
Ecology, 95(2), 2014, pp. 495–504
� 2014 by the Ecological Society of America

Environmental context influences both the intensity of seed
predation and plant demographic sensitivity to attack
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Abstract. Variation in mutualistic and antagonistic interactions are important sources of
variation in population dynamics and natural selection. Environmental heterogeneity can
influence the outcome of interactions by affecting the intensity of interactions, but also by
affecting the demography of the populations involved. However, little is known about the
relative importance of environmental effects on interaction intensities and demographic
sensitivity for variation in population growth rates. We investigated how soil depth, soil
moisture, soil nutrient composition, and vegetation height influenced the intensity of seed
predation as well as host plant demography and sensitivity to seed predation in the perennial
herb Primula farinosa. Intensity of seed predation ranged from 0% to 80% of seeds damaged
among the 24 study populations and was related to soil moisture in two of four years. The
effect of seed predation on plant population growth rate (k) ranged from negligible to a
reduction in k by 0.70. Sensitivity of population growth rate to predation explained as much of
the variation in the reductions in population growth rate due to seed predation as did
predation intensity. Plant population growth rate in the absence of seed predation and
sensitivity to predation were negatively related to soil depth and soil moisture. Both intensity
of predation and sensitivity to predation were positively correlated with potential population
growth rate and, as a result, there was no significant relationship between predation intensity
and realized population growth rate. We conclude that in our study system environmental
context influences the effects of seed predation on plant fitness and population dynamics in
two important ways: through variation in interaction intensity and through sensitivity to the
effects of this interaction. Moreover, our results show that a given abiotic factor can influence
population growth rate in different directions through effects on potential growth rate,
intensity of biotic interactions, and the sensitivity of population growth rate to interactions.

Key words: biotic interactions; demography; environmental context; integral projection models; plant–
herbivore interactions; population dynamics; Primula farinosa; sensitivity.

INTRODUCTION

Variation in the intensity of mutualistic and antago-

nistic interactions constitutes an important source of

variation in population dynamics, natural selection, and

coevolutionary dynamics (e.g., Thompson 2005, Maron

and Crone 2006, Ågren et al. 2008, Gómez et al. 2009,

Armbruster et al. 2010, Vanhoenacker et al. 2013).

However, we have yet to understand fully why effects

vary over time and space, and to determine when and

where effects on fitness and population dynamics are

weak or strong. One important component of such an

understanding is the realization that the effects of

interactions on fitness and population growth rates

depend not only on the intensity of interactions, but also

on the demography of the interacting populations. The

demography determines how sensitive total fitness of an

organism is to interaction-driven changes in components

in fitness (Caswell 2001, Kolb et al. 2007b, Horvitz et al.

2010, Maron et al. 2010). Variation in sensitivities

should weaken the relationship between interaction

intensity and effects on total fitness and population

growth. These relationships can be further weakened if

interaction intensities or sensitivities are positively

correlated with population growth rate in the absence

of the focal interaction. To understand how environ-

mental context influences the outcome of interactions

and to understand the causes of variation in population

dynamics and selection caused by biotic interactions, it

is thus necessary to simultaneously explore links

between environmental factors and interaction intensi-

ties and links between environmental factors and

demography.

In plants, antagonistic interactions such as herbivory

and seed predation may have important effects on

population growth rate in some systems (e.g., Crawley

1989, Louda and Potvin 1995, Rose et al. 2005, Kolb et

al. 2007b), but weak or no effects in other systems

(Ehrlén 1996, Fröborg and Eriksson 2003, Weppler and
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Stoecklin 2006). Also, variation in intensity of interac-

tions between the same pair of species is common, and

has been linked to variation in environmental variables

such as altitude (Louda 1982, Rodriguez et al. 1994) and

canopy cover (Louda and Rodman 1996, Leimu et al.

2002, Arvanitis et al. 2007), as well as to global

environmental change (Tylianakis et al. 2008). Variation

in interaction intensities linked to environmental varia-

tion has in some cases also been shown to translate into

variation in the effects on population growth rate (Kolb

et al. 2007b, Vandegehuchte et al. 2010). At the same

time, many studies have documented how plant

demography is influenced directly by environmental

factors such as nutrient availability (Gotelli and Ellison

2002, Brys et al. 2005, Dahlgren and Ehrlén 2009),

vegetation height (Lindborg and Ehrlén 2002, Quintana-

Ascencio et al. 2009, Sletvold et al. 2010), and water

availability (Casper 1996, Eckstein 2005, Schleuning et

al. 2008, Toräng et al. 2010). Such environmental effects

on demography have sometimes been shown to influence

the sensitivity of population growth rate to changes in

the vital rates imposed by biotic interactions (Horvitz

and Schemske 1995, Horvitz et al. 2005, Kolb et al.

