored part. The isotopic composition of phyto-

plankton and bacteria was derived from stable isotope values of

polar lipid fatty acids (PLFA) biomarkers specific for phyto-

plankton and bacteria (Boschker and Middelburg 2002). Using

a two-source isotope mixing model, we were able to determine

the carbon contributions from macrophyte–periphyton and

phytoplankton to bacterioplankton and zooplankton.

Methods

Site description

Huizhou West Lake is a tropical urban lake in the city of

Huizhou in southern China (23�060N, 114�230E). The total

surface area of the lake is about 1.6 km2 and the mean depth

is about 1.6 m. The lake consists of several basins that are

connected via channels. Due to increased wastewater inputs

in the 1970s and the 1980s, the lake became eutrophic, and

submerged macrophytes disappeared in the 1980s (Li et al.

2007). To improve water quality, a large-scale biomanipula-

tion of Huizhou West Lake was carried out in one of its

basins (area 0.12 km2) in May 2007. This biomanipulation

measures included fish removal, followed by transplantation

of submerged macrophytes (Hydrilla verticillata, Vallisneria

natans, and Myriophyllum spicatum), and in June 2010, the

biomass of submerged macrophytes had reached 253 g dry

weight m22 in the biomanipulated lake (macrophyte-domi-

nated part, M1) (Gao et al. 2014). The phytoplankton com-

munity in Huizhou West Lake was dominated by

cyanobacteria whose abundance was significantly lower in

M1 than in the unrestored lake part, which had no macro-

phytes and was dominated by phytoplankton (M2) (Chen

et al. 2010). Copepods were the main crustacean in both

M1 and M2, the number of cladoceran being extremely low

(Chen 2012). The unrestored lake part was dominated by

cyclopoid copepods such as Thermocyclop staihokuensis and

the restored lake by calanoid copepods, for instance, Neo-

diaptomus schmackeri. Cladocerans in M2 were mainly Moina

micrura and Bosmina spp., and in M1 Diaphanosoma
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brachyurum was occasionally observed (Chen 2012). The spe-

cies richness, abundance, biomass, and biodiversity of crusta-

cean plankton were all higher in the restored lake part than

in the unrestored one (Chen 2012).

Sampling

The restored (M1) and the unrestored (M2) lake parts

were sampled every two months from February 2010 to Feb-

ruary 2011 at a single central sampling point. In both lake

parts, triplicate and single water samples were taken 0.5 m

below the surface (lake fully mixed) using a five liter plexi-

glass water sampler for carbon stable isotope analyses and

water quality analyses, respectively. Macrophyte biomass was

determined from May 2010 to March 2011 in another inde-

pendent study (Gao et al. 2014). For both biomass and stable

isotope analyses, plants were collected from 12 randomly

selected locations using a quantitative iron clamp with an

area of 0.06 m2. From June 2010 to February 2011, a five liter

depth-integrated water sample was gathered through a

20 lm mesh-size net after which the sample was fixed in 5%

formalin to determine the abundance of zooplankton. For

stable isotope analyses, zooplankton were collected with a

63 lm mesh-size net. All samples were stored in a cooler box

and transported back to the laboratory.

Laboratory analyses

The single water sample was used for analyses of chloro-

phyll a (Chl a), total nitrogen (TN), and total phosphorus

(TP). The Chl a concentration was determined spectrophoto-

metrically after filtering a subsample of 20 mL through cellu-

lose acetate filters and extraction of the filtered material into

90% acetone. TP and TN concentrations in the lake water

samples were determined spectrophotometrically after diges-

tion with persulfate (Ebina et al. 1983).

The triplicate lake water samples were subdivided (with-

out prefiltration) for analyses of stable isotopic composition

and concentrations of particulate organic carbon (POC),

DOC, dissolved inorganic carbon (DIC), and fatty acids. Par-

ticulate organic matter (POM) in seston was measured by fil-

tering one liter of lake water through preweighted and

precombusted GF/F filters (Whatman, nominal pore size

0.7 lm), which were subsequently dried at 105�C for 24 h.

For determination of fatty acids in seston, two-liter lake

water was concentrated through precombusted GF/F filters,

and the filters were subsequently freeze dried. From the fil-

trate of each sample, samples were collected for the analyses

of DIC and DOC pools. Gas-tight vials (20 mL) were carefully

filled and sealed for isotope analyses of DIC. Mercury chlo-

ride was added for preservation, and the samples were stored

at room temperature. Clean pony vials of 20 mL were filled

for DOC analyses and stored frozen.

The quantitatively collected submerged macrophytes were

dried at 105�C for 24 h, and weighed to determine their bio-

mass. Quantitative zooplankton samples were prepared by

carefully removing water so that the sample volume was

reduced to 10 mL and then crustaceans present in two 2-mL

subsamples were counted under 40X magnification.

For stable isotope analyses, macrophyte samples were

sorted into species, rinsed with distilled water, and dried at

60�C for 48 h. Periphyton was collected from macrophytes

with a wire or nylon brush in a plastic container filled with

distilled water. All visible nonperiphyton particles were

removed manually and the periphyton samples were then

filtered through a 100 lm mesh sieve, followed by filtration

onto precombusted GF/F filters which were subsequently

dried at 60�C for 48 h. The dried samples of macrophytes

and periphyton were then ground with mortar and pestle for

stable isotope analyses. Upon return to the lab, zooplankton

were transferred to beakers with demineralized water to

empty their guts for two hours and were subsequently sorted

into genera, handpicked and transferred to precombusted tin

cups, which were subsequently freeze dried.

Stable isotope analyses

Stable isotope ratios are expressed in the delta (d) notation,

defined as parts per thousand (per mil, &) deviation from a

certified standard; d13C 5 ([Rsample/Rstandard]) 2 1) 3 1000, and

R is the ratio 13C:12C. The standard for d13C was Vienna Pee

Dee Belemnite. All collected samples of POM, macrophytes,

periphyton, and zooplankton were analyzed for d13C on a

Thermo Electron Flash EA 1112 analyzer (EA) coupled to a

Delta V isotope ratio mass spectrometer (IRMS).

