
Selective herbivory by an invasive cyprinid, the rudd
Scardinius erythrophthalmus

KEVIN L. KAPUSCINSKI* , JOHN M. FARRELL* , STEPHEN V. STEHMAN† , GREGORY L. BOYER‡ ,

DANILO D. FERNANDO* , MARK A. TEECE ‡ AND TIMOTHY J. TSCHAPLINSKI§

*Department of Environmental and Forest Biology, College of Environmental Science and Forestry, State University of New York,

Syracuse, NY, U.S.A.
†Department of Forest and Natural Resources Management, College of Environmental Science and Forestry, State University of New

York, Syracuse, NY, U.S.A.
‡Department of Chemistry, College of Environmental Science and Forestry, State University of New York, Syracuse, NY, U.S.A.
§Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, U.S.A.

SUMMARY

1. Herbivory by non-native animals is a problem of growing concern globally, especially for ecosys-

tems where there were few native herbivores or where they have been replaced by non-natives. The

rudd (Scardinius erythrophthalmus) is an omnivorous cyprinid (native to Europe) now very wide-

spread due to human introductions, yet it is unknown whether the invasive rudd feeds selectively

among aquatic macrophyte species common in North America.

2. We tested feeding selectivity by rudd using five species of aquatic macrophytes: Ceratophyllum

demersum, Elodea canadensis, Najas flexilis, Stuckenia pectinata and Vallisneria americana. Fish were pre-

sented with known quantities of each macrophyte species in a randomized complete block design,

and we measured the mean per cent mass remaining in each case. We also quantified differences in

the chemical attributes of the five macrophyte species and determined whether feeding by rudd was

related to dry matter content (DMC), per cent C by dry mass (%C), per cent N by dry mass (%N),

and the concentrations of total soluble proteins, two organic acids (aconitic and oxalic acid), total

soluble phenolic compounds (<1000 Da), nine soluble phenolic metabolites and total phenolic

compounds.

3. Rudd fed selectively, with consumption declining in the order N. flexilis > E. canadensis > S.

pectinata > V. americana > C. demersum. Selection was positively related to %C and atomic C : N, but

not DMC, %N or concentration of total soluble proteins, contrary to the expectation that rudd would

select the most nutritious plants available. The concentration of aconitic acid was greatest in N.

flexilis, a preferred macrophyte, contrary to the expectation that this compound provides resistance to

herbivory. The concentration of oxalic acid, which negatively affects palatability, was highest in

C. demersum, the least preferred macrophyte.

4. Selection was also positively related to the concentration of total (and some specific) soluble

phenolic compounds. The concentrations of caffeic acid, trans-caftaric acid and quercetin were

positively related to macrophyte preference by rudd, whereas concentrations of cis-4-O- and

trans-4-O-ferulic acid glucoside were negatively related.

5. Selective feeding by rudd (which can be very numerous in North American fresh waters) could

evidently alter macrophyte assemblages and hinder attempts to restore plant communities.
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Introduction

Herbivory is an important determinant of community

structure and ecosystem processes, but our understand-

ing of the importance of herbivory in freshwater ecosys-

tems has significantly lagged behind that of terrestrial

systems (Lodge, 1991; Newman, 1991). A meta-analysis

by Cyr & Pace (1993) found that, for a given value of

net primary productivity, herbivores reached similar

average biomass in aquatic and terrestrial ecosystems,

but mass-specific rates of herbivory were greater in

aquatic ecosystems. Algae were grazed more intensively

than vascular plants (hereafter macrophytes) in the

aquatic ecosystems examined by Cyr & Pace (1993).

However, consumption of macrophytes can be substan-

tial in some ecosystems and lead to reductions in macro-

phyte biomass and changes in assemblage structure (van

Dyke, Leslie & Nall, 1984; Lodge, 1991; McKnight &

Hepp, 1995), shifts in lakes from clear water with macro-

phytes to turbid water dominated by phytoplankton

(Hansson, Johansson & Persson, 1987; Van Donk &

Gulati, 1995; Van Donk & Otte, 1996) and limited

success or failure of measures to restore macrophytes

(Moore, Shields & Jarvis, 2010). Intense herbivory may

have cascading effects in freshwater ecosystems because

macrophytes (i) provide refugia from predation for

zooplankton, thereby indirectly affecting the assemblage

structure and biovolume of phytoplankton (Schriver

et al., 1995), (ii) provide critical spawning and nursery

habitat for fish (Balon, 1975), (iii) are an important food

source for many invertebrates (Newman, 1991) and

some fish (Colle, Shireman & Rottmann, 1978; van Dyke

et al., 1984) and waterfowl (Baldassarre, Bolen & Saun-

ders, 2006) and (iv) can increase sedimentation, reduce

turbidity and P recycling from sediments and, thereby,

reduce the likelihood of a shift to a turbid state (Madsen

et al., 2001; Genkai-Kato & Carpenter, 2005). Despite the

importance of macrophytes to the structure and function

of aquatic ecosystems, macrophyte–herbivore interac-

tions are poorly understood relative to terrestrial ecosys-

tems and information on freshwater herbivorous fishes

is particularly limited.

Research on selective feeding by herbivores is impor-

tant for understanding the ecology of macrophyte–herbi-

vore interactions, mitigating the effects of invasive

herbivores and making predictions about future ecosys-

tem states following macrophyte restoration actions or

biological invasions. The introduction of non-native her-

bivores is a global problem (Nunez, Bailey & Schweitzer,

2010), and aquatic ecosystems such as the Great Lakes

basin of North America are particularly susceptible to

biological invasions (Ricciardi, 2006). Replacement of

native herbivores by non-native herbivores can have

severe effects on macrophyte assemblages, because

native herbivores may provide resistance to macrophyte

invasions, whereas non-native herbivores may facilitate

invasions (Parker, Burkepile & Hay, 2006; Nunez et al.,

2010). Therefore, understanding selective herbivory by

both native and non-native animals and how it alters

macrophyte assemblages is essential for conservation,

management and restoration of aquatic ecosystems.

