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Abstract Theory suggests that environmental effects with transgenerational conse-

quences, including rapid evolution and maternal effects, may affect the outcome of eco-

logical interactions. However, indirect effects occur when interactions between two species

are altered by the presence of a third species, and can make the consequences of trans-

generational effects difficult to predict. We manipulated the presence of insect herbivores

and the competitor Medicago polymorpha in replicated Lotus wrangelianus populations.

After one generation, we used seeds from the surviving Lotus to initiate a reciprocal

transplant experiment to measure how transgenerational effects altered ecological inter-

actions between Lotus, Medicago, and insect herbivores. Herbivore leaf damage and Lotus
fecundity were dependent on both parental and offspring environmental conditions. The

presence of insect herbivores and Medicago in the parental environment resulted in

transgenerational changes in herbivore resistance, but these effects were non-additive,

likely as a result of indirect effects in the parental environment. Indirect transgenerational

effects interacted with more immediate ecological indirect effects to affect Lotus fecundity.

These results suggest that explanations of ecological patterns require an understanding of

transgenerational effects and that these effects may be difficult to predict in species-rich,

natural communities where indirect effects are prevalent.
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Introduction

Ecological experiments manipulating species interactions, such as predation, competition,

or mutualism, may immediately affect population growth rates or cause changes in plastic

traits. For ecological experiments that span multiple generations, however, transgenera-

tional effects, in which parental environmental conditions affect the traits of offspring, can

either increase (Bezemer et al. 1998; Reale et al. 2003) or decrease (Huxman et al. 1998,

2001; Agrawal et al. 1999; Lau et al. 2008) immediate ecological effects of the experi-

mental treatment (reviewed in Rossiter 1996; Strauss et al. 2008). Transgenerational

effects can occur across as little as one generation, as a result of either maternal effects or

evolved genetic changes in traits (Rossiter 1996).

Maternal effects occur when the environment experienced by the parent affects the traits

or performance of offspring (Roach and Wulff 1987). Parents in ‘‘good’’ environments

(e.g. high resource levels) are able to better provision offspring and often produce larger,

higher-quality offspring that ultimately grow faster than offspring produced by parents in

‘‘poor’’ environments (Rossiter 1996). Additionally, parents may supply mRNA or proteins

that alter the expression of particular genes in the offspring, resulting in epigenetic effects

that can affect adaptation (Youngson and Whitelaw 2008). Such transgenerational maternal

effects can ultimately affect the outcomes of species interactions. For example, annual

plants grown in competition with heterospecifics produced smaller seeds than plants grown

alone; smaller seeds were associated with decreased competitive ability in the offspring

(Platenkamp and Shaw 1993). In this case, the transgenerational effect increased the

negative fitness consequences of competition. Alternately, parents growing in the presence

of natural enemies can increase defenses in offspring, either by directly supplying

defensive chemicals or inducing the expression of defensive proteins. This increase in

defenses can result in offspring that perform better when herbivores are abundant; in other

words, maternal effects can decrease the interaction strength. Both wild radish plants

grown with herbivores and Daphnia clones grown in the presence of predators produced

offspring that were more resistant to herbivory/predation because induced defenses in the

parents persisted in the offspring (Agrawal et al. 1999). In these cases, the transgenera-

tional maternal effect reduced the negative fitness consequences of herbivory and

predation.

Rapid evolution can also cause transgenerational effects that alter the outcome of

species interactions. Although evolutionary and ecological processes have been assumed to

occur on different time scales (Slobodkin 1961), recent studies have demonstrated con-

vincingly that evolutionary changes can be rapid and occur in one to few generations

(Thompson 1998; Meyer et al. 2006; Johnson and Stinchcombe 2007; terHorst et al. 2010).