For DIC-d13C analyses, a helium headspace was created in

the gas-tight vials and samples were then acidified with

phosphoric acid (H3PO4) solution. After equilibration, the

CO2 concentration and isotope ratio in the headspace were

measured using EA-IRMS. For DOC-d13C analyses, the sam-

ples were acidified with H3PO4, flushed with helium to

remove DIC, and subsequently oxidized with sodium persul-

fate (Na2S2O8); the produced isotopes were measured using

high-performance liquid chromatography—isotope ratio

mass spectrometry (Boschker et al. 2008).

Lipids were extracted using a modified Bligh and Dyer

method (Bligh and Dyer 1959; Middelburg et al. 2000). The

lipids were fractionated in different polarity classes by col-

umn separation on a heat-activated silicic acid column and

subsequent elution with chloroform, acetone, and methanol.

The methanol fractions, containing most of the PLFA, were

collected and derivatized to fatty acid methyl esters. The

standards 12:0 and 19:0 were used as internal standards.

Concentrations and d13C of individual PLFA were measured

using gas chromatography-combustion isotope ratio mass

spectrometry a HP G1530 GC (Hewlett Packard) connected

to Delta-plus IRMS via a type-III combustion interface from

Thermo Finnigan (Bremen) (Middelburg et al. 2000).

Data analyses

PLFA are structural lipids in cell membranes and therefore

show less variation in concentration per cell than, for

instance, storage lipids. Moreover, they have rapid turnover
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and are more likely to represent living biomass (Boschker and

Middelburg 2002). PLFA can be used as chemotaxonomic

markers for both phytoplankton and heterotrophic bacteria

(bacterioplankton). The most abundant branched fatty acids

in both M1 and M2 were i14:0, i15:0, and ai15:0, which are

characteristic for heterotrophic bacteria (Kaneda 1991). The

sum of concentrations was used as proxy for bacterioplankton

biomass. The isotopic composition of bacterioplankton was

estimated by weighting the d13C values with their respective

concentrations. The most abundant polyunsaturated fatty

acids in both M1 and M2 were 18:3x3, 18:4x3, 20:5x3, and

22:6x3, which are markers for phytoplankton (both cyano-

bacteria and eukaryotic algae) (De Kluijver et al. 2012). Their

concentration-weighted d13C was used as a proxy for d13C of

phytoplankton. Because isotope values of fatty acids are gen-

erally depleted relative to other structural components, a frac-

tionation factor of 13& was added to d13C values of PLFA to

obtain d13C values for whole phytoplankton cells (Hayes

2001). For bacterioplankton, Burke et al. (2003) suggested that

in the field samples the depletion of fatty acids to whole cells

would be 0&, so we applied no correction on bacterial d13C.

The carbon biomass of phytoplankton was calculated from

Chl a concentrations assuming a C:Chl a ratio of 40 (Middel-

burg et al. 2000).

Stable isotope mixing equations can be used to infer the diet

of consumers, provided that carbon sources have distinct signa-

tures and that there are only two sources in case of one isotope

(Phillips and Gregg 2003). One option to overcome this limita-

tion is to a priori aggregate food sources, under the condition

that sources have similar isotopic values and are logically related

(Phillips et al. 2005). In M1, macrophyte and periphyton carbon

isotope data were very similar and distinct from that of phyto-

plankton (see Results). Macrophyte- and periphyton-derived car-

bon was therefore considered as one source.

The contribution of allochthonous organic carbon to bac-

terioplankton and zooplankton were also not included in

the isotope mixing model. Huizhou West Lake, and particu-

larly the restored part, is an urban lake and has a small

catchment with limited terrestrial vegetation (Li et al. 2007).

Therefore, the allochthonous organic carbon inputs into the

lake and thus their contribution to the food webs in the

restored macrophyte-dominated lake is likely negligible.

The contributions of macrophytes–periphyton and phyto-

plankton as carbon source for zooplankton (fmacro-peri_zoo and

fphyto_zoo, respectively) and bacterioplankton (fmacro-peri_bac

and fphyto-peri_bac, respectively) in the restored lake were cal-

culated for each sampling month using an algebraic isotope

mixing model:

fmacro�perið%Þ5
d13Cphyto2 d13Cconsumer

d13Cphyto2 d13Cmacro�peri

3100

fphytoð%Þ51002fmarco

(1)

d13Cphyto, d13Cmacro-peri, and d13Cconsumer are the carbon iso-

tope values (&) of phytoplankton, macrophytes–periphyton,

and consumers, respectively. The uncertainties of d13C in

carbon sources and in consumers were considered in the cal-

culations using random sampling (n 5 1000) from a normal

distribution. The normal distribution was created from the

mean d13C value 6 standard deviation (SD) of sources and

consumers. For bacterioplankton and phytoplankton, the

mean d13C value 6 SD of triplicate samples was used. For

macrophytes, the unweighted mean value of d13C 6 SD of

all macrophyte genera and periphyton was used. Data on

biomass composition of macrophyte genera and periphyton

were not available, so a weighted mean of the different spe-

cies could not be used. Error bars in the analyses were used

to cover this uncertainty. Although different zooplankton

genera were abundant in each isotope sample, the average

d13C value 6 SD of total zooplankton was used in the isotope

mixing modeling. Bacterial and zooplankton consumers

both had d13C values in between those of phytoplankton

and macrophytes–periphyton. From the set of possible solu-

tions, only outcomes between 0% and 100% were accepted

and contributions are presented as average 6 SD of the

accepted outcomes.

Statistics

Monthly data are shown as mean 6 SD of triplicate sam-

ples. Total annual averages are presented as mean 6 SD of

the means of each sampling event (n 5 7). Total annual

averages were analyzed for normal distribution using Sha-

piro tests and the differences between M1 and M2 were

statistically tested with paired student t-tests for normally

distributed data and with nonparametric sign tests for non-

normally distributed data or if M1 and M2 had data of

unequal n. The relations between macrophyte–periphyton

contributions to consumers and relative macrophyte bio-

mass (macrophyte biomass to phytoplankton Chl a ratio)

over the year were statistically tested with Pearson product-

moment correlation. Correlation coefficients were also deter-

mined for phytoplankton biomass and d13C values of phyto-

plankton in M1 and M2. Food source calculations and

statistical analyses were done in R software (R Core Team

2014).