Several structural and chemical attributes of macro-

phytes have been associated with selective feeding by

aquatic herbivores, including macrophyte morphology

(Cronin et al., 2002) and concentrations of dry matter

(Elger & Willby, 2003; Elger & Lemoine, 2005; Burlakova

et al., 2008), C (Miller & Provenza, 2007), protein (Elger &

Lemoine, 2005) and phenolic compounds (Buchsbaum,

Valiela & Swain, 1984; Lodge, 1991; Miller & Provenza,

2007). Other studies, however, have found no association

between selective herbivory and macrophyte growth rate

(an inverse correlate of defensive structures and com-

pounds), atomic C : N, gross energy, or the content of pro-

tein, nitrogen and phenolic compounds (Pine & Anderson,

1991; Elger & Lemoine, 2005; Miller & Provenza, 2007; La

Pierre, Harpole & Suding, 2010). Furthermore, some plant

attributes have been shown to be both positively and nega-

tively associated with selective herbivory, so selection for

or against any one macrophyte species is likely to be influ-

enced by a number of factors (Cronin et al., 2002; Elger &

Lemoine, 2005). Knowledge of the mechanisms that influ-

ence macrophyte–herbivore interactions is particularly

important for predicting the ecological roles of native and

non-native macrophytes and herbivores (Lodge, 1991;

Arnold & Targett, 2002; Cronin et al., 2002).

The rudd (Scardinius erythrophthalmus) is a European

cyprinid that is now extremely widespread due to

human translocations; the rudd ranges from New Zea-

land to the Midwestern U.S.A. and is established on five

continents (Froese & Pauly, 2011; Nico et al., 2010). It

was intentionally introduced into the U.S.A. during the

late 19th or early 20th century (Burkhead & Williams,

1991; Mills et al., 1993) and has spread to at least 21

states, largely due to its popularity as a bait fish in the

1980s (Nico et al., 2010). Although widespread in the

U.S.A., most rudd populations occur at relatively low

densities. The abundant population of rudd in Buffalo

Harbor (north-eastern Lake Erie) and the upper Niagara

River of the Laurentian Great Lakes is an exception

(Kapuscinski, Farrell & Wilkinson, 2012a), where more

than 2750 rudd have been captured in a single trap-net

set for <24 h (K. L. Kapuscinski, unpubl. data). The rudd
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is omnivorous, and larger individuals (>150 mm) often

consume mostly macrophytes (Prejs & Jackowska, 1978;

Prejs, 1984; Kapuscinski, Farrell & Wilkinson, 2012b),

exploiting food resources not typically used by native

fish in the north temperate regions of North America.

Surprisingly, little is known about the feeding ecology of

rudd, but studies in Europe and New Zealand suggest

that rudd feed selectively (Prejs, 1984; Lake et al., 2002;

Dorenbosch & Bakker, 2011). These studies may not be

directly applicable to North America due to differences

in species composition of macrophyte assemblages. Pre-

vious research on the diet of rudd collected from the

upper Niagara River suggested that they preferentially

consumed Stuckenia pectinata (Kapuscinski et al., 2012b).

Here, we used an experimental approach to test the fol-

lowing hypotheses: (i) that rudd do not feed selectively

among five species of macrophytes common to North

American waters (Ceratophyllum demersum, Elodea canad-

ensis, Najas flexilis, S. pectinata and Vallisneria americana)

and (ii) that chemical attributes do not differ among the

five macrophyte species. We also determined whether

chemical attributes of macrophytes are related to selec-

tive feeding by rudd. The goal was to provide informa-

tion that can be used to predict how rudd might alter

native and restored macrophyte assemblages in Buffalo

Harbor, the upper Niagara River and other waters

where rudd become abundant.

Methods

Selection experiment

Sixty rudd (range in total length, 221–331 mm; mean,

283 mm; SD, 20 mm) were captured from the upper

Niagara River near Cayuga Island on 29 August 2011

using a Smith-Root SR-18E (Smith-Root, Vancouver,

WA, USA) electrofishing boat (pulsed DC,

120 pulses s�1, 10–12 amps, 500 V). Four rudd were

placed into each of 15 round 890-L experimental tanks

at the indoor laboratory of the State University of New

York-Buffalo State Great Lakes Center. Each tank

received a continuous flow of water pumped from the

Black Rock Canal and thus was subject to ambient tem-

perature and turbidity. Day length was 13.5 h light

(mimicking ambient), and each tank had an air stone.

Rudd were allowed to acclimate to the tanks for about

48 h before macrophytes were introduced. A 48-h accli-

mation period was chosen because rudd began consum-

ing macrophytes within 48 h of introduction to tanks in

a pilot experiment. Rudd behaved normally, and there

was no mortality during the experiment.

On 31 August 2011, the following five species of mac-

rophytes were collected by hand: C. demersum, E. canad-

ensis, N. flexilis, S. pectinata and V. americana.

Ceratophyllum demersum and E. canadensis were collected

from two separate sites (Ice Boom Bay and Bell Slip) in

Buffalo Harbor that were about 1.4 km apart. Najas flexi-

lis and S. pectinata were collected from a single site in

the upper Niagara River (off the southeast shore of

Grand Island), whereas V. americana was collected at this

and another site (off the northwest shore of Strawberry

Island) in the upper Niagara River. The two Niagara

River sites were about 1.4 km apart, whereas the most

distant Buffalo Harbor and upper Niagara River sites

were about 12.5 km apart.

Ceratophyllum demersum has relatively stiff leaves (10–

30 mm long) arranged in whorls of 5–12 at a node on

the stem, and each leaf is branched once or twice and

has teeth along the margins that are tipped with a small

spine (Borman et al., 1997). Elodea canadensis has small,

flat leaves (6–17 mm long, 1–5 mm wide) in whorls of

three attached directly to the stem (Borman et al., 1997;

Skawinski, 2011) and, of the species included in our

study, appeared to have the most rigid stems. Najas flexi-

lis has branched stems, paired fine leaves (10–

40 mm long, 0.2–1 mm wide) with serrated edges that

taper to pointed tips and can grow as a compact, bushy

form (as those used in our study) or a long, slender

form (Borman et al., 1997; Skawinski, 2011). Stuckenia

pectinata has very thin, pointed leaves (30–100 mm long,

0.5–1.5 mm wide) and each branch may be forked many

times such that the plant has a fan-like shape (Borman

et al., 1997), as did the specimens used in our study. Val-

lisneria americana has ribbon-like leaves (up to 2 m long,

3–10 mm wide) that grow in a basal rosette form (Bor-

man et al., 1997; Skawinski, 2011), which differed from

the other species used in our study. None of the macro-

phyte species contained thorns, nor did they contain the

strong fibres commonly associated with emergent aqua-

tic macrophytes.

