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Abstract Both plant competition and plant defense affect
biodiversity and food web dynamics and are central themes
in ecology research. The evolutionary pressures determin-
ing plant allocation toward defense or competition are not
well understood. According to the growth—differentiation
balance hypothesis (GDB), the relative importance of her-
bivory and competition have led to the evolution of plant
allocation patterns, with herbivore pressure leading to
increased differentiated tissues (defensive traits), and com-
petition pressure leading to resource investment towards
cellular division and elongation (growth-related traits).
Here, we tested the GDB hypothesis by assessing the com-
petitive response of lima bean (Phaseolus lunatus) plants
with quantitatively different levels of cyanogenesis—a con-
stitutive direct, nitrogen-based defense against herbivores.
We used high (HC) and low cyanogenic (LC) genotypes
in different competition treatments (intra-genotypic, inter-
genotypic, interspecific), and in the presence or absence of
insect herbivores (Mexican bean beetle, Epilachna vari-
vestis) to quantify vegetative and generative plant param-
eters (above and belowground biomass as well as seed
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production). Highly defended HC-plants had significantly
lower aboveground biomass and seed production than LC-
plants when grown in the absence of herbivores implying
significant intrinsic costs of plant cyanogenesis. However,
the reduced performance of HC- compared to LC-plants
was mitigated in the presence of herbivores. The two plant
genotypes exhibited fundamentally different responses to
various stresses (competition, herbivory). Our study sup-
ports the GDB hypothesis by demonstrating that compe-
tition and herbivory affect different plant genotypes dif-
ferentially and contributes to understanding the causes of
variation in defense within a single plant species.

Keywords Cyanogenesis - Herbivory - Growth-
differentiation balance hypothesis - Lima bean - Tradeoff

Introduction

Plants are unable to evade herbivore enemies through
movement and show various defensive traits to protect
themselves (Atsatt and O’Dowd 1976; Heil 2008; Agrawal
et al. 2010). Great variation in plant defensive compounds
and strategies of expression has developed over evolution-
ary time under the selection pressure of diverse herbivore
antagonists (Ehrlich and Raven 1964; Bernays and Graham
1988). Given the importance of plants as primary producers
in all terrestrial ecosystems, plant defense has the poten-
tial to vastly impact entire communities by directly affect-
ing herbivores, and consequentially, higher trophic levels
(Barton 2007; Viola et al. 2010). Surprisingly, despite the
importance of plant defensive traits for complex food webs,
plant defense-associated resource allocation is often not
well understood. However, an improved understanding of
the consequences of plant defense expression is a critical

@ Springer



812

Oecologia (2014) 176:811-824

task in ecological research (Herms and Mattson 1992; Sie-
mens et al. 2002; Stamp 2003; Agrawal 2011; Moles et al.
2013).

Current ecological understanding of plant defense
is divided among hypotheses based on resource alloca-
tion tradeoffs (Herms and Mattson 1992; Agrawal 2007;
Agrawal et al. 2010; Kempel et al. 2011) or positive syn-
drome-forming correlations (Agrawal and Fishbein 2006;
Viola et al. 2010; Ballhorn et al. 2013) such as the opti-
mal defense, carbon—nutrient balance, growth rate, and
growth—differentiation balance hypotheses (Stamp 2003;
Ballhorn et al. 2008b, 2011a; Read et al. 2009; Kaplan
et al. 2009; Agrawal 2011; Nomura et al. 2011; Dantas and
Batalha 2012; Adler et al. 2012; Moles et al. 2013; Camp-
bell and Kessler 2013). Overall trends are difficult to iden-
tify, as plant defensive strategies vary immensely across
and within taxa, involving both chemical and mechanical
traits (Moles et al. 2013). Available data are rarely entirely
congruent with any one particular defense hypothesis, and
often distinct discrepancies between theory and empirical
data emerge in plant defense experiments (Barton 2007,
Viola et al. 2010; Agrawal 2011; Thamer et al. 2011). In
line with this, the predicted negative correlation between
competitive ability and defense was not supported by a
recent meta-analysis, which showed a slight positive corre-
lation (Viola et al. 2010). In contrast, Kempel et al. (2011)
found in a multi-species experiment that the competition—
defense trade-off holds for constitutive resistance but is
complemented by a positive relationship between compe-
tition and induced resistance. The necessity for empirical
data on plant resource allocation to defense in different
contexts is evident.