Results

Concentrations of nutrients and POC, and biomasses of

phytoplankton, macrophytes, bacterioplankton, and

zooplankton

Total annual average concentrations of TP, TN, and Chl a

were significantly lower in M1 than in M2. TP was

0.019 6 0.008 mg L-1 in M1 vs. 0.102 6 0.041 mgL-1 in M2

(t 5 25.18, df 5 6, p<0.01), and TN was 0.79 6 0.35 mg L21 in

M1 vs. 1.64 6 0.50 mg L21 in M2 (t 5 22.66, df 5 6, p<0.05).

Chl a was 9.1 6 8.6 lg L21 in M1 vs. 38.8 6 11.2lg L21 in M2

(t 5 25.66, df 5 6, p<0.01). Macrophyte biomass (measured

from May onward) ranged from 213 to 346 g dry weight m22.

Biomasses of both phytoplankton (derived from Chl a) and
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macrophytes were higher in summer (June and August ) than

in winter (December and February) in M1, but the relative

macrophyte biomass (macrophyte-to-Chl a-ratio) was higher

in winter than in summer. POC concentrations in seston

were 2.0 6 0.8 mg C L21 lower in M1 than in M2 (Fig. 1A),

which can mainly be attributed to the difference in phyto-

plankton biomass, which was 1.2 6 0.6 mgC L21 lower in M1

than in M2 (Fig. 1B). Phytoplankton made up 13 6 14%

(M1) and 23 6 12% (M2) of total POC. Bacterioplankton bio-

mass (expressed by concentrations of fatty acids) was 1.7 6 0.7

times higher in M2 than in M1 (Fig. 1C). However, the bio-

mass of bacterioplankton relative to phytoplankton (bacteria:

phytoplankton ratio) was higher in M1 (29%) than in M2

(15%). Average numbers of zooplankton (from June onward)

were generally low and not significantly different between

M1 and M2: 2.9 6 2.3 ind. L21 in M1 and 1.1 6 2.1 ind. L21

in M2 (sign test, Fig. 1D). Copepods showed a peak in abun-

dance in October and December (2010) in M1, while clado-

ceran abundance remained low (Fig. 1D). In M2, copepods

and cladocerans density peaked in August (Fig. 1D).

Fig. 1. Concentrations of (A) POC, (B) phytoplankton (Chl a based), (C) bacteria FA in seston, and (D) abundance of zooplankton in the restored
(M1, open circles) and unrestored (M2, closed circles) lake parts. Data points in (A) and (B) indicate the average 6 SD (n 5 3).

Table 1. Total annual average (tot. av.) carbon isotope ratios 6 SD (d13C) of analyzed organic and inorganic carbon pools in
restored (M1) and unrestored (M2) parts of Huizhou West Lake. n gives the number of measurements over the year, and p gives
the significance level of differences between M1 and M2 from paired t-tests or sign tests

Tot. av. M1 Tot. av. M2 n Test t-value p

DIC 24.7 6 1.2 1.5 6 1.3 7,7 Sign test *

DOC 226.2 6 2.8 227.9 6 2.4 7,7 Paired t-test 1.51 NS

POC 224.1 6 1.5 227.9 6 1.1 7,7 Paired t-test 7.85 **

Macrophytes 217.8 6 1.8 7,- —

Periphyton 219.2 6 1.7 7,- —

Bacterioplankton 222.6 6 1.1 229.0 6 1.3 7,7 Paired t-test 13.40 **

Phytoplankton 228.8 6 5.3 230.6 6 5.4 7,7 Paired t-test 0.75 NS

Copepods 224.1 6 2.0 226.6 6 1.3 7,5 Sign test *

Cladocerans 224.0 228.4 6 1.0 1,4 —

Total zooplankton 223.7 6 2.0 227.1 6 1.3 7,7 Paired t-test 2.98 *

* p<0.05, ** p<0.001. NS means nonsignificant.
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Carbon stable isotope composition

The DIC pool, which forms the substrate for phytoplankton,

was significantly more 13C depleted in M1 than in M2 (Fig. 2A;

Table 1). There was no overall enrichment in 13C of DOC in M1

(Fig. 2B); however, the annual average d13C value of POC was

significantly higher in M1 than in M2 (Fig. 2C, Table 1).

Macrophytes and attached periphyton were the most 13C

enriched of all the organic carbon pools, while phytoplankton

were the most depleted and all other organic carbon pools

had intermediate isotopic values (Table 1). The d13C signature

of macrophytes varied among the different species: Hydrilla

verticillata being the most 13C enriched and Vallisneria natans

the most depleted. Ceratophyllum demersum, Myriophyllum spi-

catum, and periphyton had intermediate values (Fig. 2D,E).

Analyses of FA showed that the annual average of bacter-

ioplankton was significantly more 13C enriched in M1 than

in M2 (Fig. 2F; Table 1). Next to macrophytes including

periphyton, bacterioplankton was the most 13C-enriched

organic carbon pool in M1 (Table 1). The d13C values of

phytoplankton did not statistically differ between M1 and

M2 (Fig. 2G; Table 1). In M2, d13C values of phytoplankton

were unrelated to phytoplankton biomass, but in M1, a

weak relation between d13C values and biomass of phyto-

plankton was observed (r 5 0.74, t 5 2.47 p 5 0.06).

Because of low cladoceran abundance in M1 (Fig. 1D),

their isotopic composition was only obtained in April, while

isotope signatures of copepods could be determined at each

sampling date. Hence, d13C values of total zooplankton in

M1 represent the d13C of copepods, except in April when

d13C in zooplankton represents cladocerans and copepods

(Table 1). In M2, there was no significant difference between

the d13C values of copepods and that of cladocerans (Table

1). The annual average d13C value of zooplankton was signif-

icantly higher in M1 than in M2 (Table 1). Zooplankton

were more enriched in 13C in M1 than in M2 during most

of the sampling period except in October and December

when d13C values in M1 and M2 were rather similar (Fig.

2H). During this period, the zooplankton community in M1

showed a peak in abundance (Fig. 1D). Zooplankton had

d13C values similar to those of POC (Table 1).