Individual macrophytes were blotted dry with paper

towel, and specimens of each species were cut just

below the substratum/water interface (typically just

below the first set of roots) and bundled at their base

with a rubber band. Each bundle was weighed to the

nearest 0.01 g and secured with a rubber band to a

three-holed brick. Two bricks (one containing three spe-

cies and one containing two species) were introduced to

each tank containing four rudd, such that the fish had

the choice of feeding on any of the five macrophyte spe-

cies. The order of placement of macrophyte species bun-

dles on the bricks was alternated among tanks to avoid

© 2014 John Wiley & Sons Ltd, Freshwater Biology, 59, 2315–2327

Selective herbivory by the rudd 2317



biasing feeding by rudd. Except for N. flexilis, macro-

phytes bundles of each species were often longer than

the depth of water in the tanks and laid on the surface

as they do in the upper Niagara River. Macrophyte bun-

dles ranged in mass from 43.91 to 61.93 g, but the maxi-

mum within-tank difference in mass of macrophyte

bundles averaged 5.92 g among the 15 tanks with rudd.

Mean initial masses of the five macrophyte species were

not statistically different (completely randomized design

analysis of variance [ANOVA], F4,70 = 1.2, P = 0.314).

Each macrophyte bundle was blotted dry and weighed

on six dates during 2–13 September 2011. Temperature,

dissolved oxygen, specific conductance and pH were

measured with a YSI Professional Plus Multiparameter

Instrument (Yellow Springs, OH, USA) on 31 August

and the six dates during 2–13 September 2011 when the

macrophytes were weighed. Means of water quality

parameters measured across the seven dates were simi-

lar among tanks, and the range of observations for tem-

perature (21.5–23.4 °C), dissolved oxygen (5.1–

8.0 mg L�1), specific conductance (291.3–312.4 mS cm�1)

and pH (8.1–8.3) indicated that water quality within

each tank should not have altered the behaviour of the

rudd.

The response variable analysed was the per cent of

initial mass remaining of each macrophyte species in

each tank (n = 15 tanks). Analysis of variance (a = 0.05,

SAS 9.3, The GLM procedure) was conducted to test

for differences among the mean per cent mass remain-

ing of macrophyte species in tanks with rudd on each

date, and Tukey’s multiple comparisons test (a = 0.05)

was used to determine which pairs of macrophyte

means differed. Repeated measures analysis of variance

(RM_ANOVA, a = 0.05, SAS 9.3; SAS Institute Inc.,

Cary, NC, U.S.A., Mixed Procedure) was used to eval-

uate the interaction between species and time (i.e. to

assess whether the pattern or response curve over time

for the mean per cent mass remaining was similar for

the different macrophyte species). The response curve

quantifying the mean per cent mass remaining for each

macrophyte species was approximated as a polynomial

function of time. The degree of polynomial needed for

each species response curve was determined by

sequentially testing the statistical significance of powers

of a polynomial, from higher to lower powers (e.g.

quarter followed by cubic followed by quadratic, etc.),

until the coefficient of one of the polynomial powers

was statistically significant (Meredith & Stehman,

1991). The coefficients for the polynomial model of

each macrophyte species were then estimated to yield

equations for predicting the mean per cent mass

remaining as a function of time from the introduction

of each species into the experimental tanks.

An additional fishless tank was used to hold three

replicate macrophyte groups to quantify losses of plant

biomass associated with handling. The average within-

replicate difference in initial mass was 6.63 g, and the

mean initial masses of the five macrophyte species did

not differ (completely randomized design ANOVA,

F4,10 = 1.7, P = 0.228). Each macrophyte bundle was blot-

ted dry and weighed on the same six dates during 2–13

September 2011 that the macrophytes in tanks with rudd

were handled. As described above for macrophytes in

tanks with rudd, RM_ANOVA was used to evaluate the

interaction between species and time, and the response

curve quantifying the mean per cent mass remaining for

each macrophyte species in the fishless tank was

approximated as a polynomial function of time. Differ-

ences in the mean per cent mass remaining among spe-

cies were evaluated using Tukey’s multiple comparisons

test. We then determined whether the mean per cent

mass remaining of each macrophyte species differed

between the tanks with rudd (15 replicates) and the

fishless tank (three replicates) using RM_ANOVA

and Tukey’s multiple comparisons test (i.e. five within-

species comparisons).

To determine the order of macrophyte selection by

rudd, we examined species-specific differences in mean

per cent mass remaining between tanks with rudd and

the fishless tank on each date. The macrophyte species

with the greatest difference in biomass lost between the

tanks with rudd and the fishless tank was assumed to

be the most preferred on a given date. Macrophyte

growth and rehydration were assumed to be equivalent

between tanks with rudd and the fishless tank.

Analysis of chemical attributes of macrophytes

Macrophytes were collected from the same locations

described above on 14 September 2011 for chemical

analyses. All individual macrophyte specimens were cut

at the substratum–water interface, blotted dry as

described above, weighed and frozen until chemical

analyses could be completed. Five replicates of each

macrophyte species were measured for dry matter con-

tent (DMC), per cent C by dry mass (%C), per cent N by

dry mass (%N), and concentrations of total soluble pro-

teins (lg mL�1), two organic acids (aconitic and oxalic

acid; lg g�1 dry mass sorbitol equivalents), total soluble

phenolic compounds (<1000 Da; lg g�1 dry mass

sorbitol equivalents), nine of the most abundant soluble

phenolic metabolites (caffeic acid, trans-caftaric acid, epi-
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catechin, p-coumaric acid, cis-4-O-ferulic acid glucoside,

trans-4-O-ferulic acid glucoside, quercetin, rosmarinic

acid and tyramine; lg g�1 dry mass sorbitol equiva-

lents), and total phenolic compounds (mg g�1 dry mass

gallic acid equivalents).