2007b, Åberg et al. 2009). For instance, in populations

where seedling recruitment is rare, a reduction in seed

output due to predation might have smaller effects on

population growth rates than in populations where

recruitment is frequent (Turnbull et al. 2000, Maron and

Crone 2006). The sensitivity of population growth rate

to effects of antagonistic interactions on seed production

may often be positively correlated with population

growth rate (Silvertown et al. 1993), influencing the

net relationship between the intensity of the interaction

and host plant population growth rates (Münzbergová

2006, Kolb et al. 2007b). Although environmental effects

on intensity of interactions and dynamics of populations

have been widely studied, we still know little about the

effects of demographic sensitivity on spatial variation in

the consequences of interactions for total plant fitness

and population growth rates.

In this study, we monitored 24 populations of Primula

farinosa during four years to investigate how environ-

mental context influences the impact of pre-dispersal

seed predation on population growth rate (k). The seed

predator, a small tortricid moth, Falseuncaria ruficiliana,

feeds on the developing seeds, and sometimes causes

considerable reductions in seed production (Ehrlén et al.

2002, Vanhoenacker et al. 2009). The study sites varied

in soil depth, soil moisture, soil nutrient availability, and

vegetation height. We used integral projection models

(Easterling et al. 2000, Ellner and Rees 2006) combined

with lasso regressions (Tibshirani 1996) to study the

relationship between environmental factors, intensity of

seed predation, and demographic parameters such as

potential (in the absence of seed predation) and realized

(in the presence of seed predation) population growth

rates, and the sensitivity of population growth rate to

reductions in seed production. Specifically, we asked (1)

How much does predation intensity vary among

populations? (2) How does pre-dispersal seed predation
affect population growth rates? (3) What is the relative

importance of variation in predation intensity vs.
sensitivity to predation for effects of predation on

population growth rate? (4) How do environmental
factors influence intensity of seed predation, potential

population growth rate and sensitivity of population
growth rate to seed predation? and (5) Are predation
intensity, sensitivity to predation and population growth

rate in the absence of predation positively correlated,
thus weakening the relationship between predation and

population growth rate?

MATERIALS AND METHODS

Study system

Primula farinosa (see Plate 1) is a small, rosette-

forming, outcrossing, perennial herb, native to northern
Europe (Tutin 1972). It is favored by grazing and occurs

in moist calcareous grasslands (Hambler and Dixon
2003). The flowers are arranged in an umbel-like

inflorescence and each individual usually produces 3–
20 flowers. Primula farinosa is pollinated by butterflies
and solitary bees. Fruits and seeds are sometimes

attacked by the moth Falseuncaria ruficiliana, which
oviposits in the developing fruit, usually resulting in all

seeds being consumed by the larvae (Ehrlén et al. 2002,
Vanhoenacker et al. 2009). Seeds may germinate directly

or remain in a seed bank for one or more years (Toräng
et al. 2010). In the study area, P. farinosa is dimorphic

for scape length and occurs in a long-scaped (3–20 cm)
and a short-scaped (0–3 cm) morph. The two scape

morphs differ in reproductive traits, pollen limitation,
risk of seed predation, and grazing damage (Ehrlén et al.

2002, Ågren et al. 2006, 2013, Vanhoenacker et al. 2009),
but as far as known, not in any other demographic

parameters. The study populations were situated in the
northern part of the great Alvar on the island Öland off

the southeast cost of Sweden. The study area is
characterized by shallow, calcareous soils, and water

levels are known to fluctuate between seasons and years.
Large parts of the area are grazed by cattle, sheep, and

horses (Ekstam 2002). The study sites vary in soil depth,
soil nutrient availability, and grazing intensity, and
therefore in water availability and vegetation height

(Appendix). Where soil moisture is low, vegetation is
usually short, whereas, at sites with high soil moisture,

vegetation may be short or tall depending on the
intensity of grazing.