Defense compound production is considered costly
to the plant, requiring resources which may otherwise
be used for growth and reproduction, yet this cost is fre-
quently invisible in empirical data (Siemens et al. 2002).
The growth—differentiation balance (GDB) hypothesis
uses the difference in resource requirements for cellular
growth and photosynthetic net assimilation to explain pat-
terns of plant investment in defense, assuming cellular
growth requires more nutrient acquisition than photosyn-
thesis. Defense expression is highest when cellular growth
is limited, but photosynthesis is not (Stamp 2003; Barton
2007). The GDB hypothesis provides a theoretical frame-
work in which to assess the cost of defense on a plant’s fit-
ness may be assessed, assuming tradeoffs between growth
and defense (Herms and Mattson 1992; Kempel et al.
2011; Massad et al. 2012). Often, the high energetic cost
of defense is shown as decreased biomass or reproductive
performance, demonstrating the plant’s lowered fitness,
and only few studies show the costs of defense on plant
fitness under nutrient or competition stress (Baldwin and
Hamilton 2000; Siemens et al. 2002; Marak et al. 2003;
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Barton 2007). An extension of the GDB hypothesis allows
insight into the relative importance of herbivores or com-
petitors in limiting plant fitness, resulting in plants with
growth or differentiation-dominated life strategies, respec-
tively (Stamp 2003). Often, plants form inducible rather
than constitutive defenses in order to mitigate high cost of
defense compounds (Ballhorn et al. 2008a, 2013a). Thus,
plants enhance their level of defense by producing bioac-
tive compounds only when needed, under herbivore attack
(Ballhorn et al. 2008a; Kost and Heil 2008; Bennett et al.
2009; Cipollini and Heil 2010). Understanding metabolic
costs of defense when plants are exposed to different stress-
ors allows for an integrative approach to testing the GDB
hypothesis (Agrawal 2011).

As plants are usually in permanent competition for mul-
tiple resources, plant—plant competition is likely a factor
critically affecting plant performance in nature (Baldwin
and Hamilton 2000; Chase et al. 2002; Siemens et al. 2002;
Marak et al. 2003). In addition to competition between dif-
ferent plant species, intra-specific competition strongly
affects plant fitness, in particular, as plants of the same
species use similar resources and occupy similar spatial
dimensions (Broz et al. 2010). Thus, plant genotypes of the
same species expressing different defensive traits are ideal
experimental systems to disentangle the concerted effects
of defense and competition on plant fitness, serving as a
control for background genetic variation (Ballhorn et al.
2011a). Moreover, they provide ideal systems to evaluate
the importance of genetic diversity within plant species.
Different genotypes of lima bean (Phaseolus lunatus L.)
investing to different degrees into cyanogenesis (called
cyanotypes hereafter), used in our study, represent such an
experimental plant system.

Cyanogenesis is the enzymatically accelerated release
of toxic hydrogen cyanide (HCN) from cyanide-containing
precursors in response to cell damage (Frehner and Conn
1987; Selmar et al. 1989) and provides efficient plant
defense against herbivores both in laboratory (Ballhorn
et al. 2005, 2008b) and field experiments (Ballhorn et al.
2010, 2013b). Since HCN release is directly correlated
with the amount of tissue damaged (Ballhorn et al. 2009),
cyanogenesis is most effective against chewing herbivores
(Cork 1996; Ballhorn et al. 2005). As the cyanide-contain-
ing precursors (in lima bean these are the cyanogenic glu-
cosides linamarin and lotaustralin) contain nitrogen, cyano-
genesis is considered more costly for a plant to produce
and maintain than purely carbon-based defenses (Baldwin
et al. 1990; Rask et al. 2000; Ballhorn et al. 2014). Intui-
tively, producing such a defense would limit the amount
of resources available to growth and reproduction. Despite
this cost, cyanogenesis occurs in about 10 % of vascular
plant species, and has evolved independently in various
families (Frehner and Conn 1987; Jones et al. 1999). The
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ecological costs of cyanogenesis in the absence of enemies
are only poorly understood, but negative effects on freezing
tolerance and plant growth, reproduction, and competitive
ability have been postulated (Kakes 1990; Noitsakis and
Jacquard 1992; Hayden and Parker 2002).

The current study tests the assumption of the GDB
hypothesis that the relative importance of competition and
herbivory can shape plant resource allocation patterns. We
test this by measuring plant performance under interspe-
cific as well as inter- and intra-genotypic competition and
herbivore stress, which has not previously been examined.
We hypothesize that low cyanogenic genotypes are less
affected by competition when grown under herbivore-free
conditions than high cyanogenic genotypes. This may
also lead to a competitive advantage over high cyanogenic
plants without herbivores. The outcome of the competition
between low and high cyanogenic genotypes should depend
on the presence of herbivores, which should alleviate the
competitive advantage of low cyanogenic genotypes.

Materials and methods
Plants

In this study, we used high (HC) and low (LC) cyanogenic
lima bean (Fabaceae: Phaseolus lunatus L.) genotypes.
These cyanotypes (HC_2116 and LC_8067) have been
used in our previous studies (Ballhorn et al. 2005, 2007,
2008a, 2010) and showed very consistent cyanogenic
potential (HCNp, amount of cyanide stored in form of
cyanogenic precursors in plant tissues) over multiple gen-
erations (HC_2116: ~75 umol HCN; LC_8067: ~18 pmol
HCN per gram fresh weight). The genotypes we used are
small-seeded landraces from Central and South Amer-
ica and were selected based on their chemical and mor-
phological features from a larger set of lima bean geno-
types which are in permanent culture in our laboratory.
Plants were cultivated in a greenhouse with additional
light provided by a combination (1:1) of HQI-BT 400 W
(Osram) and RNP-T/LR 400 W (Radium) lamps with a
light regime of 13:11 h L:D under photon flux density of
450-500 pmol photons m~2 s~ ! at table height. Tempera-
ture was set at 30 °C during the light period and at 23 °C
during the dark period. Relative air humidity was adjusted
to 70-80 %. Plants were cultivated in plant-containers of
10 x 10 x 11 cm (width, length, height; one plant per
pot) in a 1:1 ratio of potting soil (Fox Farms, Arcata, CA,
USA) and sand (grain size 0.5-2.0 mm). Plants were not
inoculated with rhizobia (Thamer et al. 2011; Ballhorn
et al. 2013c) and none of the experimental plants showed
spontaneous nodulation. After development of the primary
leaves all plants were fertilized with 80 mL of a 0.2 %