Dry matter content of macrophytes was calculated as

1009 dry mass wet mass�1. Wet mass was measured

after macrophytes were blotted with paper towel,

whereas dry mass was measured after samples were

freeze-dried at �40 °C in a vacuum for 48 h. Mass %C

and %N were measured using a Costech ECS 4010 ele-

mental analyser (Valencia, CA, USA), and atomic C : N

ratios were calculated. Concentrations of total soluble

proteins were estimated following the Bradford assay

and using bovine serum albumin as a standard (Brad-

ford, 1976). Equal amounts of ground (freeze-dried)

samples (in mg) were used for all five species, and the

assay was performed in triplicate. Concentrations of

organic acids, total soluble phenolic compounds and

nine soluble phenolic metabolites were determined by

gas chromatography–mass spectrometry (GC-MS) using

electron impact ionization (EI) of trimethylsilyl (TMS)-

derivatized metabolites. Frozen macrophyte specimens

were shipped to Oak Ridge National Laboratory. Five

replicate samples per macrophyte species were freeze-

dried and ground with a micro-Wiley mill. Approxi-

mately 50 mg (dry mass) of sample tissue was twice

extracted with 2.5 mL 80% ethanol overnight, and then,

the extracts were combined prior to drying a 0.5 mL ali-

quot in a nitrogen stream. Sorbitol was added before

extraction as an internal standard to correct for differ-

ences in extraction efficiency, subsequent differences in

derivatization efficiency and changes in sample volume

during heating. Dried extracts were dissolved in 500 lL
of silylation-grade acetonitrile followed by the addition

of 500 mL N-methyl-N-trimethylsilyltrifluoroacetamide

with 1% trimethylchlorosilane (TMCS), and samples

were then heated for 1 h at 70 °C to generate TMS

derivatives (Li et al., 2012). After 2 days, 1 mL aliquots

were injected into an Agilent Technologies Inc. (Santa

Clara, CA, U.S.A.) 5975C inert XL gas chromatograph–

mass spectrometer, fitted with an Rtx-5MS with Integra

guard (5% diphenyl/95% dimethyl polysiloxane)

30 m 9 250 lm 9 0.25 lm film thickness capillary col-

umn. The standard quadrupole GC-MS was operated in

the EI (70 eV) mode, as described elsewhere (Li et al.,

2012). Metabolite peaks were extracted using a key

selected ion, characteristic m/z fragment to minimize

integrating co-eluting metabolites with extracted peaks

of known metabolites scaled back up to the total ion cur-

rent using predetermined scaling factors. Peaks were

quantified by area integration, and the concentrations

were normalized to the quantity of the internal standard

recovered, amount of sample extracted, derivatized and

injected. A large user-created database (>2100 spectra) of

mass spectral EI fragmentation patterns of TMS-deriva-

tized compounds was used to identify the metabolites of

interest.

We used a modified Folin–Ciocalteu method to deter-

mine total phenolic content of macrophytes (Dai &

Mumper, 2010). Individual macrophytes were freeze-

dried as described above and then ground in a SPEX

SamplePrep 6870 freezer mill (SPEX SamplePrep, Metu-

chen, NJ, USA). Next, 100 mg of each macrophyte sam-

ple was transferred to a glass test tube and subjected to

three extractions (5 mL 70% methanol, 5 mL 70% metha-

nol and 5 mL 100% methanol), each of which was fol-

lowed by 15 min of shaking and 5 min in a centrifuge at

755 g. For each sample, the three extracts were com-

bined and 100 lL was combined with 100 lL of Folin–

Ciocalteu reagent, mixed for 2 min, and then 800 lL of

5% mass/volume sodium carbonate solution was added

to stop the reaction. Samples were incubated at 40 °C

for 20 min, the absorbance was measured at 760 nm,

and the concentration of total phenolic compounds was

calculated using gallic acid as a standard.

All data on chemical attributes were log10(x + 1)-trans-

formed prior to statistical analysis because values often

differed among macrophyte species by one-two orders of

magnitude. Analysis of variance (a = 0.05) and Tukey’s

multiple comparisons test were used to determine if

DMC, %C, %N, atomic C : N and concentrations of total

soluble proteins, organic acids, total soluble phenolic

compounds, nine soluble phenolic metabolites and total

phenolic compounds differed among macrophyte spe-

cies. For ease of interpretation, means and standard

errors are presented for original units of measure, but

statistical test results are based on log10(x + 1)-trans-

formed values. If chemical attributes differed among

macrophyte species, then qualitative comparisons

were made to the order of selection by rudd to identify

potential mechanisms driving selective herbivory.

Results

Rudd typically consumed both leaves and stems of mac-

rophytes, although in some instances, short and bare

stems remained near the base of a macrophyte bundle;

we presume this occurred because rudd had difficulty

removing stems from bases that were bundled by rubber

bands. Response curves modelling the mean per cent

mass of macrophytes remaining over time differed
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among species in tanks with rudd (RM_ANOVA,

F4,56 = 4.23, P = 0.005; Fig. 1), and the species by time

interaction is evidence of selective herbivory by rudd.

The mean per cent mass of macrophytes remaining on

each date also differed among species in tanks with

rudd (ANOVA; 2 September, F4,56 = 44.6, P < 0.001; 5

September, F4,56 = 18.4, P < 0.001; 7 September,

F4,56 = 25.7, P < 0.001; 9 September, F4,56 = 25.4, P <

0.001; 11 September, F4,56 = 45.8, P < 0.001; 13 September,

F4,56 = 70.5, P < 0.001), with the statistically significant

pairwise differences between species detailed in Table 2.

Evaluation of the polynomial functions used to approxi-

mate the response curves over time for mean per cent

mass remaining resulted in cubic polynomial models for

E. canadensis and S. pectinata, whereas linear polynomial

models were adequate for C. demersum, N. flexilis and

V. americana (see Table 1 for coefficient estimates).

Response curves modelling the mean per cent mass of

macrophytes remaining over time also differed among spe-

cies in the fishless tank (i.e. species by linear time interac-

tion; RM_ANOVA, F4,10 = 11.2, P = 0.001). The rate at

which macrophytes lost biomass was greatest for N. flexilis

(Table 1), whereas the other four macrophyte species

were not statistically separable and only lost 1–12% of

their biomass over the course of the experiment. The

mean per cent mass lost per time period was greater

in tanks with rudd than the fishless tank for E. canaden-

sis (RM_ANOVA, F1,16 = 13.3, P = 0.002), N. flexilis

(RM_ANOVA, F1,16 = 7.9, P < 0.013), S. pectinata

(RM_ANOVA, F1,16 = 15.0, P = 0.001) and V. americana

(RM_ANOVA, F1,16 = 4.6, P < 0.048), whereas the mean

per cent mass lost by C. demersum did not differ between

tanks with rudd and the fishless tank (RM_ANOVA,

F1,16 = 2.4, P = 0.141; Table 2).