Data collection

In 2007, 2–17 (depending on plant density) perma-
nent 1 3 1 m plots were established in each of 24 P.

farinosa populations. At the start of the demographic
monitoring, a minimum of 200 individuals were

mapped in each population. Each year, from 2007 to
2010, we recorded survival, vegetative size (rosette

diameter), number of flowers, and number of intact
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fruits, as well as the occurrence of grazing damage and

the number of fruits consumed by seed predators for all

mapped individuals. We used number of intact fruits 3

mean number of seeds per intact fruit as an estimate of

total seed production. We calculated the mean number

of seeds per intact fruit in 80 flowering individuals in

each of 16 of the 24 study populations in 2000 and

2001. The reason that we were not able to obtain

estimates of the number of seeds per fruit from the

remaining eight populations was that too few individ-

uals with intact fruits were available outside the

permanent plots, and that we did not want to interfere

with the local population dynamics by collecting seeds

within or in the near vicinity of permanent plots. The

population mean values of the number of seeds per

fruit varied relatively little among the 16 populations

(mean¼ 49.9, SD¼ 6.6). We therefore used the overall

mean as an estimate of seed number per fruit in all

populations. Only rarely do a few seeds survive fruit

predation, and here we assumed that fruits with moth

larvae produced no viable seeds. Any new individuals

appearing within the plots during the study were

mapped and their status recorded in the following

years. Soil depth and soil moisture were measured

during two consecutive days in July 2010. Soil depth

was measured by pushing a steel rod into the soil until

it hit bedrock. Soil moisture was measured using a

Theta Probe sensor connected to a HH2 moisture meter

(Delta-T Devices, Cambridge, UK). Sixteen measure-

ments of soil depth and soil moisture were taken at

each of the 24 sites where the study populations

occurred, distributed over the area where permanent

plots were located. Mean values of soil depth and soil

moisture from each site were used in the statistical

analyses. Although soil moisture levels differ among

and within years due to differences in temperature and

precipitation, we assumed the rank order among

populations to be fairly similar over time, since they

are related to more permanent, site-specific factors such

as soil depth and topography. Still, it is true that

differences in soil moisture are likely to be largest at

intermediate levels of drought and smaller during very

wet or very dry conditions. Our measurements of soil

moisture were therefore carried out during such

intermediate conditions, three weeks after the most

recent rainfall. For soil nutrient analyses, nine soil

samples were collected at each site in May 2008. The

samples were pooled by site and analyzed for phos-

phorous, potassium, calcium, and magnesium using the

Al extraction method, and for total amounts of carbon

and nitrogen using elemental analysis. Analyses were

carried out at the Division of Soil Fertility and Plant

Nutrition at the Swedish University of Agricultural

Sciences (SLU), Uppsala, Sweden. Vegetation height

was measured each year in July (2007–2010). At each

site, three measurements were taken in the vicinity of

each of 30 flowering individuals.

Integral projection models

We used integral projection models to estimate

population growth rates given attack by seed-feeding

insects (realized population growth rates) and to

estimate what the growth rate of those populations

would be in the absence of predation (potential

population growth rates). Since seed predators de-

stroyed virtually all seeds in attacked fruits, we assumed

the per fruit seed loss to equal the average number of

seeds in un-attacked fruits. This will underestimate

losses caused by seed predation if seed predators

preferentially oviposit in large flowers with many ovules,

and thus result in a conservative estimate of the effect of

seed predation on population growth rate. Integral

projection models are based on fitted functions of vital

rates, which, in turn, depend on state variables, such as

size. This modeling approach is well suited for plant

populations without clearly defined discrete life cycle

stages and allow for statistical approaches to parame-

terize models (Ellner and Rees 2006). The models were

constructed using data on survival, rosette diameter,

probability of flowering, seed production, and germina-

tion rates collected each year in the permanent plots.

Separate models were created for each population and

yearly transition (2007–2008, 2008–2009, and 2009–

2010). Models were based on the following equations:

SBðt þ 1Þ ¼ SBðtÞpssb þ
Z U

L

pfðxÞfsnptosbnðx; tÞdx ð1Þ

Ssðt þ 1Þ ¼ SBðtÞpgsb þ
Z U

L

pfðxÞfsnpgdnðx; tÞdx ð2Þ

nðy; t þ 1Þ ¼ SSðtÞpspdðyÞ þ
Z U

L

sðxÞgðy; xÞnðx; tÞdx ð3Þ

where L and U represent the lower and upper limit of

possible sizes (rosette diameter), x represents size in year

t, and y represents size in year t þ 1. In Eq.1, SB

represents seeds present in the seed bank and is given by

the number of seeds in the seed bank, the probability of

a seed surviving in the seed bank, pssb, and the

probability of flowering in year t, pf (x), the number of

seeds per flowering individual in year t, fsn, and the

probability of a seed entering the seed bank, ptosb. In Eq.