As with maternal effects, these rapid evolutionary changes can alter ecological measure-

ments of species interactions (Meyer et al. 2006; Strauss et al. 2008; terHorst et al. 2010;

Ellner et al. 2011). For example, a series of theoretical and chemostat studies demonstrated

that predation by rotifers selected for algal genotypes that were less susceptible to pre-

dation, resulting in the evolution of algal populations that masked the ecological effect of

predation (Meyer et al. 2006; Yoshida et al. 2003, 2007). Similarly, terHorst et al. (2010)

observed that, within a single predator generation (but several prey generations), the

evolution of traits in protozoa reduced the ecological effect of mosquito predation on

protozoa abundance.

Predictions of how transgenerational effects will alter ecological outcomes are more

complex when one moves beyond pair-wise species interactions and considers multiple

interacting species in diverse communities. For example, when evolution occurs in
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response to more than one species, evolution can be diffuse or non-additive because of

indirect effects between species (Strauss and Irwin 2004). Indirect effects occur when

interactions between two species are altered by the presence of a third species. Indirect

effects are particularly interesting because they increase exponentially with increasing

diversity (Abrams 1992) and have the potential to swamp direct species interactions (Stone

and Roberts 1991; Miller 1994). In multispecies communities, transgenerational effects

may result from multiple direct species interactions, as well as indirect effects (Miller and

Travis 1996). Consequently, the extent to, or manner in which, transgenerational effects

alter the outcome of species interactions may depend on the diversity of the community

and the resultant indirect effects among species.

The frequency and importance of ecological indirect effects have been well described

(reviewed in Wootton 1994; Miller and terHorst 2011) and recent empirical work has

demonstrated the potential for indirect effects to have transgenerational consequences

(hereafter ‘‘indirect transgenerational effects’’) (Irwin 2006; Lau 2008; terHorst 2010;

Walsh and Reznick 2010). For example, decreased cell size evolved in populations of

protozoa, in response to both mosquito larvae predators (terHorst et al. 2010) and proto-

zoan competitors (terHorst 2011), but when both predators and competitors were present,

protozoan cell size did not evolve because indirect transgenerational effects canceled out

the direct evolutionary effects (terHorst 2010). Given the large number of indirect inter-

actions in natural communities and the large magnitude of ecological indirect effects,

indirect transgenerational effects may be common. However, the consequences of indirect

transgenerational effects for contemporary ecological processes rarely have been examined

(but see Bassar et al. 2010).

Here we examine how transgenerational effects resulting from experimental manipu-

lations imposed on parental generations affect the strength of more immediate ecological

interactions and fitness of a focal species, Lotus wrangelianus. Specifically, we ask: (1)

Does parental environment affect the amount of herbivory experienced or the fitness of L.
wrangelianus in the next generation? (2) Do indirect effects alter the effect of parental

environment?

Methods

Study system

Lotus wrangelianus (Fabaceae, hereafter ‘‘Lotus’’) is a small, primarily-selfing annual plant

that inhabits open grasslands in the California Coastal Range. The exotic plant Medicago
polymorpha (Fabaceae, hereafter ‘‘Medicago’’) invaded California from the Mediterranean

region in the late 1800s (de Haan and Barnes 1998) and now reaches high densities in

many Lotus populations. Both Medicago and Lotus germinate with the first rains in autumn

and flower and set seed in late spring. Although several insect herbivores feed on the native

Lotus, the dominant herbivore is the exotic Egyptian alfalfa weevil (Hypera brunneipen-
nis), which consumes both Lotus and Medicago leaves. Medicago has direct competitive

effects on Lotus, but also has negative indirect effects on Lotus by increasing densities of

Hypera (Lau and Strauss 2005). Insect herbivores increased selection on plant defenses

(herbivore tolerance and resistance) in the experimental Lotus population growing in the

selection experiment described below (Lau 2008). Insects imposed no significant selection

on Lotus herbivore tolerance in the absence of Medicago, but selection for tolerance

increased significantly when both insects and Medicago were present (Lau 2008). In
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contrast, increasing Hypera abundance increased selection on resistance when Medicago
was absent but not when Medicago was present (Lau 2008).