Selective feeding by rudd among the five macrophyte

species was evident, but we needed to compare mean

daily biomass losses among species to clarify the order

of selection.

Najas flexilis had lost the most biomass (mean biomass

in tanks with rudd-mean biomass in the fishless tank)

on day five (20%) and day seven (34%), indicating it

was most preferred by rudd; however, E. canadensis also

lost substantial amounts of biomass on day five (15%)

and seven (24%), indicating it was the second most pre-

ferred macrophyte (Table 2). By day seven, the biomass

of N. flexilis dropped below 40% in tanks with rudd,

and rudd switched to grazing more intensely on

E. canadensis and S. pectinata (Table 2). Towards the end

of the experiment (days 11 and 13), S. pectinata was

Tank

type Species Intercept t t2 t3

Fish Ceratophyllum

demersum

112.22 (2.94) �6.10 (0.85)

Vallisneria

americana

120.02 (2.94) �13.80 (0.85)

Stuckenia

pectinata

84.84 (10.75) 49.95 (14.44) �20.68 (4.51) 1.73 (0.42)

Elodea

canadensis

114.57 (10.75) 22.28 (14.44) �14.21 (4.51) 1.28 (0.42)

Najas flexilis 141.00 (5.90) �45.68 (5.81) 3.83 (0.81)

Fishless C. demersum 119.63 (3.40) �7.38 (1.15)

V. americana 111.58 (3.40) �5.97 (1.15)

S. pectinata 108.95 (3.40) �2.06 (1.15)

E. canadensis 150.20 (3.40) �12.68 (1.15)

N. flexilis 109.33 (3.40) �12.41 (1.15)

Table 1 Coefficient estimates (SE) of polynomial

functions for each of five macrophyte species

approximating the mean per cent macrophyte

material remaining over time (t) after introduction

to tanks containing rudd (n = 15) and a fishless

tank (n = 3)
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Fig. 1 Mean (�SE) per cent mass remaining of five species of aqua-

tic macrophytes introduced to experimental tanks containing rudd

(see Table 1 for estimated coefficients of polynomial functions used

to approximate the response curve for each macrophyte species).
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intensely grazed, indicating it was strongly preferred

over C. demersum and V. americana (Table 2). Over the

duration of the experiment, V. americana lost a substan-

tial amount of biomass, but the loss was gradual com-

pared to N. flexilis, E. canadensis and S. pectinata;

C. demersum lost the least biomass and the difference

between the tanks with rudd and the fishless tank only

exceeded 10% on day 13 (Table 2). Based on these pat-

terns, and keeping in mind that biomass lost to herbiv-

ory by rudd could not subsequently be lost due to

handling, we concluded that the order of macrophyte

removal (from highest to lowest) by rudd was: N. flexi-

lis > E. canadensis > S. pectinata > V. americana > C. de-

mersum.

Mean DMC differed among macrophyte species

(ANOVA, F4,20 = 11.7, P < 0.001; Table 3). Najas flexilis,

E. canadensis and C. demersum had greater DMC values

than S. pectinata and V. americana, but these differences

were not obviously related to the order in which rudd

fed selectively among the species. Mean %C also dif-

fered among macrophyte species (ANOVA, F4,20 = 6.2,

P = 0.002; Table 3); C. demersum (least preferred by

rudd) contained less C than the more preferred N. flexi-

lis, E. canadensis and S. pectinata. Mean %N (ANOVA,

F4,20 = 1.4, P = 0.279) did not differ among macrophyte

species, whereas atomic C : N (ANOVA, F4,20 = 3.6,

P = 0.022) differed, but means could not be distin-

guished by the Tukey test (Table 3). In general, atomic

C : N appeared to be positively related to macrophyte

preference by rudd. Mean concentration of total soluble

proteins (ANOVA, F4,20 = 0.8, P = 0.533) did not signifi-

cantly differ among macrophyte species (Table 3). Mean

concentrations of aconitic acid (ANOVA, F4,20 = 391.2,

P < 0.001), oxalic acid (ANOVA, F4,20 = 30.4, P < 0.001),

total soluble phenolic compounds (ANOVA, F4,20 = 7.0,

P = 0.001) and each of the nine phenolic metabolites

tested differed among macrophyte species (ANOVA;

caffeic acid, F4,20 = 22.8, P < 0.001; trans-caftaric acid,

F4,20 = 44.4, P < 0.001; epicatechin, F4,20 = 271.9, P <

0.001; p-coumaric acid, F4,20 = 16.4, P < 0.001; cis-4-O-

ferulic acid glucoside, F4,20 = 136.6, P < 0.001; trans-4-O-

ferulic acid glucoside F4,20 = 59.3, P < 0.001; quercetin,

F4,20 = 47.5, P < 0.001; rosmarinic acid, F4,20 = 433.3,

P < 0.001; tyramine F4,20 = 511.7, P < 0.001; Table 3).

Concentrations of aconitic acid, caffeic acid, trans-caftaric

acid and quercetin were positively related to macro-

phyte preference by rudd, whereas concentrations of

oxalic acid, epicatechin, cis-4-O-ferulic acid glucoside,

trans-4-O-ferulic acid glucoside and tyramine were

negatively related; patterns between the concentrations

of p-coumaric acid, rosmarinic acid and macrophyteT
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preference by rudd were less obvious. Stuckenia pectinata

had a much higher mean concentration of total phenolic

compounds than the other macrophyte species

(ANOVA, F4,20 = 41.4, P < 0.001; Table 3), yet was

more readily consumed by rudd than V. americana and

C. demersum.

Discussion

Rudd fed selectively among five species of macrophytes

common to North American waters, consistent with the

results of studies that examined selective herbivory by

this species in New Zealand (Lake et al., 2002) and in its

native range in Europe (Prejs, 1984; Dorenbosch & Bak-

ker, 2011). Previous analyses of the gut contents of rudd

suggested that they preferentially fed on S. pectinata in

the upper Niagara River (Kapuscinski et al., 2012b). Our

experimental approach was necessary to show that rudd

actually preferred N. flexilis and E. canadensis over

S. pectinata; both N. flexilis and E. canadensis are substan-

tially less common in the Niagara River than S. pectinata

(K. L. Kapuscinski, unpubl. data). The order of macro-

phyte selection observed was similar to that reported for

grass carp (Ctenopharyngodon idella) by Wiley, et al.