Macrophytes–periphyton as a carbon source

Average d13C of macrophytes was not statistically different

from average d13C of periphyton (sign test), so these two

Fig. 2. Carbon isotope (d13C) values (&) of (A) DIC, (B) DOC, (C) POC, (F) bacterioplankton, (G) phytoplankton, and (H) zooplankton in the

restored (M1, open circles) and unrestored (M2, closed circles) lake. (D) and (E) show d13C (&) values in different macrophyte genera and periphy-
ton in M1, respectively. Each data point shows average 6 SD (n 5 3).
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sources could not be separated based on isotope signature and

were therefore combined in the isotope mixing model as a

single source as macrophytes–periphyton. The contribution of

macrophytes–periphyton to bacterioplankton (fmacro-peri_bac)

was on average 55 6 28%, varying seasonally (Fig. 3). The

highest fmacro-peri_bac value (85%) was observed in February

2011 and the lowest (14%) in February 2010 (Fig. 3). fmacro-

peri_bac was positively related to relative macrophyte biomass

to phytoplankton, expressed as the macrophyte-to-Chl a-ratio

(r 5 0.87, t 5 3.09, p 5 0.05) (Fig. 4).

The average contribution of macrophytes together with

periphyton to zooplankton carbon (fmacro-peri_zoo) was

47 6 21%, ranging from 26% in February (2010) to 86% in

February (2011) (Fig. 4). Except in autumn (October and

December), fmacro-peri_bac and fmacro-peri_zoo were rather simi-

lar. In the autumn period, fmacro-peri_zoo was much lower

than fmacro-peri_bac (Fig. 3). The macrophytes–periphyton car-

bon contribution to the zooplankton community was inde-

pendent of the relative macrophyte biomass to

phytoplankton (macrophyte-to-Chl a-ratio) (Fig. 4).

Discussion

The goal of this study was to investigate macrophyte–

periphyton carbon subsidies to lower trophic levels, bacteria,

and zooplankton, in a restored part of a shallow lake in

China. Carbon isotope analyses showed that the 13C-

enriched macrophytes with associated periphyton in the

restored lake resulted in a significant increase in d13C values

of POC, zooplankton, and bacterioplankton, but not of phy-

toplankton, compared to those in the unrestored lake part.

Isotope mixing results indicated that macrophyte–periphy-

ton contributed substantially to the diet of bacterioplankton

and zooplankton in the restored lake.

Restoration effects on biomasses and nutrient

concentrations

Lake restoration in Huizhou West Lake led to dominance

of macrophytes and resulted in lower TN and TP concentra-

tions, lower seston POC, and lower phytoplankton biomass

in the restored lake part (Fig. 1A,B), see details about the res-

toration in Gao et al. (2014).

The increase of macrophytes also resulted in a decrease in

bacterioplankton biomass (Fig. 1C), probably due to the

decrease in phytoplankton and POM in general. In addition,

the observed decrease in TN and TP in M1 could have

induced nutrient limitation in bacterioplankton due to

nutrient competition with macrophytes as demonstrated by

Huss and Wehr (2004). The decrease in bacterioplankton

biomass can also be due to a strong grazing pressure of zoo-

plankton (top-down control). Biomanipulation studies in

temperate lakes show that decreases in bacterioplankton can

be caused by an increase in Daphnia abundance, grazing

being the main factor controlling bacterial abundance

(J€urgens and Jeppesen 1998; Søndergaard et al. 1998; Jeppe-

sen et al. 2002). However, in Huizhou West Lake, zooplank-

ton numbers were generally low and were only higher in

M1 than in M2 in October and December (Fig. 1D). Further-

more, the zooplankton community in M1 was dominated

by (calanoid) copepods (Fig. 1D) and a strong grazing control

of zooplankton on bacterioplankton biomass is thus not

expected (Burns and Schallenberg 1996).

Despite an overall lower biomass, the ratio of bacterio-

plankton to phytoplankton biomass was higher in M1 than

in M2, implying that bacterioplankton does not completely

depend on phytoplankton as the carbon source and macro-

phytes–periphyton carbon subsidies are likely responsible for

the relatively high bacterioplankton biomass (Reitner et al.

Fig. 4. Relationships with correlation coefficients between relative mac-
rophyte biomass (macrophyte biomass to Chl a ratio) and contributions

of macrophyte–periphyton to bacteria (fmacro-peri_bac) and zooplankton
(fmacro-peri_zp) in the restored part of Huizhou West Lake.

Fig. 3. The contribution (%) of macrophyte–periphyton carbon in each
sampled month to bacteria (solid black) and zooplankton (shaded gray)

in the restored lake (M1); the other carbon source is phytoplankton and
together they total 100%. The error bars indicate the uncertainty of the

calculations.
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1999; Theil-Nielsen and Søndergaard 1999; Jeppesen et al.

2002).

Isotopic composition

DIC in M1 was significantly depleted in 13C compared to

DIC in M2 (Fig. 2A; Table 1), which can probably be attrib-

uted to a higher production to respiration ratio in

phytoplankton-dominated M2. Respiration of organic mat-

ter (OM) causes depletion in d13C of DIC due to addition of
13C-depleted OM-derived C, while primary production causes

relative enrichment of 13C in the DIC pool due to preferen-

tial uptake of 12C from this pool by phytoplankton (Bade

et al. 2004; Bontes et al. 2006). The higher phytoplankton

biomass and by inference higher primary production in M2

may therefore explain the enrichment with 13C of the DIC

pool.

Even though macrophytes are known to release DOC

(Penhale and Smith 1977; Søndergaard 1981; Demarty and

Prairie 2009), a macrophyte signal in the DOC pool (i.e., 13C

enrichment) was not detected for most of the sampling dates

(Fig. 2B). The most enriched DOC was observed in February

2011 when relative macrophyte coverage was at its highest

(Figs. 2B, 4). It is likely that DOC release by macrophytes

was masked by a large refractory DOC pool derived from

phytoplankton. The contribution of macrophytes and associ-

ated periphyton was more discernible in POC, which may be

explained by sloughing of periphyton from macrophytes

into the water column. Other mechanisms resulting in

enriched POC could be aggregation or bacterial conversion

of macrophyte DOC into POC, release of macrophyte par-

ticles (detritus) into the water (Mann 1988), and a relative

lower contribution of phytoplankton.

There was no significant difference in d13C composition

of phytoplankton (Table 1; Fig. 2G). A detailed evaluation of

phytoplankton d13C is beyond the scope of this study, but

our results show that phytoplankton d13C is not related to

absolute phytoplankton biomass (Chl a) as has been demon-

strated in other investigations (Laws et al. 1995; De Kluijver

et al. 2014). Also, in a study of lake restoration by biomani-

pulation in the Netherlands, Bontes et al. (2006) did not

find any difference in d13C for phytoplankton between unre-

stored and restored parts of a eutrophic lake despite signifi-

cant differences in phytoplankton biomass.