2, SS represents the number of seedlings and is

composed of the number of seeds in the seed bank

multiplied by the probability of germinating from the

seed bank, pgsb, the probability of flowering in year t,

pf (x), the number of seeds per flowering individual in

year t, fsn and the probability of a seed germinating

directly, pgd. In Eq. 3, n(y, tþ 1) is the size distribution

and is given by SS multiplied by the probability of

seedling survival, ps, and seedling size distribution, given

by a normal distribution, pd, and the size distribution of

plants in the previous year (n(x, t)), the probability of

survival of established plants from year t to year tþ 1 as

a function of rosette diameter in year t, and a growth
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function, g(y, x), giving the probability of a size x

individual attaining size y, based on a regression of

rosette diameter at time tþ 1 on rosette diameter at time

t in established plants. Because no specific information

about vital rates of seeds in the soil was available from

our recordings, we used estimated seed bank survival

from an earlier demographic study on this system

(Toräng et al. 2010). We assumed that the probability

of germinating from the seed bank was similar to the

probability of newly produced seeds germinating direct-

ly (changing this assumption had negligible effects on

the results). R code used for combining Eqs. 1–3 into a

matrix describing the transition kernel was based on

code provided in Ellner and Rees (2006). (For a

description of the code used in the models, see the

Supplement). The asymptotic growth rate (k) was

calculated as the dominant right eigenvalue of the

matrix.

Intensity of predation was quantified as the mean

proportion of fruits consumed per individual within

each population. This estimate was strongly correlated

with the proportion of the total seed production that

was consumed within a population (r¼0.94–0.97 during

the four study years). The effect of predation on

population growth rate was quantified as the difference

between potential and realized asymptotic population

growth rate, Dk. We defined sensitivity of population

growth rate to predation as Dk divided by the mean

proportion of fruits consumed. This was because we

were interested in the sensitivity integrated over the

entire interval from observed levels of seed predation to

no predation rather than point estimates of sensitivity at

a specific level of predation.

Statistical analyses

To examine relationships between environmental

variables and predation intensity, potential k and

sensitivity to predation during the three transition

intervals, we used lasso regressions (R package lars).

The lasso regression (least absolute shrinkage and

selection operator) is a shrinkage method, where a cap

(maximum value) is put on the sum of the absolute

values of all regression coefficients and variable selection

is achieved by shrinking coefficients for the variables

that contribute least to the model (Tibshirani 1996).

Non-zero coefficients are retained in the model, whereas

coefficients shrunk to zero are left out. This method

largely avoids over-fitting, which is often a problem

when dealing with small data sets (Dahlgren 2010). The

environmental variables used in the lasso regressions

were soil depth, soil moisture, and soil nutrient

composition and vegetation height. Because vegetation

height was highly correlated between years, means of

yearly population averages were used for analyses. To

identify main axes of variation in soil concentrations of

nutrients, we performed principle component analysis

PLATE 1. Dense population of Primula farinosa. Photo credit: J. Ågren.
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(PCA), based on the correlation matrix, and used the

two main axes for further analyses. The first axis (PC1)

explained 53% of the variation and mainly represented

soil nitrogen and potassium concentrations. The second

axis (PC2) explained 24% of the variation and mainly

represented calcium and magnesium concentrations.

Previous studies with this system have shown that the

incidence and intensity of predation may be related to

population size and the relative frequency of the long-

scaped morph (Vanhoenacker et al. 2009). In the

populations included in this study, however, predation

intensity was not related to plant population size or

scape morph frequencies, and those variables were thus

not included as predictors in the models.

To explore relationships among demographic param-

eters, intensity of predation, and effects of predation on

population growth rate, we plotted the pairwise

relationships between potential population growth rate

(potential k), predation intensity, realized population

growth rate (realized k), Dk, and the sensitivity of

population growth rate to predation in each of the three

transition intervals (2007–2008, 2008–2009, 2009–2010).