(1986), with the exception of V. americana, which was

not included in their study. Preferential selection of

N. flexilis by rudd was consistent with the selection of

Najas guadalupensis by grass carp in a southern US res-

ervoir (McKnight & Hepp 1995), but contrary to the

avoidance of N. flexilis by age-0 grass carp in an experi-

mental pond in Florida (Colle et al.,1978). In our study,

selection of E. canadensis by rudd over V. americana and

C. demersum was consistent with studies of rudd in

experimental tanks and Lake Karapiro, New Zealand

(Lake et al., 2002) and grass carp in experimental ponds

and tanks (Edwards, 1974; Pine & Anderson, 1991) that

also showed selection of E. canadensis and E. nuttallii

over several macrophyte species. Discrimination against

C. demersum by rudd in our study was consistent with

previous research on rudd (Lake et al., 2002), grass carp

(Edwards, 1974; Colle et al., 1978) and common carp

(Cyprinus carpio; Miller & Provenza, 2007).

It is important to note that neither our study nor those

discussed above included true controls that were able to

separately quantify (i) losses of macrophyte biomass due

to herbivory by fish, other damage caused by fish and

human handling and (ii) increase in macrophyte bio-

mass due to rehydration or growth. Although quantify-

Table 3 Mean (�SE) dry matter content (DMC), per cent C by dry mass (%C), per cent N by dry mass (%N), atomic C : N, and concentra-

tions of total soluble proteins (lg mL�1), aconitic acid (lg g�1 dry mass sorbitol equivalents), oxalic acid (lg g�1 dry mass sorbitol equiva-

lents), total soluble phenolic compounds (lg g�1 dry mass sorbitol equivalents), nine soluble phenolic metabolites (lg g�1 dry mass sorbitol

equivalents) and total phenolic compounds (mg g�1 dry mass gallic acid equivalents) sampled from five biological replicates of five aquatic

macrophyte species

Variable Najas flexilis

Elodea

canadensis

Stuckenia

pectinata

Vallisneria

americana

Ceratophyllum

demersum

DMC 17.3 � 0.8a 17.5 � 0.8a 14.0 � 0.6b 12.4 � 0.9b 18.0 � 0.4a

%C 32.3 � 0.8a 33.0 � 1.3a 35.6 � 0.6a 31.2 � 2.0ab 26.5 � 1.4b

%N 1.4 � 0.1a 1.6 � 0.1a 1.6 � 0.1a 1.7 � 0.1a 1.5 � 0.1a

C : N 27.1 � 2.5a 24.5 � 1.9a 25.7 � 0.8a 20.9 � 0.8a 21.1 � 0.9a

Total soluble proteins 2.1 � 0.1a 2.1 � 0.1a 2.0 � 0.1a 2.2 � 0.0a 2.2 � 0.1a

Organic acids

Aconitic acid 682.4 � 44.0a 3.4 � 0.4b 0.9 � 0.2c 10.3 � 1.8d 17.0 � 2.0e

Oxalic acid 29.2 � 10.2a 11.2 � 1.2a 2.2 � 1.4b 21.6 � 5.9a 158.2 � 16.2c

Phenolic compounds

Total water-soluble phenols 1,612.7 � 248.7a 306.7 � 71.0b 786.5 � 184.2ab 546.1 � 239.2b 1649.3 � 309.7a

Caffeic acid 1,426.3 � 205.4a 273.0 � 64.7b 171.8 � 21.5b 467.7 � 216.4b 19.9 � 5.7c

trans-caftaric acid 112.6 � 27.5a 22.0 � 5.7b 1.0 � 0.1c 30.4 � 13.3b 0.0 � 0.0c

epi-catechin 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 1.0 � 0.3b 99.1 � 23.2c

p-coumaric acid 32.6 � 13.3a 9.1 � 1.3b 6.8 � 0.6b 45.8 � 10.3a 8.7 � 1.1b

cis-4-O-ferulic acid glucoside 0.9 � 0.5a 0.9 � 0.1a 3.6 � 0.5b 0.5 � 0.2a 187.7 � 34.6c

trans-4-O-ferulic acid glucoside 0.4 � 0.2a 1.1 � 0.2a 1.6 � 0.2a 1.0 � 0.2a 66.3 � 22.9b

Quercetin 39.7 � 9.9a 0.3 � 0.1c 3.0 � 1.5b 0.6 � 0.1bc 0.5 � 0.1bc

Rosmarinic acid 0.3 � 0.2a 0.3 � 0.1a 598.8 � 162.6b 0.1 � 0.0a 0.1 � 0.0a

Tyramine 6.7 � 1.7a 0.0 � 0.0b 0.0 � 0.0b 0.0 � 0.0b 1,266.9 � 250.3c

Total phenols 4.5 � 0.5a 2.0 � 0.1b 14.0 � 1.8c 2.9 � 0.5ab 4.5 � 0.4a

Statistical significance of differences among means was determined by ANOVA (completely randomized design) and Tukey’s multiple com-

parisons test of log10(x + 1)-transformed data (means with the same letter were not statistically different at a = 0.05). To ease interpretation,

means and standard errors are presented for the original units of measure.
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ing damage caused by fish behaviour (other than herbiv-

ory) may not be possible, future research aimed at quan-

tifying consumption rates or selective herbivory should

assess the factors that can lead to losses or gains in mac-

rophyte biomass during experiments. For studies with

repeated measures, simply subtracting the amount of

biomass lost by macrophytes in fishless tanks from the

biomass lost in tanks with fish fails to account for the

fact that some biomass lost in a fishless tank could have

been consumed at a previous date, had fish been present

in the fishless tank; such an approach overestimates the

amount of biomass lost due to human handling or deg-

radation in fishless tanks.