Selection experiment

From November 2003 through May 2004, we conducted a ‘‘natural selection in a con-

trolled environment’’ experiment (sensu Conner 2003). This approach involves manipu-

lating the environment, allowing populations to evolve for one or more generations, and

then comparing offspring from the populations inhabiting different treatments. If treat-

ments are randomly applied to replicated populations, then divergence among populations

inhabiting different treatments can be definitively attributed to differential transgenera-

tional effects (either evolutionary change or maternal effects) of the experimentally-

manipulated environmental conditions. We manipulated the presence of Medicago and the

abundance of insect herbivores in a 2 9 2 factorial design. Treatments were applied to 24

3 m 9 3 m plots (6 plots per insecticide 9 Medicago removal treatment) in one Lotus
population that was heavily invaded by Medicago. The presence of Medicago was

manipulated by removing all Medicago seedlings by hand in December and January after

both Medicago and Lotus had germinated. Insect herbivore abundance was manipulated by

applying the generalist insecticide Sevin (Bayer CropScience, RTP, North Carolina, USA)

to the insecticide treatment plots and an equal amount of water to the no insecticide control

plots. Insecticide treatments were applied at 2–4 week intervals depending on rainfall.

Both the Medicago removal and insecticide treatments had minimal effects on non-target

plant species (Lau and Strauss 2005), and because both Medicago and Lotus are primarily-

selfing, non-target effects of insecticide on pollination were likely minimal. Furthermore,

insecticide had no direct effect on Lotus growth in growth chamber environments where

herbivores were absent (Lau and Strauss 2005). In previous work, the Medicago removal

treatment effectively reduced Medicago biomass by 96% and the insecticide treatment

reduced herbivory on Lotus by 58% (Lau and Strauss 2005).

In December 2003, 30 Lotus seedlings growing in the center 1 m2 area of each treat-

ment plot were marked. All seeds from each surviving marked individual were collected at

the end of the growing season in 2004 as fruits ripened and began to dehisce. Because

survival varied across plots, this resulted in seed collections from 1 to 23 maternal families

per plot (mean = 13.13 SD = 5.03 families per plot). These seeds were used in a reci-

procal transplant experiment in 2004–2005.

Reciprocal transplant experiment

A reciprocal transplant experiment was used to partition the effects of parental environ-

ment from more immediate ecological effects in the offspring environment (Ellner et al.

2011). Lotus seeds from the selection experiment were scarified and germinated in cotton

plugs in tissue culture trays in a controlled environment growth chamber set to mimic field

conditions. In November 2004, Lotus seedlings from all source plots (hereafter ‘‘parental

plots’’) within each parental treatment were pooled and randomly distributed among

recipient treatment plots (hereafter ‘‘offspring plots’’) in the same experimental population

used in the selection experiment. Medicago removal and insecticide treatments were

applied in a 2 9 2 factorial design to 24 1 m 9 1 m offspring plots (6 plots per Medicago
removal x insecticide treatment), as above. Each of the four offspring treatments received

92 seedlings per parental treatment that were randomly distributed among the offspring

plots, with the exception of the control (Medicago present, no insecticide) parental

1472 Evol Ecol (2012) 26:1469–1480

123



treatment; only 82 seedlings from the control treatment were planted into the four offspring

treatments because this parental treatment was seed limited (initial N = 1,432 seedlings;

n = 58–60 seedlings per offspring plot). Many seedlings died as a result of the transplant

process and were not included in the survival analysis described below. Additionally, a

lack of survivors from each parental treatment resulted in our eliminating one replicate plot

from each offspring treatment (n = 5 offspring plots per treatment). The surviving

transplants resulted in a total of 457 seedlings (n = 9–24 families per offspring plot;

n = 8–40 seedlings per offspring plot; mean seedlings per parental treatment in each

offspring plot = 5.7). In May 2005, near the end of the growing season, we counted the

number of leaves on the surviving seedlings and the number of leaves damaged by Hypera.