In the restored lake, bacterioplankton and zooplankton

were more enriched in d13C (3.4& and 6.4&, respectively)

than in the unrestored lake (Table 1; Fig. 2F,H). The clear

isotopic signature of macrophytes–periphyton in bacterio-

plankton and zooplankton indicates carbon subsidies by the

former and to the latter. Isotope mixing calculations suggest

that macrophytes and associated periphyton contributed a

substantial amount of carbon to bacterioplankton and zoo-

plankton, although phytoplankton was the main source for

zooplankton in most months, except in June and February

(2011) (Fig 3).

Note that the estimates of the macrophyte–periphyton

contribution to bacterioplankton are rather conservative

because of the assumption that d13C of bacterial FA repre-

sents d13C of bacterial cells. If a correction of 13& for

Dd13CFA-cell was applied as suggested by Hayes (2001), the

d13C of bacterioplankton would have been more enriched

(219.6&) and average fmacro_bac would have been 74 6 18%,

ranging from 45% to 94%.

Carbon subsidy in food webs

There are several potential pathways for carbon transfer

from macrophytes and associated periphyton to bacterio-

plankton and zooplankton. Bacterioplankton can grow on

DOC derived from macrophytes and the attached periphyton

during detritus formation (Findlay et al. 1986; Theil-Nielsen

and Søndergaard 1999). Another mechanism is DOC release

from bacterioplankton growing on macrophytes and the

attached periphyton (Theil-Nielsen and Søndergaard 1999).

The close relationship between relative macrophyte abun-

dance and the contribution of macrophytes–periphyton to

bacterioplankton in this study indicates a strong coupling

between macrophytes–periphyton substrate availability and

bacterioplankton growth (Fig. 4). The differences in carbon

subsidies between February 2010 and February 2011 can be

attributed to differences in the timing of the onset of the

phytoplankton bloom. In February 2010, phytoplankton bio-

mass in M1 was higher than in February 2011, indicating

earlier bloom development (Fig. 1B). The low phytoplankton

biomass in February 2011 was associated with much depleted
13C (Fig. 2G), which was not reflected in bacterioplankton

and zooplankton (Fig. 2F,H).

In most months, fmacro-peri_bac and fmacro-peri_zoo were rela-

tively similar, which may indicate bacterioplankton-

mediated carbon flows from macrophytes and periphyton to

zooplankton (Fig. 3).We suggest that direct grazing of cope-

pods on bacterioplankton may be limited as seen in several

grazing studies with labeled bacterioplankton (Sanders and

Wickham 1993; Jeppesen et al. 1996). A more likely pathway

is the transfer of bacterioplankton carbon via trophic inter-

mediates, such as protists (Sanders and Wickham 1993). In

marine systems, ciliates have been found to support �30%

of the daily carbon consumption of copepods (Calbet and

Saiz 2005). Another possible pathway is direct grazing of zoo-

plankton on periphyton or on the macrophyte-derived par-

ticles in seston. A direct consumption of periphyton by

Daphnia magna has been demonstrated in a laboratory study

(Siehoff et al. 2009) and was also suggested by Jeppesen et al.

(2002). The latter study showed that zooplankton grazing

largely exceeded phytoplankton production in macrophyte-

dominated enclosures, while grazing was only a fraction of

phytoplankton production in enclosures without macro-

phytes (Jeppesen et al. 2002).

In October and December when copepods reached a peak

in numbers (Fig. 1D), there was a strong decoupling between
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fmacro-peri_bac and fmacro-peri_zoo (Fig. 3). Here, fmacro-peri_zoo was

low and the d13C values of zooplankton and phytoplankton

in the M1 and M2 lake parts were very similar (Fig. 2G,H),

suggesting that zooplankton relied more on phytoplankton

and less on the carbon subsidy from macrophyte–periphyton

in M1. This is in agreement with the general consensus that

copepods are selective feeders that generally feed on larger

particles of high quality, such as phytoplankton (Wylie and

Currie 1991).

Carbon subsidies, primarily from organic material of

allochthonous origin, have been found to consolidate cas-

cading effects in ecosystems (Nakano et al. 1999; Leroux and

Loreau 2008). Within lake ecosystems, carbon subsidies from

benthic sources can have an important effect on pelagic eco-

systems (Vander Zanden et al. 2005). Our study provides evi-

dence that macrophytes and the associated periphyton

subsidize zooplankton, hence supporting zooplankton

growth. However, in Huizhou West Lake, zooplankton abun-

dances were not significantly higher in the restored lake

where the zooplankton was subsidized by macrophytes–

periphyton than in the unrestored lake. In the restored lake,

Gao et al. (2014) found that the fish community was domi-

nated by omnivores and the fish biomass expressed as catch

per unit effort was similar to that in the unrestored lake. The

recovery of the fish community after fish removal is likely

due to more frequent and earlier reproduction in warm lakes

(Texeira-de Mello et al. 2009; Jeppesen et al. 2010). These

abundant omnivorous fish are efficient zooplankton feeders,

especially in young stages (Gao 2013), and likely exert a

high predation pressure on the zooplankton in the restored

lake part in Huizhou West Lake. However, the subsidy to

zooplankton by macrophytes–periphyton documented in our

study has the potential to increase the zooplankton biomass

and thus the zooplankton to phytoplankton ratios in

macrophyte-dominated lakes, contributing to strengthening

the top-down effects on phytoplankton. Thus, restoring

benthic energy pathways to pelagic food webs via re-

establishing submerged macrophytes (and thus associated

periphyton) is one of the key measures of the restoration of

eutrophic lakes as controlling phytoplankton is the primary

goal.

References

Bade, D. L., S. R. Carpenter, J. J. Cole, P. C. Hanson, and R.

H. Hesslein. 2004. Controls of d13C-DIC in lakes: Geo-

chemistry, lake metabolism, and morphometry. Limnol.

Oceanogr. 49: 1160–1172. doi:10.4319/lo.2004.49.4.1160

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total

lipid extraction and purification. Can. J. Biochem. Phys.