Dry matter content has been shown to influence nega-

tively the palatability of macrophyte species to generalist

invertebrate herbivores, such as the salt-marsh crab

Armases cinereum (Pennings et al., 1998), the marine

amphipod Ampithoe longimana (Cruz-Rivera & Hay,

2001) and the freshwater snails Lymnaea stagnalis (Elger

& Willby, 2003; Elger & Lemoine, 2005) and Pomacea

insularum (Burlakova et al., 2008). Elger & Willby (2003)

suggested that DMC could be used to predict the palat-

ability of macrophytes, especially at the intraspecific

level, to generalist invertebrate herbivores. Although

DMC of macrophytes explained about 30% of the inter-

species variability in snail consumption rate observed by

Elger & Willby (2003), they warned that the relationship

between DMC and palatability could be weakened by

the presence of chemical deterrents. Our results suggest

that DMC would serve as a poor predictor of the palat-

ability of different submersed aquatic macrophyte

species to herbivorous fishes such as the rudd.

Selective herbivory by rudd did not support the

hypothesis that herbivores select macrophytes of the

highest nutritional value, particularly with regard to N

and protein. For example, the three most preferred spe-

cies (N. flexilis, E. canadensis and S. pectinata) had higher

C content, lower protein content and higher atomic

C : N than the two least preferred species (V. americana

and C. demersum). Vallisneria americana had the highest

protein content, but was only preferred over C. demer-

sum. It should be noted that the macrophyte species in

our study did not differ statistically in mean %N or con-

centration of proteins, and the range of means was

rather narrow among species. Departures from selection

of the most nutritious macrophytes available have been

reported for the crayfish Orconectes virilis (Chambers,

Hanson & Prepas, 1991) and Procambarus clarkii (Cronin

et al., 2002), the pond snail (L. stagnalis; Elger & Lemo-

ine, 2005), grass carp (Wiley et al., 1986; Pine & Ander-

son, 1991), common carp (Miller & Provenza, 2007) and

Canada goose (Branta canadensis; Buchsbaum et al.,

1984). The nutritional value of macrophytes is often con-

sidered in terms of protein and N content because herbi-

vores are assumed to be N-limited; however, this

approach overlooks the potential importance of

micronutrients for the formation of bones and shells in

herbivores (Bonar et al., 1990; La Pierre et al., 2010). In

addition, a nutritious species such as V. americana, which

is comparatively more rigid and difficult for herbivores

to manipulate due to its long and relatively wide leaves,

may be passed over for less nutritious species that are

easier to manipulate and consume. Fish such as the

grass carp and rudd may select macrophyte species that

are easiest to manipulate and consume (Wiley et al.,

1986). Studies of herbivory by various aquatic taxa have

provided strong evidence that selection is simulta-

neously influenced by a number of plant characteristics,

including nutritional quality, morphology, rigidity and

chemical defences. In the wild, seasonal succession of

macrophytes and environmental factors, such as water

depth and velocity, may affect selection by herbivores.

Field research is needed to relate laboratory experiments

to selective herbivory by wild populations.

Organic acids, such as aconitic and oxalic acid, can

provide macrophytes with resistance to invertebrate and

vertebrate herbivores. In our study, C. demersum had the

highest concentration of oxalic acid and was least pre-

ferred by rudd. In contrast, the concentration of aconitic

acid was highest in N. flexilis, the most preferred macro-

phyte, suggesting that aconitic acid did not deter feed-

ing by rudd as it has been shown to do for aphids

(Melanaphis sacchari and Rhopalosiphum maidis; Rustamani

et al., 1992). The concentration of aconitic acid was posi-

tively correlated with concentrations of caffeic acid

(Pearson’s correlation coefficient r = 0.87, post hoc Bon-

ferroni-corrected P < 0.001), trans-caftaric acid (r = 0.85,

P < 0.001) and quercetin (r = 0.90, P < 0.001), com-

pounds that are potentially beneficial to herbivores (see

below). Therefore, the positive relationship between

selection by rudd and the concentration of aconitic acid

may have resulted from rudd selecting macrophytes

with high concentrations of other beneficial compounds.

Phenolic compounds are considered important to the

defence of macrophytes from herbivory, largely due to

the astringent effects of tannins. However, the >8000

known phenolic compounds have various biological

functions, some of which may benefit herbivores. Com-

paring observed patterns of selective herbivory to differ-

ences in the concentration of total phenolic compounds

among macrophyte species is probably too simplistic.

For example, Dorenbosch & Bakker (2011) found a nega-
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tive relationship between total phenolic content and con-

sumption of macrophytes by grass carp and rudd. In

our experiment, rudd preferred N. flexilis, which had the

highest concentration of total soluble phenolic com-

pounds, and the order of preference for macrophytes

was generally positively associated with total soluble

phenolic content and unrelated to total phenolic content.

It should be noted that the mean concentrations of total

phenolic compounds in the macrophyte species used in

our experiment were low (0.20–1.40% dry mass) relative

to those reported in Dorenbosch & Bakker (2011; 0.50–

8.98% dry mass). Miller & Provenza (2007) reported a

positive correlation between total phenolic content and

consumption of macrophytes by common carp. Our

results and those of Miller & Provenza (2007) are con-

trary to conventional wisdom, but not surprising when

differences in concentrations of individual soluble phe-

nolic metabolites among macrophyte species are com-

pared to the order of selection by herbivores.