The number of buds, the number of flowers and the number of fruits that had been initiated

were also counted in one day; the sum of these was used as a measure of fecundity and an

estimate of fitness.

Statistical analyses

A generalized linear mixed model was used to test the effect of insecticide and Medicago
removal (fixed factors) on percent survival in the selection experiment (parental plots).

Each plot served as a statistical replicate.

Data from the reciprocal transplant experiment were used to investigate the effects of

parental environment and offspring environment on leaf damage and fecundity in Lotus
(Ellner et al. 2011), using a generalized linear mixed model. Insecticide application and

Medicago removal in the parental environment and insecticide application and Medicago
removal in the offspring environment were included as fixed factors. Parental plots, nested

within the parental Medicago * parental insecticide interaction, and offspring plots, nested

within the offspring Medicago * offspring insecticide interaction, were included as random

factors in the model. The weights of seeds planted into the parental environment were

included as a covariate to partially control for potential maternal effects resulting from

differential resource allocation among maternal treatments. The model with the best-fit

distribution was used in separate analyses on the proportion of leaves damaged in May and

fecundity. All statistical analyses were performed using ‘‘proc glimmix’’ in SAS version

9.1 (SAS Institute, Cary, NC, USA, 2002–2003). Degrees of freedom were calculated

using the Satterthwaite procedure.

Significant effects of parental treatments indicate transgenerational effects, and sig-

nificant effects of offspring treatments indicate more immediate ecological effects.

Insecticide * Medicago removal interactions indicate indirect ecological (offspring treat-

ments) or indirect transgenerational (parental treatments) effects. Interactions between

parental and offspring treatments indicate that transgenerational effects altered the out-

come of interactions in the offspring generation.

Results

Leaf damage, survival, and fecundity in the parental plots

The effect of insecticide and Medicago removal on leaf damage and fecundity (but not

survival) in Lotus populations in the parental environment were reported in Lau and

Strauss (2005). Insecticide decreased leaf damage by 63% and increased seed number by

329%. Medicago removal decreased leaf damage by 19% and increased seed number by
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128%, but only in the presence of insects, indicating an indirect effect (Lau and Strauss

2005). We found similar effects of insecticide and Medicago removal on survival. In the

parental environment, insecticide increased Lotus survival (F1,20 = 64.3, P \ 0.001;

Fig. 1). Medicago removal also increased Lotus survival (F1,20 = 7.72, P = 0.012), but

this effect was more pronounced with ambient insect abundance (insecticide*Medicago:

F1,20 = 4.24, P = 0.053), also suggesting indirect effects between insects and Medicago
on Lotus survival (Fig. 1).

Lotus from parental environments with ambient densities of both insects and Medicago
showed some of the same responses to insecticide and Medicago offspring environment

treatments. As above, Medicago removal decreased leaf damage, but in this case, the effect

of Medicago was independent of insects (Fig. 2A). No significant effect of insecticide on

leaf damage was detected in offspring environments, even though insecticide significantly

increased fecundity in offspring environments (Fig. 2B). This result suggests that the

insecticide treatment was less effective in the offspring environment than in the parental

environment, possibly because of the smaller plot size used in offspring treatments. A

smaller plot size may have increased the likelihood of recolonization of the treatment plots

from outside areas following insecticide applications.

Transgenerational effects alter leaf damage

Although the presence of Medicago in the offspring environment affected the amount of

leaf damage experienced by Lotus, the strength of that effect was altered by transgener-

ational effects. The presence of Medicago in the offspring environment increased leaf

damage on Lotus, but only for populations from parental environments with neither insects

or Medicago or both insects and Medicago (Fig. 2A).