aqueous solution of F101ry-3® [NPK + Mg (%); 15, 10,
15 +2-Fertilizer; EUFLOR, Munich, Germany] once to
provide for an initial nutrient supply sufficient for plant
growth. Plants were watered daily with tap water and were
cultivated until the end of their reproductive phase (10-
12 weeks after germination).

Insects

Mexican bean beetles (Coccinellidae: Epilachna vari-
vestis) used in experiments on the effect of herbivory on
plant—plant competition were reared on non-cyanogenic
snap bean (Phaseolus vulgaris) to avoid conditioning
of insects to lima bean cyanotype. These insects are oli-
gophagous herbivores with a narrow host range including
various legumes but with distinct preference for lima bean
(Lapidus et al. 1963; Flanders 1984; Dover et al. 1988).
Both adults and larvae feed on foliage. Mexican bean bee-
tles were maintained in cages (1.0 x 1.0 x 0.8 m, l:h:w)
under greenhouse conditions chosen for plant cultivation
(see above). Freshly hatched larvae were used for herbivore
treatments.

Experimental setup

We applied seven experimental treatments to test for com-
petitive ability of HC- and LC-plants under herbivore-free
conditions. Competition experiments were designed to
display defense costs under increasing competitive inten-
sity. This increasing competitive intensity ranged from no
competition (plants grown alone, controls), to interspecific
competition, to intra-specific competition with plants of a
different or the same genotype. Plants of the same geno-
type are considered to require more similar resources as
compared to plants of another genotype or another species
(Broz et al. 2010). Specifically, in two treatments, individ-
ual HC- and LC-plants each were cultivated in combina-
tion with corn (Poaceae: Zea mays) (HC vs. corn; LC vs.
corn). In another two treatments, HC-plants were compet-
ing against LC-plants (inter-genotypic competition, HC vs.
LC), and in a further competition treatment, HC- and LC-
plants were competing against plants from the same cyano-
type (intra-genotypic competition, HC vs. HC; LC vs. LC).
In control (no competition) experiments, single HC- and
LC-plants were analyzed for growth and reproduction.

In addition to experiments under herbivore-free con-
ditions, in three treatments, we tested for the impact of
insect herbivory on HC- and LC-plants with and with-
out competition. Larvae of the Mexican bean beetle were
added to HC- and LC-plants growing individually in pots
(five larvae per plant). In addition to these non-compe-
tition experiments, we tested the impact of herbivory on
HC- and LC-plants competing against each other (HC vs.
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LC; ten larvae per pot, five larvae were placed on each
plant). Herbivores were added when plants had devel-
oped their first secondary (trifoliate) leaf about 2 weeks
after germination and were left on the plants until the
end of the experiment. While herbivores showed limited
movement during their first 2-3 larval developmental
stages, and thus were mostly restricted to the plant they
were placed on, larger larvae were able to easily move
from one plant to the other. The movement of herbivores
between plants was built into the setups to allow the eco-
logically-relevant response of plant rejection as a food
source by this oligophagous insect based on level of plant
defense. Plants with insects were covered with gauze in
pairs to avoid escaping of herbivores. In previous experi-
ments covering plants with gauze (n = 12 covered and
non-covered plants respectively) proved not to signifi-
cantly affect plant growth (¢ test; P = 0.49) due to only
slightly reduced light availability. In fact, plant biomass
(dry weight) was almost identical for covered and non-
covered plants (covered plants: 3.92 + 0.38; non-covered:
3.89 £ 0.43; mean & SD).

Pots were arranged in a block design (6 blocks with 1
pot of each of the 10 specific combinations of plants and
herbivores). Position of pots of the different treatments
within the blocks was set at random and the position of
blocks within the greenhouse was exchanged every five
days to avoid chamber effects.

Data collection and analyses

Lima bean plants were analyzed for production of above-
and belowground biomass, biomass of reproductive struc-
tures (pods) as well as for number and weight of produced
seeds. Roots of plants were separated from shoots, washed
thoroughly until all soil was removed, and both below- and
aboveground plant parts were dried in an oven (65 °C) until
constancy of weight (5 days). Dry or almost dry pods were
collected per plant, dried at room temperature for 2weeks,
seeds were removed, counted and individually weighed
to the nearest 0.001 g (Mettler Toledo, New Classic MF
MS303SE). The weight of pods was determined separately.
Mean seed weight was calculated as total seed weight per
plant divided by the number of seeds.