37: 911–917. doi:10.1139/o59-099

Boll, T., L. S. Johansson, T. L. Lauridsen, F. Landkildehus, T.

A. Davidson, M. Søndergaard, F. Ø. Andersen, and E.

Jeppesen. 2012. Changes in benthic macroinvertebrate

abundance and lake isotope (C, N) signals following bio-

manipulation: An 18-year study in shallow Lake Vaeng,

Denmark. Hydrobiologia 686: 1–11. doi:10.1007/s10750-

012-1005-4

Bontes, B. M., R. Pel, B. W. Ibelings, H. T. S. Boschker, J. J.

Middelburg, and E. Van Donk. 2006. The effects of bioma-

nipulation on the biogeochemistry, carbon isotopic com-

position and pelagic food web relations of a shallow lake.

Biogeosciences 3: 69–83. doi:10.5194/bg-3-69-2006

Boschker, H. T. S., and J. J. Middelburg. 2002. Stable isotopes

and biomarkers in microbial ecology. FEMS Microbiol.

Ecol. 40: 85–95. doi:10.1111/j.1574-6941.2002.tb00940.x

Boschker, H. T. S., T. C. W. Moerdijk-Poortvliet, P. Van

Breugel, M. Houtekamer, and J. J. Middelburg. 2008. A

versatile method for stable carbon isotope analysis of car-

bohydrates by high-performance liquid chromatography/

isotope ratio mass spectrometry. Rapid Commun. Mass

Spectrom. 22: 3902–3908. doi:10.1002/rcm.3804

Burke, R. A., M. Molina, J. E. Cox, L. J. Osher, and M. C.

Piccolo. 2003. Stable carbon isotope ratio and composi-

tion of microbial fatty acids in tropical soils. J. Environ.

Qual. 32: 198–206. doi:10.2134/jeq2003.0198

Burns, C. W., and M. Schallenberg. 1996. Relative impacts of

copepods, cladocerans and nutrients on the microbial

food web of a mesotrophic lake. J. Plankton Res. 18: 683–

714. doi:10.1093/plankt/18.5.683

Calbet, A., and E. Saiz. 2005. The ciliate-copepod link in

marine ecosystems. Aquat. Microb. Ecol. 38: 157–167.

doi:10.3354/ame038157

Carpenter, S. R., and D. M. Lodge. 1986. Effects of submersed

macrophytes on ecosystem processes. Aquat. Bot. 26:

341–370. doi:10.1016/0304-3770(86)90031-8

Chen, B. 2012. Effect of fish on zooplankton community

structures in subtropical waters. Master Thesis. Jinan

Univ.

Chen, L., X. Zhang, and Z. Liu. 2010. The response of the

phytoplankton community to ecosystem restoration in

Huizhou West Lake. [in Chinese with an English abstract].

J. Wuhan Bot. Res. 28: 453–459.

Cole, J. J., S. R. Carpenter, J. Kitchell, M. L. Pace, C. T.

Solomon, and B. Weidel. 2011. Strong evidence for terres-

trial support of zooplankton in small lakes based on stable

isotopes of carbon, nitrogen, and hydrogen. Proc. Natl.

Acad. Sci. USA. 108: 1975–1980. doi:10.1073/

pnas.1012807108

De Kluijver, A., P. L. Schoon, J. A. Downing, S. Schouten,

and J. J. Middelburg. 2014. Stable carbon isotope biogeo-

chemistry of lakes along a trophic gradient. Biogeoscien-

ces 11: 6265–6276. doi:10.5194/bg-11-6265-2014

De Kluijver, A., J. Yu, M. Houtekamer, J. J. Middelburg, and

Z. Liu. 2012. Cyanobacteria as a carbon source for zoo-

plankton in eutrophic Lake Taihu, China, measured by
13C labeling and fatty acid biomarkers. Limnol. Oceanogr.

57: 1245–1254. doi:10.4319/lo.2012.57.4.1245

de Kluijver et al. Shallow lake macrophytes–periphyton carbon subsidy

383

http://dx.doi.org/10.4319/lo.2004.49.4.1160
http://dx.doi.org/10.1139/o59-099
http://dx.doi.org/10.1007/s10750-012-1005-4
http://dx.doi.org/10.1007/s10750-012-1005-4
http://dx.doi.org/10.5194/bg-3-69-2006
http://dx.doi.org/10.1111/j.1574-6941.2002.tb00940.x
http://dx.doi.org/10.1002/rcm.3804
http://dx.doi.org/10.2134/jeq2003.0198
http://dx.doi.org/10.1093/plankt/18.5.683
http://dx.doi.org/10.3354/ame038157
http://dx.doi.org/10.1016/0304-3770(86)90031-8
http://dx.doi.org/10.1073/pnas.1012807108
http://dx.doi.org/10.1073/pnas.1012807108
http://dx.doi.org/10.5194/bg-11-6265-2014
http://dx.doi.org/10.4319/lo.2012.57.4.1245


Demarty, M., and Y. Prairie. 2009. In situ dissolved organic

carbon (DOC) release by submerged macrophyte-epiphyte

communities in southern Quebec lakes. Can. J. Fish.

Aquat. Sci. 66: 1522–1531. doi:10.1139/F09-099

Ebina, J., T. Tsutsui, and T. Shirai. 1983. Simultaneous deter-

mination of total nitrogen and total phosphorus in water

using peroxodisulfate oxidation. Water Res. 17: 1721–

1726. doi:10.1016/0043-1354(83)90192-6

Findlay, S., L. Carlough, M. T. Crocker, H. K. Gill, J. L.

Meyer, and P. J. Smith. 1986. Bacterial growth on macro-

phyte leachate and fate of bacterial production. Limnol.

Oceanogr. 31: 1335–1341. doi:10.4319/lo.1986.31.6.1335

Fry, B. 2006. Stable isotope ecology. Springer.

Gao, J. 2013. Response of biological communities and food

web structures to ecosystem restoration in a tropical

eutrophic shallow lake. Ph.D. thesis, Jinan Univ.

Gao, J., Z. Liu, and E. Jeppesen. 2014. Fish community

assemblages changed but biomass remained similar after

lake restoration by biomanipulation in a Chinese tropical

eutrophic lake. Hydrobiologia 724: 127–140. doi:10.1007/

s10750-013-1729-9

Hayes, J. M. 2001. Fractionation of carbon and hydrogen iso-

topes in biosynthetic processes, p. 225–277. In J. W. Val-

ley and D. Cole [eds.], Stable isotope geochemistry.