Because insecticide and Medicago removal treatments in the parental generation

decreased Hypera herbivory on Lotus, one might expect to observe selection for more

resistant Lotus in ambient insect parental treatments, especially when Medicago is also

present and increases Hypera abundance. As a result, Lotus offspring from insect/Medi-
cago present plots may have evolved increased resistance and experienced less Hypera
herbivory than offspring from insecticide/Medicago absent plots. Likewise, if epigenetic

effects contributed to transgenerational effects and Lotus induced defenses in offspring of

0

0.2

0.4

0.6

0.8

1

No 
Medicago

Medicago No 
Medicago

Medicago

Insecticide Ambient Insects

P
ro

p
o

rt
io

n
 S

u
rv

iv
al

Fig. 1 Mean (±SE) proportion
survival of Lotus from parental
plots that manipulated densities
of insect herbivores and invasive
Medicago. Data from Lau and
Strauss (2005) demonstrate
similar effects on leaf damage
and fecundity

1474 Evol Ecol (2012) 26:1469–1480

123



plants exposed to high amounts of herbivory, then one would expect Lotus offspring from

insect/Medicago present plots to have higher induced defenses (and experience less Hypera
herbivory) than Lotus offspring from insecticide/Medicago absent plots. Consistent with

this prediction, we found that when grown in offspring plots with ambient insect densities,

Lotus from insect/Medicago present parental plots experienced reduced herbivory com-

pared to Lotus from insecticide/Medicago removal parental plots (Fig. 2A). Interestingly,

the presence of both insects and Medicago in the parental generation were required to

significantly reduce damage in offspring grown in environments in the absence of

0

0.05

0.1

0.15

0.2

0.25
Insecticide, No Medicago

Ambient Insects, No Medicago

Insecticide, Medicago

Ambient Insects, Medicago

Parental Environment        

P
ro

p
o

rt
io

n
 L

ea
fl

et
s 

D
am

ag
ed

Offspring Environment

A

0

0.2

0.4

0.6

0.8

1

1.2

Insecticide Ambient 
Insects

Insecticide Ambient 
Insects

No Medicago Medicago

L
o

g
 F

ec
u

n
d

it
y

B

Fig. 2 The mean (±SE) proportion of Lotus leaflets damaged (A) and fecundity (B) from different parental
environments, grown in different ecological (offspring) environments. Double lines represent the predicted
additive ecological effects of insects and Medicago for Lotus from each parental environment. Dotted lines
represent predicted additive transgenerational effects within each offspring environment. Differences
between same-colored bars in different offspring environments represent ecological effects, while
differences among bars within each offspring environment represent transgenerational effects
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Medicago, but the presence of either insects or Medicago in the parental generation was

sufficient to reduce herbivory in offspring generations when offspring were grown in the

presence of Medicago (Table 1, Fig. 2A).

Interactions between ecological and transgenerational indirect effects

There was an interaction between immediate indirect ecological effects (insecticide*

Medicago in offspring environments) and indirect transgenerational effects (insecticide*
Medicago in parental environments) on fecundity (Table 1, four-way interaction). This

result implies that the fitness outcomes of interactions between Lotus, insect herbivores,

and Medicago in the offspring generation depended on the presence of insect herbivores

and Medicago in the parental generation (Fig. 2B). Ecological indirect effects on fecundity

were strongest in Lotus from parental environments without Medicago, regardless of

whether insects were present in the parental environment; fecundity in offspring envi-

ronments with both insects and Medicago was different from that predicted by the additive

ecological effects of each species (Fig. 2B, double lines). For Lotus from parental envi-

ronments with Medicago, the strength of the ecological indirect effect was dependent on

the presence of insects in the parental environment (Fig. 2B, double lines). This is

indicative of an insecticide*Medicago interaction in the parental environment (transgen-

erational indirect effect) that affects the strength of the insecticide*Medicago interaction in

the offspring environment (ecological indirect effect). Notably, these transgenerational

effects on fecundity were not typically adaptive. Although offspring from insecticide/

Medicago removal parental treatments tended to have higher fecundity than offspring from