Since HC- and LC-plants grew together in the same pots
in the inter-cyanotype competition and combined compe-
tition and herbivory treatments they cannot be treated as
independent replicates in a common analysis. We therefore
used half of the pots with LC-plants as focal plants and the
other half with HC-plants as focal plants. Further, in the
intra-cyanotype competition treatments we a priori defined
one plant as target plant and the other plant as competitor.
Values of the corresponding competitors were not used for
the analyses.
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We used the dataset to perform two different analyses.
The first analysis focused on the effects of different types
of competition on vegetative and generative traits. For this,
we used all herbivore-free treatments and a nested ANOVA
model with block factor, cyanotype, two levels of competi-
tion (without/with), and three types of competition (inter-
specific, inter-genotypic, intra-genotypic) nested within the
factor competition. Significant effects of type of competi-
tion were followed by a post hoc test (Tukey’s). To further
assess differences in the responses of LC- and HC-plants
to the different competition treatments, we calculated log-
response ratios for the different variables and compared
them using paired ¢ tests. Log-response ratios are a com-
monly used method to determine and compare symmetrical
and independent strengths of experimental factors (Hedges
et al. 1999). In this case, log-response ratios (LR) for the
different competition treatments were calculated for each
block as LR = log (response variable in the competition
treatment/response variable without competition). Thus,
values above zero would indicate a positive effect of com-
petition whereas values below zero would indicate negative
effects of competition on the measured variable. We used
the 95 % confidence interval to test for deviations from
Zero.

The second analysis included the treatments LC- and
HC- plants alone, in competition with the other cyanotype,
and with and without herbivores. For this analysis, we used
log-transformed data since deciding if there is an interac-
tion between competition and herbivory may depend on
the scale of data. Both herbivory and competition affect per
gram loss or growth rates, and their joint effects should be
therefore multiplicative on a linear scale even if they do not
interact and work independently. On a logarithmic scale,
however, a non-significant interaction would in fact indi-
cate an additive response. Thus, a biologically meaningful
interaction between herbivory and competition is therefore
not necessarily indicated by statistically significant inter-
actions on a linear scale (Rees and Brown 1992; Schadler
et al. 2007). We therefore analyzed log-transformed data
by means of a four-factorial ANOVA with block, cyano-
type, herbivory, and (inter-cyanotypic) competition. Only
ANOVAs with a significant interaction between cyanotype,
herbivory and/or competition were followed by a post hoc
comparison (Tukey’s test) of means. Since most LC-plants
did not reproduce with herbivory, mean pod weight and
mean seed weight have been excluded from the analysis
due to the very low number of valid observations.

Interacting effects of competition and herbivory were
analyzed in more detail using response indices (Haag et al.
2004; Schidler et al. 2007). For this, we calculated her-
bivory response (HR) as a measure of the separate effect of
herbivory in the absence of competition as HR = response
variable (with herbivores)/response variable (without
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Table 1 Results of the nested ANOVAs on the effects of competition and type of competition (interspecific, inter-cyanotypic, intra-cyanotypic)

on vegetative and generative traits of HC- and LC lima bean plants

Competition (Co) Competition type (Ct) Cyanotype (Cy) Co x Cy Ct x Cy
Shoot mass F\, = 149.6%** Fys=124 F = 25.52%#% F,,=0.04 Fy09=0.77
Root mass F, = 55.96%*%* Fy15=197 F,,=0.60 Fi,=4.25% F59=0.80
Number of pods F|, = 336.8%%* Fy5=2.24 F,=43.26%%* Fi,=5.13* Fy 59 =5.39%
Number of seeds F,=193.0%%* Fy15=7.53%* F,=301.5%** F, = 68.06%** Fyp9=5.13%
Seeds/pod Fi,=237 Fpp9 =295 F,= 115.08%%* Fi,=021 F,,9=10.80
Mean pod mass F, = 247.0%%* Fy s =3.87* Fy,=15.72% Fi,=2.04 Fpp9=4.11%
Mean seed mass Fi,=3.26 Fy15=10.22 F, = 36.20%%* F,,=0.69 Fyp9 =245

Significance levels * P < 0.05, ** P < 0.01, *** P < 0.001

herbivores) and competition response (CR) as a meas-
ure of the separate effect of competition in the absence of
herbivory as CR = response variable (with competition)/
response variable (without competition) within each block.
The predicted total response (TR.4) of plants to the com-
bined effects of herbivory and competition in the absence
of any interacting effects would be TR,.; = HR x CR.
The observed total response (TR,,.) was calculated as
TR, = response variable (with herbivores and competi-
tion)/response variable (without herbivores and competi-
tion). Again, the response indices were log-transformed
and the resulting log-response ratios were analyzed by
means of a two-way ANOVA with block and the “method
of calculation” (predicted vs. true) as factors. Interactions
between herbivory and competition are indicated by a sig-
nificant value for the “method of calculation” factor. Some
of the LC-plants did not produce any pods in the herbivory
treatments, resulting in zero values of the response variable
(number of pods, number of seeds) which causes log ratios
to be undefined. However, eliminating zero values would
mean to ignore potentially meaningful responses. Thus, we
added the lowest value of the response variable to all values
of these variables, which gives a conservative estimate of
the corresponding log-response ratio (see Viola et al. 2010).
However, again mean pod weight and mean seed weight
have been excluded from the analysis in this case due to the
very low number of valid observations.