In our study, caffeic acid, trans-caftaric acid and quer-

cetin concentrations were all highest in N. flexilis and

generally positively associated with the order of macro-

phyte preference by rudd. Caffeic acid has anti-coagula-

tory, anti-oxidative and anti-inflammatory properties (Da

Cunha et al., 2004; Chao, Hsu & Yin, 2009), and quercetin

is a potent anti-oxidant (Bravo, 1998), so rudd may have

selected macrophytes that contained high concentrations

of these beneficial compounds. Being a conjugate of caf-

feic acid and tartaric acid, caftaric acid serves, in part, as

a storage form of caffeic acid in some plant species, much

like chlorogenic acid (3-O-caffeoyl-quinic acid) does in

the leaves of many plant species. Concentrations of caf-

feic and trans-caftaric acid in V. americana were greater

than concentrations in E. canadensis, S. pectinata and

C. demersum, but not N. flexilis. The relatively broad, rigid

leaves of V. americana may have been difficult for rudd to

manipulate and consume and consequently reduced the

palatability of V. americana despite its high protein con-

tent. Concentrations of p-coumaric acid were highest in

V. americana and N. flexilis and therefore difficult to inter-

pret with regard to selective herbivory by rudd. p-couma-

ric acid has been shown to inhibit the growth of

terrestrial plants (Blum et al., 1993; Blum & Gerig, 2006)

and reduce herbivory by corn leafhopper (Dalbulus mai-

dis; Dowd & Vega, 1996), but effects on herbivory by Can-

ada geese were insignificant (Buchsbaum et al., 1984),

and the potential to inhibit herbivory by fish is unknown.

In our study, concentrations of epicatechin, cis-4-O- and

trans-4-O-ferulic acid glucoside, and tyramine were high-

est in C. demersum (the least preferred macrophyte) and

very low or absent from all other macrophytes, suggest-

ing these compounds may deter herbivory by rudd. Buc-

hsbaum, Valiela & Teal (1981) and Buchsbaum et al.

(1984) similarly found that feeding by Canada geese was

inhibited by ferulic acid and Canada geese selectively fed

on macrophytes containing lower concentrations of feru-

lic acid. In our study, S. pectinata contained a much

higher concentration of rosmarinic acid compared with

other macrophyte species (599 lg g�1 versus <1 lg g�1),

and rudd fed on S. pectinata more readily than V. ameri-

cana or C. demersum. Rosmarinic acid has anti-viral, anti-

bacterial, anti-inflammatory and antioxidant properties

(Englberger et al., 1988; Petersen & Simmonds, 2003), and

an LD50 (i.v.) of 561 lg g�1 for mice (species not pro-

vided; Parnham & Kesselring, 1985); however, it is

unknown what effect, if any, rosmarinic acid has on

rudd. Stuckenia pectinata was consumed infrequently by

common carp in a study by Miller & Provenza (2007),

leading the authors to speculate that S. pectinata con-

tained deterrent chemicals. Future research designed to

elucidate the mechanisms by which specific chemical

attributes of macrophytes influence selective herbivory

by rudd, and other taxa will help provide an understand-

ing of how herbivores have changed macrophyte assem-

blages and make predictions about how macrophyte

assemblages will be altered following novel invasions.

Studies using several common native and non-native

macrophytes, which make comparisons of selective her-

bivory among several taxa (e.g. crayfishes, snails, and

fishes) and investigate the effects of specific phenolic

compounds, should be particularly insightful.

The rudd became established in Buffalo Harbor and

the upper Niagara River between 1986 and 1991 (Kapu-

scinski et al., 2012a). Although the rudd is omnivorous,

macrophytes comprised 67% of rudd diet by mass dur-

ing May–November 2009 in the upper Niagara River

(range 36–94%; Kapuscinski et al., 2012b). Furthermore,

an analysis of stable N isotopes in the liver tissue of

rudd suggested that they began switching to herbivory

during mid–late May 2013, when water temperatures

rose above 14 °C, were mostly herbivorous by 24 June

2013 at 21 °C and continued to consume substantial

amounts of macrophytes on the last sample date on 21

October 2013 when water temperatures were 14.5 °C (K.

L. Kapuscinski, unpubl. data). Selective herbivory by

this abundant, generalist omnivore may have caused

shifts in the biomass and species composition of macro-

phytes towards dominance by unpalatable species with

greater structural and chemical defences (e.g. Butomus

umbellatus, C. demersum, Myriophyllum spicatum and Pota-

mogeton crispus). Although our study showed that rudd

fed selectively, research conducted at a larger scale (e.g.
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in experimental ponds or the Niagara River) is needed

to determine whether selective herbivory by rudd jeop-

ardizes the many completed, ongoing and planned habi-

tat restoration projects in Buffalo Harbor and the

Niagara River (USAFERC, 2007). Efforts to restore mac-

rophytes should include rigorous monitoring pro-

grammes designed to compare the effectiveness of

alternative restoration actions, such as single-species ver-

sus multi-species plantings, use of herbivore exclosures

and use of different life stages in plantings (e.g. seeds,

seed pods or shoot transplants). Failure to evaluate res-

toration actions may result in undesirable outcomes due

to herbivory by rudd and a waste of resources desig-

nated for habitat restoration.

Non-native generalist herbivores often consume native

macrophyte species at greater rates or in preference to

non-native macrophytes (McKnight & Hepp, 1995; Bur-

lakova et al., 2008), which facilitates the establishment of

non-native macrophytes and increases in abundance

and species richness (Parker et al., 2006). The rudd,

which was introduced into New Zealand, has been

shown to feed selectively among species of aquatic mac-

rophytes and macroalgae (Lake et al., 2002) and was

implicated in causing shifts in aquatic plant assemblages

that favoured non-native species (Wells, 1999; Hicks,

2003). Although we did not determine whether rudd

fed selectively among native and non-native macro-

phytes, results from the above-mentioned studies sug-

gest that herbivory by rudd will contribute to the

decline of native macrophytes and facilitate the prolifer-

ation of non-native species in North America. Potamog-

eton crispus, M. spicatum and B. umbellatus are

established in the upper Niagara River, but share a

home range and evolutionary history with the rudd, so

they are more likely to be adapted to their herbivory

than native macrophytes. Parker et al. (2006) suggested

that eradication of non-native herbivores and restoration

of native generalists may mitigate non-native macro-

phyte invasions by increasing biotic resistance. This

approach is not applicable to Buffalo Harbor or the

Niagara River because no native herbivorous fish has

been lost from the system. Therefore, resources manag-

ers should focus on (i) reducing and eliminating existing

non-native aquatic macrophytes where feasible, (ii) pre-

venting establishment of new aquatic macrophyte and

herbivore species, (iii) developing actions to restore

native aquatic macrophytes that are effective in the con-

temporary ecosystem and (iv) increasing biotic resis-

tance to rudd and other potentially invasive herbivorous

fishes by enhancing populations of large native

piscivores, such as muskellunge Esox masquinongy and

northern pike Esox lucius.
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