To summarize our results and investigate the different

ways in which environmental context influenced antag-

onistic interactions and their effects on plant population

growth rates, we used a path diagram. For this, the

coefficients of the lasso regressions of potential k,
predation intensity and sensitivity to predation on the

environmental variables were combined with linear

regression coefficients between predation intensity and

Dk, as well as between sensitivity to predation and Dk.
In the path diagram, the relationship between potential

and realized k was set to 1 and the relationship between

Dk and realized k to �1 (cf. Conner 1996). Lastly, to

examine the net relationship between seed predation and

population growth rate we calculated the correlation

between these two variables. All statistical analyses were

performed in R 2.11.1 (R Development Core Team

2011).

RESULTS

Seed predation intensity varied considerably among

populations and years (two-way ANOVA, population,

F23,68¼ 4.9, P , 0.001; year, F3,68¼ 3.5, P¼ 0.019), and

so did potential and realized population growth rate.

The proportion of fruits damaged by seed predators

ranged from 0 to 0.84 (0.31 6 0.22 [mean 6 SD]) and

predation was absent in only 7.3% of the population by

year combinations (N ¼ 72 combinations). Potential

population growth rate, in the absence of seed preda-

tion, ranged from 0.60 to 2.36 (1.15 6 0.25), whereas

realized population growth rate ranged from 0.60 to 1.66

(1.07 6 0.16; Fig. 1). Reductions in population growth

rate due to seed predation (Dk) ranged from 0 to 0.70

(0.08 6 0.12), and increased with increasing intensity of

seed predation. This relationship appeared to be

nonlinear with very small reductions at low predation

intensities and very large reductions at high intensities

(Fig. 2a).

Variation in the reduction in population growth rate

caused by predation was not only the result of

differences in the intensity of seed predation, but also

of differences in the sensitivity of population growth

rates to seed predation. The sensitivity of population

growth rates to seed predation ranged from 0 to 0.98

(0.20 6 0.17). Sensitivity to predation explained as much

of the variation in Dk (56–97, N ¼ 3 transitions) as did

predation intensity (52–85%). Both predation intensity

and sensitivity to seed predation were also positively

correlated with potential k (Fig. 2e and f ).

Lasso regression and path analyses indicated that

environmental variables affect realized k in several ways:

by influencing potential k, predation intensity, and

sensitivity to predation. Effects of soil depth and soil

moisture were recorded in multiple years, whereas

effects of principal components reflecting soil nutrient

composition were only observed in single years, and in

FIG. 1. Variation in potential population growth rates (k)
(in the absence of seed predation) and realized population
growth rates (k) (in the presence of seed predation) of 24
populations of Primula farinosa during three years of demo-
graphic monitoring.
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no year was a significant effect of vegetation height

recorded (Table 1, Fig. 3). Potential population growth

rate was negatively related to soil depth in 2007–2008,

and to soil moisture in 2008–2009 and 2009–2010.

Predation intensity was negatively related to soil depth

in 2009 and to soil moisture in 2009 and 2010 (Table 1).

Finally, sensitivity to seed predation was negatively

related to soil depth in 2007–2008 and 2009–2010, and

to soil moisture in 2008–2009 and 2009–2010. Thus,

both increased soil depth and increased soil moisture

affected k negatively via a decreased potential k, but
positively via a decreased predation intensity and

decreased sensitivity to predation.

In all three transition intervals, both predation

intensity and sensitivity to predation were positively

correlated with potential population growth rate (Fig. 2e

and f ), and as a result there was no significant

relationship between predation intensity and realized k
(Fig. 4).

DISCUSSION

The results of this study provide a clear example of

how environmental context influences the effects of

antagonistic interactions on host plant population

growth rate in multiple ways. Intensity of pre-dispersal

seed predation, potential population growth rate, and

sensitivity of population growth rate to seed predation

varied among Primula farinosa populations and were

significantly related to environmental factors, such as

soil moisture and soil depth. The reduction in popula-

tion growth rate caused by predation ranged from

negligible to very large, and was strongly correlated with

both sensitivity to predation and predation intensity.