Results
Type of competition

When grown without competition, LC-plants produced
more shoot biomass, more pods, more seeds, and more
seeds per pod than HC-plants, whereas mean seed mass
was lower for these plants (paired ¢ tests, all P < 0.05).
Remarkably, the number of seeds was about four times
higher for LC-plants than for HC-plants. The total seed

mass per plant was higher for LC-plants (mean =+ standard
deviation: 5.65 %+ 3.30) than for HC-plants (1.85 £ 1.13,
P < 0.001) indicating that the lower seed mass does not
outweigh the higher seed production. Root biomass was
not affected by cyanotype (paired ¢ test, P > 0.05). Both
HC- and LC-plants showed consistently lower shoot- and
root biomass under competition than without competi-
tion (Table 1; Fig. 1a, b). The extent of this effect did not
depend on the type of competition. The negative effect of
competition on root biomass was stronger for HC-plants
(significant competition x cyanotype interaction, Table 1).

The number of pods per plant was generally lower under
competition and this effect was further mediated by the
cyanotype and the type of competition (significant inter-
action; Table 1; Fig. lc). Interspecific competition had a
less strong negative effect than inter-cyanotypic compe-
tition only for LC-plants. The number of seeds and mean
pod weight followed this pattern, i.e., a stronger reduction
due to inter-cyanotype competition than due to interspecific
competition was only observed for LC-plants (Fig. 1d, e).
The number of seeds per pod and mean seed weight were
not affected by the competition treatments.

Log-response ratios also revealed that most vegetative
and generative traits were negatively affected by the three
types of competition (Fig. 2a—c). In accordance with the
analysis above, only for LC-plants, inter-cyanotypic com-
petition caused stronger reductions in seed and pod num-
ber than interspecific competition. Differences between the
responses of cyanotype were more obvious under inter-
specific competition with corn, resulting in often weaker
effects on LC-plants. More specifically, there was no sig-
nificant response of root biomass of LC-plants grown in
competition with corn (Fig. 2a) and the same cyanotype
(Fig. 2c). Mean seed mass generally did not respond to
intra-cyanotypic competition for either cyanotype and to
inter-cyanotypic competition in HC-plants. The number
of seeds per pod was only (positively) affected for HC-
plants grown in intra-cyanotypic competition (Fig. 2c).
Apart from one exception (number of seeds per pod for
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Fig. 1 Effects of different competition treatments and cyanotype
of lima bean (mean + SE). None no competition, Corn interspecific
competition with corn, Inter-cyanotypic competition with a plant of
the other cyanotype, Intra-cyanotypic competition with a plant of

intra-cyanotypic competition), responses of both cyano-
types were only significantly different in the (interspecific)
competition treatment with corn. Here, shoot biomass, the
number of pods, and mean pod mass were less strongly
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the same cyanotype. Different letters indicate significant differences
between means following post hoc tests (Tukey’s, P < 0.05). Note
that only significant interactions are followed by a post hoc test

negatively affected in LC-plants whereas mean seed mass
was more strongly negatively affected in LC-plants and the
number of seeds per pod more strongly positively affected
for HC-plants.
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Fig. 2 Log-response ratios for vegetative and generative traits of
HC- and LC-plants for the influence of a interspecific competition by
corn, b inter-cyanotypic competition, and ¢ intra-cyanotypic competi-

tion (means =+ CI). Confidence intervals not overlapping the zero line
indicate significant responses. Asterisks indicate significant differ-
ences between LC- and HC-plants based on a paired 7 test (P < 0.05)

Table 2 Results of ANOVAs on the effects of cyanotype, inter-cyanotypic competition and herbivory on vegetative and generative traits of HC-

and LC lima bean plants

Cyanotype (Cy) Competition (Co) Herbivory (H) Cy x Co Cy xH Cox H Cy x Co x H
Shoot mass Fioy=117%  F|,3 =126.9%%* F| 3 =51.2%%* F 3 =001 Fy=1028%*% F,,; =478%* F| 3 =530%
Root mass Floy=44.8%%% F 3 =658%**%  F| 3 =30.6¥%* F ,3=034 F|y=>538%¥* F,,3=208%*% F| )3 =>540%
Number of pods  F 3 = 40.7%¥*  F| 3 = 66.2%%* |3 = 187.2%** [, )3 =4.88% F|,3=569%%* [, 3 =217%* F 3 =0.16
Number of seeds F| 3 = 6.60* Fiy3=53.9%%%  F )3 =015%*% F )3 =268 F|,3=132.6%% F,,3=1515%%* F,,3=0.11

Significance levels * P < 0.05, *** P < 0.001

Shoot biomass of corn was not affected by the cyano-
type of lima bean (LC-plants: 6.60 £ 0.64; HC-plants:
6.44 £ 0.64, mean =+ standard error; ANOVA: Fis= 0.03,
P = 0.87). Root biomass of corn was considerably higher
in competition with lima bean but this was only margin-
ally significant for plants grown in competition with LC-
plants (LC-plants: 1.49 £ 0.21; HC-plants: 0.85 £ 0.21,
mean = standard error; ANOVA: Fis= 4.55, P = 0.086).