Reviews in mineralogy & geochemistry. Mineralogical

Society of America.

Huss, A. A., and J. D. Wehr. 2004. Strong indirect effects of a

submersed aquatic macrophyte, Vallisneria americana on

bacterioplankton densities in a mesotrophic lake. Microb.

Ecol. 47: 305–315. doi:10.1007/s00248-003-1034-7

Jeppesen, E., J. P. Jensen, M. Søndergaard, T. Lauridsen, L. J.

Pedersen, and L. Jensen. 1997. Top-down control in fresh-

water lakes: The role of nutrient state, submerged macro-

phytes and water depth. Hydrobiologia 342–343: 151–

164. doi:10.1023/A:1017046130329

Jeppesen, E., M. Søndergaard, J. P. Jensen, E. Mortensen, and O.

Sortkjær. 1996. Fish-induced changes in zooplankton graz-

ing on phytoplankton and bacterioplankton: A long-term

study in shallow hypertrophic Lake Søbygaard. J. Plankton

Res. 18: 1605–1625. doi:10.1093/plankt/18.9.1605

Jeppesen, E., M. Søndergaard, M. Søndergaard, and K. Chris-

toffersen [eds.]. 1998. The structuring role of submerged

macrophytes in lakes. Springer.

Jeppesen, E., M. Søndergaard, M. Søndergaard, K.

Christoffersen, K. J€urgens, J. Theil-Nielsen, and L.

Schl€uter. 2002. Cascading trophic interactions in the litto-

ral zone: An enclosure experiment in shallow Lake Stig-

sholm, Denmark. Arch. Hydrobiol. 153: 533–555.

Jeppesen E., and others. 2010. Impacts of climate warming

on lake fish community structure and potential effects on

ecosystem function. Hydrobiologia 646: 73–90. doi:

10.1007/s10750-010-0171-5

Jones, J. I., and S. Waldron. 2003. Combined stable isotope

and gut contents analysis of food webs in plant-

dominated, shallow lakes. Freshwater Biol. 48: 1396–

1407. doi:10.1046/j.1365-2427.2003.01095.x

J€urgens, K., and E. Jeppesen. 1998. Cascading effects on

microbial food web structure in a dense macrophyte bed,

p. 262-273. In E. Jeppesen, M. Søndergaard, M.

Søndergaard, and K. Christoffersen [eds.], Structuring role

of subbmerged macrophytes in lakes. Ecological studies:

Analysis and Synthesis. Springer.

Kaneda, T. 1991. Iso-fatty and anteiso-fatty acids in bacte-

ria—biosynthesis, function, and taxonomic significance.

Microbiol. Rev. 55: 288–302.

Laws, E. A., B. N. Popp, R. R. Bidigare, M. C. Kennicutt, and

S. A. Macko. 1995. Dependece of phytoplankton carbon

isotopic composition on growth-rate and [CO2]aq: Theo-

retical considerations and experimental results. Geochim.

Cosmochim. Acta. 59: 1131–1138. doi:10.1016/0016-

7037(95)00030-4

Layman, C. A., J. P. Quattrochi, C. M. Peyer, and J. E.

Allgeier. 2007. Niche width collapse in a resilient top

predator following ecosystem fragmentation. Ecol. Lett.

10: 937–944. doi:10.1111/j.1461-0248.2007.01087.x

Leroux, S. J., and M. Loreau. 2008. Subsidy hypothesis and

strength of trophic cascades across ecosystems. Ecol. Lett.

11: 1147–1156. doi:10.1111/j.1461-0248.2008.01235.x

Li, C. H., Z. Tan, W. Z. Zh, and J. J. Peng. 2007. Eutrophica-

tion and restoration of Huizhou Xihu Lake. [in Chinese].

Guangdong Science & Technology Publishing Corp.

Mann, K. H. 1988. Production and use of detritus in various

fresh-water, estuarine, and coastal marine ecosystems.

Limnol. Oceanogr. 33: 910–930. doi:10.4319/

lo.1988.33.4_part_2.0910

Middelburg, J. J., C. Barranguet, H. T. S. Boschker, P. M. J.

Herman, T. Moens, and C. H. R. Heip. 2000. The fate of

intertidal microphytobenthos carbon: An in situ 13C-

labeling study. Limnol. Oceanogr. 45: 1224–1234. doi:

10.4319/lo.2000.45.6.1224

Nakano, S., H. Miyasaka, and N. Kuhara. 1999. Terrestrial-

aquatic linkages: Riparian arthropod inputs alter trophic

cascades in a stream food web. Ecology 80: 2435–2441.

doi:10.1890/0012-9658(1999)080[2435:TALRAI]2.0.CO;2

Pace, M. L., K. G. Porter, and Y. S. Feig. 1983. Species- and

age-specific differences in bacterial resource utilization by

two co-occurring cladocerans. Ecology 64: 1145–1156.

doi:10.2307/1937825

Penhale, P. A., and W. O. Smith, Jr. 1977. Excretion of dis-

solved organic carbon by Eelgrass (Zostera marina) and its

epiphytes. Limnol. Oceanogr. 22: 400–407. doi:10.4319/

lo.1977.22.3.0400

Phillips, D. L., and J. W. Gregg. 2003. Source partitioning

using stable isotopes: Coping with too many sources.