Because both high predation intensity and high sensi-

FIG. 2. Pairwise correlations between potential population growth rate (k), predation intensity, difference between potential
and realized population growth rate (Dk), and sensitivity of k to predation: (a) Dk vs. predation intensity (2007–2008, r¼ 0.92, P ,
0.001; 2008–2009, r¼0.72, P , 0.001; 2009–2010, r¼0.86, P , 0.001), (b) Dk vs. sensitivity (2007–2008, r¼ 0.75, P , 0.001; 2008–
2009, r¼ 0.98, P , 0.001; 2009–2010, r¼ 0.93, P , 0.001), (c) predation intensity vs. sensitivity (2007–2008, r¼ 0.59, P¼ 0.005;
2008–2009, r¼ 0.64, P¼ 0.002; 2009–2010, r¼ 0.69, P¼ 0.001), (d) Dk vs. potential k (2007–2008, r¼ 0.67, P , 0.001; 2008–2009, r
¼0.94, P , 0.001; 2009–2010, r¼0.83, P , 0.001), (e) predation intensity vs. potential k (2007–2008, r¼0.47, P¼0.02; 2008–2009,
r¼0.55, P¼0.006; 2009–2010, r¼0.62, P¼0.001), and (f ) sensitivity vs. potential k (2007–2008, r¼0.87, P , 0.001; 2008–2009, r¼
0.97, P , 0.001; 2009–2010, r ¼ 0.90, P , 0.001).

TABLE 1. Lasso regressions of the effects of soil depth, soil
moisture, soil nutrient availability (PC1, nitrogen and
potassium, and PC2, calcium and magnesium) and vegeta-
tion height on pre-dispersal seed predation, potential
population growth rate, and sensitivity of population growth
rate to pre-dispersal seed predation in Primula farinosa (N¼
24 populations).

Time period
Soil
depth

Soil
moisture PC1 PC2 R2 df Rss Cp

Predation

2007 0.10 1 0.86 �2.08
2008 0.12 1 1.27 �1.65
2009 � � 0.34 3 0.75 3.36
2010 � � 0.28 3 1.00 1.37

Potential k
2007–2008 � þ 0.32 3 0.43 1.65
2008–2009 � 0.34 2 1.38 �1.25
2009–2010 � 0.59 2 0.65 0.92

Sensitivity

2007–2008 � þ 0.34 3 0.12 1.27
2008–2009 � 0.50 2 0.46 �0.58
2009–2010 � � � 0.52 4 0.32 3.35

Notes:Minus signs (�) denote negative effects, and plus signs
(þ) denote positive effects of the respective predictor variable in
the respective year. Effects of vegetation height were never
included in final models. Rss stands for residual sum of squares.
Cp is Mallow’s Cp, a criterion to assess fits when models with
different numbers of parameters are being compared.
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tivity to predation were associated with high potential

population growth rate, reductions in lambda were

highest at high population growth rates, and variation in

realized population growth rate was markedly lower

than variation in potential growth rate. As a conse-

quence, realized population growth rate was not

significantly related to predation intensity despite the

fact that predation sometimes caused large reductions in

population growth rate.

The proportion of fruits destroyed by seed predation

varied greatly among populations, from 0% to 84%.

Seed predation intensity increased with decreasing soil

FIG. 3. Path diagram showing the effects of environmental factors on potential population growth rate (potential k, without
the effects of seed predation), predation intensity, and the sensitivity of population growth rate to seed predation, and the effects of
predation intensity and sensitivity to predation on Dk (the difference between potential and realized population growth rate), and
the effects of potential k and Dk on realized population growth rate (k, after the effects of seed predation) in 24 populations of
Primula farinosa during three transition intervals. Effects of environmental factors were estimated by coefficients from lasso
regressions. Effects of predation intensity and sensitivity to predation on Dk were estimated by linear regression coefficients. The
relationship between potential and realized k was set to 1, and the relationship between Dk and realized k to �1.
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moisture in two years. This may either be because soil

moisture or unmeasured environmental variables asso-

ciated with soil moisture, such as temperature, affect the

abundance of the seed predator directly or because they

affect flowering phenology or other characteristics of the

host plant population influencing attractiveness to the

seed predator. Many previous studies have documented

large variation in the intensity of seed predation and

herbivory, and linked this variation to variation in

environmental factors (Louda 1982, Rodriguez et al.

1994, Louda and Rodman 1996, Leimu et al. 2002,

Arvanitis et al. 2007). Environmental context thus seems

to have important effects on the intensity of antagonistic

interactions in many natural systems.