Interacting effects of herbivory and competition

Vegetative traits were affected by interactive effects of
cyanotype, competition and herbivory (significant three-
way interaction; see Table 2; Fig. 3a, b). While LC-plants
consistently showed a strong decrease of shoot and root
biomass due to competition and herbivory, the responses
of HC-plants to herbivory were weak without competition,
or even positive under competition with LC-plants. As a
result, HC-plants with herbivory did not suffer from com-
petition in terms of above- and belowground biomass. The

negative effect of herbivory was stronger for plants grown
without competition and in LC-plants (significant two-way
interactions); but the interactive effect of herbivory and
competition was consistent across cyanotypes (no three-
way interaction; Table 2; Fig. 4a, d).

The number of pods and the number of seeds were
strongly reduced by herbivory in LC-plants, whereas
in HC-plants, herbivory only had a negative effect on
the number of pods (significant herbivory X cyano-
type interaction; Table 2; Fig. 4d, e). Further, competi-
tion decreased the number of pods in both cyanotypes,
but this effect was more pronounced for LC-plants (sig-
nificant competition x cyanotype interaction; Table 2;
Fig. 4c). In HC-plants, the number of seeds per pod was
only affected by herbivory (Table 3; without herbivory:
0.71 £ 0.07, with herbivory 1.83 £ 0.07; mean =+ stand-
ard error). Pod mass of HC-plants was higher for plants
grown alone without herbivores than in all other treat-
ments and seed mass of HC-plants was lower in plants
grown with herbivores in competition than in all other
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treatments (significant herbivory x competition interac-
tion; Table 3; Fig. 5a, b).

For HC-plants, the predicted response to the com-
bined effects of herbivory and competition (with the
other cyanotype) was negative, and significantly stronger
than the observed response for shoot weight (Fig. 6a;
ANOVA, method of calculation: F 15 = 194.6, P < 0.001),
root biomass (Fy5 = 18.8, P = 0.007), number of pods

Table 3 Results of ANOVAs on the effects of inter-cyanotypic com-
petition and herbivory on generative traits of HC lima bean plants

Competition (Co) Herbivory (H) Cox H

Seeds/pod F14=0.79 Fig=66.6%%*% F, =004
Mean pod mass  F g = 40.1%%* Fig=17.9%% F| =289%%*
Mean seed mass F; g = 14.1%%* Fig=437 Fig=143%

Significance levels * P < 0.05, ** P < 0.01, *** P < 0.001

Fig. 5 Effects of inter-
cyanotypic competition and
herbivory on generative traits of
the HC-genotype of lima beans
(mean = SE). Different letters
indicate significant differences
between means following post
hoc tests (Tukey’s, P < 0.05).
—comp without competi-

tion, +comp with competition.
Note that the y-axes are on a 1
log scale

@

W 01 OONOO

Pod mass [g]
N

(F15 = 174, P = 0.009), number of seeds (F5 = 9.97,
P = 0.03) and mean pod weight (¥, 5 = 18.9, P = 0.007).
In contrast, for LC-plants we found no difference between
observed and predicted values for shoot weight and root
weight (Fig. 6b). Number of pods and number of seeds,
however, showed the same pattern as for HC-plants.

Discussion

Few empirical studies highlight the competitive advan-
tage of expensive defense traits in the presence of herbi-
vore pressure and overall consensus among studies com-
bining effects of defense and competitive ability is yet to
be achieved (Viola et al. 2010; Moles et al. 2013). The
data presented here are evidence of a negative correlation
between a constitutive defense and competitive ability, sup-
porting the predictions of the GDB hypothesis.
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Individual plant growth strategies

In our study comparing the performance of differently
defended plant genotypes under competition and herbivory,
we considered a range of generative and vegetative plant
traits either directly determining plant fitness (e.g., number of
seeds produced per plant; weight of seeds) (Rees 1995; Fen-
ner and Thompson 2005) or serving as indirect measures of
plant fitness such as biomass (Caswell 1989; Garcia and Ehr-
1én 2002). When grown without competition, LC-plants devel-
oped more shoot biomass, pods, seeds, number of seeds per
pod as well as a greater mean pod weight when compared to
HC-plants grown alone, indicating intrinsic costs of cyanogen-
esis. Cyanogenesis is a nitrogen-based plant defense, and as
nitrogen often is limited, therefore considered costly for the
plant (Kakes 1990). The nitrogen allocated to the synthesis of
cyanogenic glucosides is not available for other nitrogen sinks
associated with growth and reproduction. The cyanogenic
glycosides linamarin and lotaustralin present in lima bean are
derived from the proteinogenic amino acids L-valine and L-iso-
leucine, thus competing with protein biosynthesis (Ballhorn
et al. 2005, 2011a). Beyond costs of the cyanogenic glyco-
sides themselves, proteins involved in synthesis, cleavage and
transportation of cyanogenic glucosides also require nitrogen,
further increasing the cost of plant cyanogenesis. However,
while most plant performance metrics noted in this study were
lower in HC- compared to LC-plants, belowground biomass
production was not significantly different between HC- and
LC-lima bean plants. The additional necessity to acquire nitro-
gen to produce nitrogen-rich defenses may explain why HC-
plants invest relatively more in root than in shoot production.
Altogether, in treatments in which plants were grown alone,
plants showed the highest values for biomass and reproductive
structure production observed for both HC- and LC-plants, as
opposed to treatments with competition or herbivore pressure.
This indicates considerable impacts of both herbivory and
plant—plant competition on growth and ultimately plant fit-
ness, which is in accordance with the GDB hypothesis (Stamp
2003). Previous studies on the defense system in Plantago
also support the GDB hypothesis by demonstrating: (1) a fit-
ness cost to producing iridoid glycosides, (2) correlations in
defense expression and leaf morphology, and (3) increased
expression with plant ontogeny as opposed to decreasing with
age, as supported by the optimal defense hypothesis (Marak
et al. 2000, 2003; Barton 2007).