Table 1 Results from 4-way generalized linear mixed models analyzing the effects of parental and off-
spring environments (±insects and ±Medicago in each environment) on Lotus leaf damage and fecundity

Effect May leaf damage Fecundity

df F P df F P

Parentalinsects 1,207 0.001 0.981 1,32 2.91 0.098

ParentalMedicago 1,201 3.73 0.055 1,31 0.020 0.880

Offspringinsects 1,6 1.48 0.272 1,14 2.02 0.177

OffspringMedicago 1,6 3.80 0.102 1,14 2.020 0.177

Parins*ParMed 1,204 0.950 0.332 1,32 0.230 0.635

Offins*OffMed 1,6 0.120 0.745 1,15 0.110 0.746

Parins*Offins 1,207 0.590 0.444 1,214 1.21 0.272

ParMed *OffMed 1,200 0.020 0.880 1,214 1.60 0.208

Parins*OffMed 1,207 1.20 0.2743 1,214 0.130 0.715

ParMed *Offins 1,200 0.530 0.467 1,214 5.28 0.023

Parins*ParMed*Offins 1,203 1.22 0.270 1,214 2.96 0.087

Parins*ParMed*OffMed 1,201 9.06 0.003 1,214 1.06 0.304

Parins*Offins*OffMed 1,207 2.69 0.103 1,214 7.71 0.006

ParMed*Offins*OffMed 1,202 1.35 0.247 1,214 4.85 0.029

Parins*ParMed*Offins*OffMed 1,204 2.63 0.399 1,214 7.53 0.007

Seed weight 1,204 2.63 0.107 1,214 0.090 0.770

Italicized values represent marginally-significant effects (P \ 0.10) and bold values indicate significant
effects (P \ 0.05)
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other parental treatments when planted into insecticide/Medicago removal offspring

treatments, this difference was not statistically significant. Moreover, for each of the

remaining three offspring treatments, Lotus from the corresponding parental treatments did

not have the highest fecundity.

Discussion

Our results demonstrate that both parental and offspring environments affect herbivory and

fecundity of Lotus. The outcomes of species interactions between Lotus and competitors

and herbivores are determined as much by the historical environment of the parents as they

are by contemporary treatments, indicating the importance of transgenerational effects in

ecological experiments. These transgenerational effects are driven either by maternal

effects or rapid evolution following one generation of selection, or a combination of both

effects. We manipulated the presence of multiple species, which allowed us to detect both

direct and indirect interactions with other species; Medicago affected Lotus indirectly via

effects on shared herbivores in both parental and offspring generations, demonstrating that

indirect effects can have important transgenerational consequences that can affect the

outcome of ecological experiments.

Effects of parental environment

Parental environment affected Lotus interactions in the offspring environments. In off-

spring environments with Medicago and ambient insect densities, Lotus from parental

environments where both Medicago and insect herbivores had been removed experienced

more leaf damage compared to Lotus from other parental environments (Fig. 2A). Alter-

nately, in offspring environments with ambient insect densities, but without Medicago,

removal of either Medicago or insects (or both) in the parental generation resulted in

increased damage relative to Lotus from the parental treatments where both Medicago and

insect herbivores were present. Thus, transgenerational effects of insecticide and Medicago
removal resulted in increased herbivory in offspring generations.

These transgenerational effects also appeared to alter responses to experimental treat-

ments in offspring generations. Consistent with prior work on this system, Medicago
increased herbivory on Lotus, but only on Lotus from parental treatments with ambient

insect and Medicago densities or insecticide/Medicago removal parental treatments. The

presence of Medicago in the offspring environment did not increase herbivory on Lotus
from parental treatments with ambient insect densities or ambient Medicago densities.

Thus, in some cases, transgenerational effects of Medicago and insect herbivores reduced

the ecological effects of Medicago on insect herbivory in offspring generations. These

results are consistent with several recent studies that have demonstrated how transgener-

ational effects may alter the outcome of species interactions in subsequent generations (e.g.