The impact of predation on population growth rate,

i.e., the difference between potential and realized

population growth rate ranged from 0 to 0.70 in our

study (mean 0.08; Fig. 2). Relatively few studies have

previously assessed the effects of pre-dispersal seed

predation on the population growth rates of perennial

plants and these studies have only very rarely found

reductions in growth rates of 0.1 or more (Ehrlén 1995,

Kolb et al. 2007a, Maron et al. 2010). The effects of seed

predation on population growth rates of P. farinosa

were thus in some cases very large compared to those

observed in previously studied systems.

The effect of predation on population growth rate of

P. farinosa was positively related to both predation

intensity and sensitivity to predation. Reductions in

population growth rate due to seed predation increased

with increasing intensity of seed predation. The appar-

ent nonlinearity of this relationship can at least partly be

attributed to the positive correlation between predation

intensity and sensitivity of population growth to

predation. Overall, sensitivity explained as much of the

variation in Dk as did predation intensity. This suggests

that, in this system, the outcome of the host-plant–seed

predator interaction is as much affected by the

demographic properties of the host plant population as

by variation in the amount of damage caused by the seed

predator. Variation in the sensitivity to predation has

been found to have important effects on host plant

population growth rates also in other systems (Ehrlén

1996, Münzbergová 2006, Kolb et al. 2007b). In Primula

veris, predation intensity increased with canopy cover,

while the sensitivity of population growth rate to

predation decreased, causing a nonlinear relationship

between seed predation and population growth rate

(Kolb et al. 2007b). Taken together, the results of this

and previous studies suggest that not only the intensity

of biotic interactions but also variation in demography

and sensitivity to interaction-governed variation in vital

rates are important for the outcome of interactions. This

implies that differences in interaction-mediated selection

can be the result both of differences in interaction

intensity and of differences in demography, and that

variation in the life histories of interacting organisms by

themselves can result in spatial variation in coevolu-

tionary processes (cf. Thompson 2005).

In the present study, both estimated population

growth rate in the absence of seed predation and

sensitivity of population growth rate to predation varied

among populations and this variation was partly

explained by differences in soil depth and soil moisture.

Moreover, variation in the sensitivity of population

growth rate to predation was positively correlated with

potential population growth rates, suggesting that

populations are more sensitive to seed loss under more

favorable conditions. High sensitivity to changes in

fecundity at high population growth rates has been

found in several previous studies (Silvertown et al. 1993,

Horvitz and Schemske 1995, Menges and Dolan 1998,

Valverde and Silvertown 1998, Ramula et al. 2008). This

relationship is expected because high population growth

rates in non-clonal species necessarily involve a high rate

of recruitment. In the present study, also the intensity of

seed predation was positively correlated with potential

growth rate. Because both the intensity of predation and

the sensitivity of population growth rate to predation

were positively correlated with potential population

growth rates, realized population growth rate varied less

than did potential growth rate, and was not correlated

with predation intensity. This demonstrates that strong

effects of biotic interactions on population growth rates

cannot always be detected by examining only the

correlation between interaction intensities and realized

population growth rates. This is because the effect of

variation in seed predation on population growth rate is

contingent on the sensitivity to seed predation and

variation in these two variables may partly cancel.

Taken together, the results of this study show that the

extent to which the population growth rate is reduced by

antagonists may strongly depend on the sensitivity of

population growth rate to losses in seed production.

Moreover, environmental factors may not only influence

the intensity of antagonistic interactions, but also how

FIG. 4. Correlations between predation intensity and
realized population growth rate in 24 populations of Primula
farinosa during three years of demographic recordings (2007–
2008, r ¼ 0.24, P ¼ 0.27; 2008–2009, r ¼ 0.32, P ¼ 0.13; 2009–
2010, r ¼ 0.26, P¼ 0.22).
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sensitive populations are to interactions with antago-

nists. A general conclusion is thus that environmental

context can influence the effects of biotic interactions on

plant fitness in multiple ways and that effects through

several pathways may be important for variation in

population dynamics.
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Fröborg, H., and O. Eriksson. 2003. Predispersal seed
predation and population dynamics in the perennial under-
storey herb Actaea spicata. Canadian Journal of Botany 81:
1058–1069.
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SUPPLEMENTAL MATERIAL

Appendix

Population mean soil depth (cm), soil moisture (%), PC1 (N, P, K), PC2 (Ca, Mg) and vegetation height (cm) in 24 populations
of Primula farinosa, measured in 2008–2010 (Ecological Archives E095-044-A1).

Supplement

R code used to estimate potential and realized population growth rates of 24 populations of Primula farinosa (Ecological
Archives E095-044-S1).
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