In their natural environment, lima bean plants and leg-
umes in general are less dependent on soil nitrogen than
other plants due to their association with nitrogen-fixing
rhizobia (Kempel et al. 2011). However, as the maintenance
of rhizobia requires extensive resource allocation towards
the bacterial symbionts, obtaining nitrogen is associated
with costs, even for legumes (Simms and Taylor 2002).
Plants in this study were not inoculated with rhizobia and
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remained rhizobia-free throughout the experiment. These
costs of nitrogen-based defense through cyanogenesis were
also found in other systems such as white clover (Trifo-
lium repens) in which LC-plants showed increased biomass
compared to HC-plants (Kempel et al. 2011).

Does cyanogenesis affect competitive ability?

In terms of shoot biomass, the effect of competition did not
differ between lima bean cyanotypes. In contrast, HC-plants
showed a stronger reduction of root biomass under competi-
tion than LC-plants. This finding may indicate the intensity
of belowground competition, as HC-plants allocated similar
amounts of biomass to roots as LC-plants, but produced far
less shoot tissue. On the other hand, a high impact of com-
petition on belowground biomass has also been reported for
other plant systems. Grasses in a field study had reduced
belowground performance under competitive pressure in
both nitrogen-rich and nitrogen-poor soils (Wilson and
Tilman 1991; Casper and Jackson 1997). In our system,
the nitrogen demands for high cyanogenic plants likely
increased the strength of belowground competition. Lower-
ing the overall requirement for nitrogen may have given LC-
lima bean plants a competitive advantage, especially when
faced with intense belowground competition. Importantly,
in our system, we show that competition in general, as well
as different levels of competition, affected several (mainly
generative) traits of high and low cyanogenic plants differ-
ently. Thus, not only plant species but also plant genotype
may strongly impact the outcome of plant—plant competi-
tion (Noitsakis and Jacquard 1992; Johnson 2008). In the
lima bean system, the tendency for inter-genotypic competi-
tion to act as a strong competitive force for the reproduction
of LC-plants was observed, while interspecific competition
with corn had weaker effects. In contrast, HC-plants showed
no differentiation between the different levels of competi-
tion. In a direct comparison of the two cyanotypes, LC-
plants can be seen as the better interspecific competitor in
terms of reproduction, at least in a herbivore-free environ-
ment. Thus, the prediction that plants may tolerate interspe-
cific competition better than intraspecific competition (Broz
et al. 2010) we could only confirm for LC-plants.

The acyanogenic competitor, Zea mays (a plant not produc-
ing cyanogenic precursors or other nitrogen-based chemical
plant defenses at significant levels) produced a similar amount
of shoot tissue under competition with a LC-lima bean plant
as when grown under competition with a HC-plant, indicating
the cyanogenic potential of its competitor does not affect shoot
production. However, in line with the aforementioned reduc-
tion of belowground biomass under competition in grasses
(Wilson and Tilman 1991; Casper and Jackson 1997), the root
tissue of Z. mays decreased greatly in the presence of a HC-
lima bean plant as compared to a LC-lima bean plant. This
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observation together with the strong effects on some reproduc-
tive traits of LC-plants suggest HC-plants are higher nutrient
consumers and thus create a higher competitive pressure for
neighboring plants. This is paralleled in other plants as cyano-
genic morphs of white clover (Trifolium repens) were shown
to utilize resources differently from acyanogenic morphs
(Noitsakis and Jacquard 1992). Cyanogenic morphs expe-
rienced greater challenges under intra-morphic competition
than did acyanogenic morphs (Noitsakis and Jacquard 1992).
Since Z. mays root production was more intensely impacted by
HC-lima bean plants as compared to LC-lima bean plants, the
higher nitrogen requirement of the HC-genotypes seemingly
limits the root growth of Z. mays. Belowground competition
for resources may often be a stronger force than aboveground
competition, and competition between plants in low nutrient
environments was shown to take place mostly belowground,
but, with additional nitrogen, the competitive pressure took
place both above- and belowground (Connell 1983; Wilson
and Tilman 1991; Casper and Jackson 1997).

Do benefits outweigh costs of defense in the presence
of herbivores?