Oecologia 136: 261–269. doi:10.1007/s00442-003-1218-3

Phillips, D. L., S. D. Newsome, and J. W. Gregg. 2005. Com-

bining sources in stable isotope mixing models:

de Kluijver et al. Shallow lake macrophytes–periphyton carbon subsidy

384

http://dx.doi.org/10.1139/F09-099
http://dx.doi.org/10.1016/0043-1354(83)90192-6
http://dx.doi.org/10.4319/lo.1986.31.6.1335
http://dx.doi.org/10.1007/s10750-013-1729-9
http://dx.doi.org/10.1007/s10750-013-1729-9
http://dx.doi.org/10.1007/s00248-003-1034-7
http://dx.doi.org/10.1023/A:1017046130329
http://dx.doi.org/10.1093/plankt/18.9.1605
http://dx.doi.org/10.1007/s10750-010-0171-5
http://dx.doi.org/10.1046/j.1365-2427.2003.01095.x
http://dx.doi.org/10.1016/0016-7037(95)00030-4
http://dx.doi.org/10.1016/0016-7037(95)00030-4
http://dx.doi.org/10.1111/j.1461-0248.2007.01087.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01235.x
http://dx.doi.org/10.4319/lo.1988.33.4_part_2.0910
http://dx.doi.org/10.4319/lo.1988.33.4_part_2.0910
http://dx.doi.org/10.4319/lo.2000.45.6.1224
http://dx.doi.org/10.1890/0012-9658(1999)080[2435:TALRAI]2.0.CO;2
http://dx.doi.org/10.2307/1937825
http://dx.doi.org/10.4319/lo.1977.22.3.0400
http://dx.doi.org/10.4319/lo.1977.22.3.0400
http://dx.doi.org/10.1007/s00442-003-1218-3


Alternative methods. Oecologia 144: 520–527. doi:

10.1007/s00442-004-1816-8

R Core Team. 2014. R: A language and environment for sta-

tistical computing. R Foundation for Statistical Comput-

ing. Available from http://www.R-project.org/

Reitner, B., A. Herzig, and G. J. Herndl. 1999. Dynamics in

bacterioplankton production in a shallow, temperate lake

(Lake Neusiedl, Austria): Evidence for dependence on mac-

rophyte production rather than on phytoplankton. Aquat.

Microb. Ecol. 19: 245–254. doi:10.3354/ame019245

Rooney, N., and J. Kalff. 2003. Interactions among epilim-

netic phosphorus, phytoplankton biomass and bacterio-

plankton metabolism in lakes of varying submerged

macrophyte cover. Hydrobiologia 501: 75–81. doi:

10.1023/A:1026255302443

Sanders, R. W., and S. A. Wickham. 1993. Planktonic proto-

zoa and metazoa: Predation, food quality and population

control. Aquat. Microb. Ecol. 7: 197–223.

Scheffer, M., S. H. Hosper, M. L. Meijer, B. Moss, and E.

Jeppesen. 1993. Alternative equlibria in shallow lakes. Trends

Ecol. Evol. 8: 275–279. doi:10.1016/0169-5347(93)90254-M

Siehoff, S., M. Hammers-Wirtz, T. Strauss, and H. T. Ratte.

2009. Periphyton as alternative food source for the filter-

feeding cladoceran Daphnia magna. Freshwater Biol. 54:

15–23. doi:10.1111/j.1365-2427.2008.02087.x

Søndergaard, M. 1981. Loss of inorganic and organic carbon

by 14C-labelled aquatic plants. Aquat. Bot. 10: 33–43. doi:

10.1016/0304-3770(81)90003-6

Søndergaard, M., J. Theil-Nielsen, K. Christoffersen, L.

Schl€uter, and E. Jeppesen. 1998. Bacterioplankton and car-

bon turnover in a dense macrophyte canopy, p. 250-261.

In E. Jeppesen, M. Søndergaard, and K. Christoffersen

[eds.], Structuring role of submerged macrophytes in

lakes. Ecological studies: Analysis and synthesis. Springer.

Texeira-de Mello, T. D., M. Meerhoff, Z. Pekcan Hekim, and

E. Jeppesen. 2009. Substantial differences in littoral fish

community structure and dynamics in subtropical and

temperate shallow lakes. Freshwater Biol. 54: 1202–1215.

doi:10.1111/j.1365-2427.2009.02167.x

Theil-Nielsen, J., and M. Søndergaard. 1999. Production of

epiphytic bacteria and bacterioplankton in three shallow

lakes. Oikos 86: 283–292.

Van Donk, E., and W. J. Van De Bund. 2002. Impact of sub-

merged macrophytes including charophytes on phyto-

and zooplankton communities: Allelopathy versus other

mechanisms. Aquat. Bot. 72: 261–274. doi:10.1016/S0304-

3770(01)00205-4

Vander Zanden, M. J., T. E. Essington, and Y. Vadeboncoeur.

2005. Is pelagic top-down control in lakes augmented by

benthic energy pathways? Can. J. Fish. Aquat. Sci. 62:

1422–1431. doi:10.1139/f05-042

Wylie, J. L., and D. J. Currie. 1991. The relative importance

of bacteria and algae as food sources for crustacean zoo-

plankton. Limnol. Oceanogr. 36: 708–728. doi:10.4319/

lo.1991.36.4.0708

Acknowledgments

We thank our colleagues from Jinan University who helped collect field

samples, especially Long Han, Jie Mao, Fengwen Wang, Tingting Ming,
and Yuanyu Bao. We also thank our colleagues from the Royal Nether-
lands Institute for Sea Research in Yerseke, Pieter van Rijswijk, Marco

Houtekamer, and Peter van Breugel, for laboratory support. Two anony-
mous referees are thanked for constructive feedback. This study received
financial support from the Darwin Center for Biogeosciences and the

Netherlands Organization of Scientific Research (NWO), the Chinese
projects (2012CB956100, U1033602, and 41471086) and “The China–

Netherlands Joint Scientific Thematic Research Programme” (JSTP)
(842.00.001 and GJHZ05).

Submitted 19 January 2014

Revised 25 November 2014

Accepted 26 September 2014

Associate editor: Alexander D. Huryn

de Kluijver et al. Shallow lake macrophytes–periphyton carbon subsidy

385

http://dx.doi.org/10.1007/s00442-004-1816-8
http://www.R-project.org/
http://dx.doi.org/10.3354/ame019245
http://dx.doi.org/10.1023/A:1026255302443
http://dx.doi.org/10.1016/0169-5347(93)90254-M
http://dx.doi.org/10.1111/j.1365-2427.2008.02087.x
http://dx.doi.org/10.1016/0304-3770(81)90003-6
http://dx.doi.org/10.1111/j.1365-2427.2009.02167.x
http://dx.doi.org/10.1016/S0304-3770(01)00205-4
http://dx.doi.org/10.1016/S0304-3770(01)00205-4
http://dx.doi.org/10.1139/f05-042
http://dx.doi.org/10.4319/lo.1991.36.4.0708
http://dx.doi.org/10.4319/lo.1991.36.4.0708

	l