Agrawal et al. 1999; Meyer et al. 2006; Strauss et al. 2008; terHorst et al. 2010).

The strengths of transgenerational effects were not trivially small in this experiment, but

rather their effects were on the same scale as those of more immediate ecological effects.

For example, using the methods of Ellner et al. (2011), we found that the immediate

ecological effect of insecticide decreased leaf damage by 33% and increased fecundity by

57% on average, while the transgenerational effect of insecticide increased leaf damage by

29% and decreased fecundity by 19%. Similarly, the immediate ecological effects of

Medicago removal decreased leaf damage by 41% and decreased fecundity by 12%, but the
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transgenerational effect of Medicago increased leaf damage by 18% and increased

fecundity by 17%. With respect to both leaf damage and fecundity, transgenerational

effects offset the immediate ecological effects of insecticide and Medicago removal. A

failure to account for parental environment and transgenerational effects in this experiment

would have resulted in significant over- or underestimation of true ecological effect sizes.

The transgenerational effects observed here may result from rapid evolution or maternal

effects. In fact, both rapid evolution and epigenetic maternal effects are predicted to cause

the herbivory responses observed here. Because Medicago increases the abundance of their

shared herbivore, Lotus from insect/Medicago present environments are expected to

receive increased herbivory. As a result selection on plant defenses may be stronger in

those environments, resulting in the evolution of increased resistance (and decreased

herbivory) for Lotus offspring from insect/Medicago present treatments. The increased

herbivory in those treatments may also result in epigenetic maternal effects that cause

increased defenses in Lotus offspring from insect/Medicago present treatments; such

epigenetic effects also are predicted to cause decreased herbivory on offspring. Rapid

evolution in this system is possible given that previous work found genetic variation in

Lotus traits that mediate interactions with both Medicago and insect herbivores and that the

presence of insects and Medicago altered selection on herbivore resistance and tolerance

(Lau 2008). However, whether evolution or maternal effects, or both, are responsible for

the transgenerational effects observed in this study is impossible to determine without

further experiments. By including seed weight as a covariate, we attempted to account for

differential provisioning of seeds among mothers that result in maternal effects. We found

no significant effect of parental treatments on seed weight (P [ 0.13), nor did we find

qualitative differences when we removed seed weight as a covariate. However, epigenetic

maternal effects would be unlikely to be detected by seed weight. Regardless of the

underlying mechanism, our results suggest that transgenerational effects can alter eco-

logical effects across one generation.

Indirect transgenerational effects

In addition to transgenerational effects imposed by direct species interactions, indirect

transgenerational effects were important to contemporary Lotus-herbivore interactions.

Consequently, the transgenerational response of Lotus to one biotic selection agent

(Medicago) was often dependent on the presence of another biotic agent (insects) in the

parental environment (Fig. 2). In our study, indirect transgenerational effects sometimes

counteracted direct ecological or transgenerational effects of insect herbivores and may

contribute to maladaptive transgenerational effects. In this study, fitness typically was not

significantly higher when offspring environments matched parental environmental condi-

tions, suggesting that the observed transgenerational effects were not typically adaptive.

This lack of adaptation could be the result of variable environmental conditions and

selection pressures from year to year. For example, in some years, Medicago only has a

direct competitive effect on Lotus fitness, but in other years, Medicago affects Lotus fitness

indirectly by increasing shared herbivore densities (Lau and Strauss 2005).

The diffuse evolution literature (sensu Janzen 1980) has explored the consequences of

multispecies evolution and an emerging eco-evolutionary literature is beginning to explore

the effect of evolution on ecological processes (Schoener 2011; Ellner et al. 2011). Our

results highlight that understanding ecology in natural biological communities requires

accounting for both direct and indirect effects (due to the multiple interactions that occur in
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complex communities) and effects that span generations. Even relatively simple experi-

mental manipulations can result in more complex dynamics than expected.
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