Expensive defense compound production is found in many
different taxa and has evolved multiple times—the ability
to defend can clearly lead to an increase in plant fitness
(Campbell and Kessler 2013). However, in the context of
these two ubiquitous phenomena, both competition and
herbivory determine the benefits and costs of plant defense.
The interacting nature of both phenomena is reflected in the
growth of lima bean plants in our experiment. Both shoot
and root biomass were strongly affected in LC-plants by
herbivory rather independent of the competitive situation of
the plant. In contrast, herbivores had only negligible effects
on the biomass of HC-plants growing alone, while shoot
and root biomass clearly increased in the competition treat-
ment in the presence of herbivores. This can be attributed to
the selective feeding of herbivores on the LC-plants thereby
giving the HC-plants a competitive advantage.

The costs of herbivory and competition were also obvious
for the generative growth of both cyanotypes. The number of
pods and seeds decreased in response to both pressures, and
the stronger response of LC-plants reflects the finding that
LC-plants are especially sensitive to inter-cyanotypic compe-
tition (but not to competition in general, see above). Also, the
negative effect of herbivory was pronounced for both traits
in LC-plants, but (and according to the results of vegetative
biomass) rather small for HC-plants in terms of number of
pods, or even undetectable for the number of seeds. Accord-
ing to the lower number of pods with no change in number of
seeds, the number of seeds per pod increased with herbivory
in HC-plants. This effect is consistent across the competition
treatments and may be interpreted as a kind of compensatory

response. We consider the number of seeds as the most rel-
evant indicator for generative fitness (notably in the absence
of substantial effects on seed mass), which is therefore sub-
stantially affected by herbivory only in LC-plants, whilst
HC-plants seemed to be able to compensate the lower num-
ber of pods with increased production of seeds within pods.
This demonstrates the increase in relative fitness of plants that
produce costly defensive metabolites under conditions that
favor this investment. Herbivores in combined herbivory and
competition treatments likely migrated between plants, prob-
ably resulting in selective feeding and consequently stronger
herbivory on LC-plants, which would likely occur in co-
occurring plants in nature. This also reflects situations in nat-
ural systems with a considerable variability of cyanogenesis
within and between neighboring plant populations (Richards
and Fletcher 2002). The resulting better plant performance of
HC-plants demonstrates how investing resources into costly
defense compounds can benefit highly defended plants. This
benefit can be interpreted as a result of a competitive advan-
tage of better defended plants due to the selective feeding of
herbivores on less defended competitors. This suggests that
strong herbivory acts as a selection pressure for increased
defense production, despite the fitness costs the plant may
endure due to lowered competitive ability (Bixenmann et al.
2013).

Our findings suggest that performance of a given plant
genotype depends on the ecological context. In our experi-
mental setting, high cyanogenic plants outperformed LC-
plants when herbivore pressure was high. However, when
herbivore pressure was low, LC-plants had a competitive
advantage. Additional factors have to be considered. For
example, cyanogenesis has been demonstrated to trade off
with inducible indirect plant defenses against herbivores,
the emission of herbivore-induced plant volatile organic
compounds (HIVOCs) and the secretion of extrafloral nec-
tar (Ballhorn et al. 2008a, 2013a; Kost and Heil 2008).
Which of these anti-herbivore defense systems provides the
highest fitness advantage under which conditions in natural
settings remains to be studied (Ballhorn et al. 2010, 2011b).
Furthermore, in natural systems, plants are frequently
attacked by herbivores and pathogens simultaneously. Plant
defenses efficient against one attacker might have fun-
damentally different effects on other plant antagonists. In
cyanogenic rubber tree as well as in lima bean, high cya-
nogenic plant individuals are more susceptible to fungal
pathogens than their low cyanogenic conspecifics (Lieberei
1988; Ballhorn et al. 2010, 2011b) adding another layer of
complexity to the system. Moreover, a number of abiotic
factors have been discussed to contribute to the ecological
costs of cyanogenesis (see Kakes 1990; Hayden and Parker
2002 for review). Variable environmental conditions have
led to the evolution of complex and plastic plant defensive
systems even within a single plant species.
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Conclusion

The low investment in plant defense resulted in the
low cyanogenic genotypes being better able to allocate
resources to shoot growth and seed production and, at
the same time, better tolerate interspecific competition,
whereas a high investment in defense limits the ability of
HC-lima bean genotypes to do so, but allowed these HC-
plants to resist herbivory more effectively. This could imply
that intense competition may act as a selective force favor-
ing low expression of expensive, constitutive defenses.
Since these same plants also express a high level of induc-
ible indirect defenses (Ballhorn et al. 2008a), selection may
have acted positively on these alternative defense traits in
the face of competition and limited resources. High cyano-
genesis, in contrast, might represent a selective advantage
when plants are exposed to constantly high herbivore pres-
sure. This divergence of defense strategies—which occurs
both in wild and cultivated forms of lima bean (Ballhorn
et al. 2013)—and variable ability to compete for resources
highlights the necessity to understand the ecological factors
most intensely affecting plant growth and reproduction in
natural populations. Several theories have been formulated
to comprise current understanding of plant defense, yet a
cohesive, community ecology-based approach is still lack-
ing, which is frequently noted by the scientific community
given the importance of understanding plant systems in a
changing climate (Herms and Mattson 1992; Stamp 2003;
Agrawal 2011). Therefore, generating empirical quan-
titative data on competitive ability of plants with varying
degrees of expensive defense is critical to strengthening
current understanding of plant community dynamics, as
well as understanding the evolution of plant defenses.
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