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ABSTRACT

Hypothesis: Stressful inter-specific competition enhances inbreeding depression.

Organisms: Creeping spearwort (Ranunculus reptans L.) and its common competitor, the
creeping bentgrass (Agrostis stolonifera L.).

Field site: Outdoor common garden experiment at the University of Potsdam.

Methods: We collected plants of 12 natural populations of R. reptans differing in mean
parental inbreeding coefficient (0.01-0.26). We performed within-population crosses for two
generations and kept the offspring in a common environment. In the second generation, we
raised plants in the presence or absence of the grass competitor A. stolonifera. After 2 months,
we assessed survival and growth of two replicate plants per seed family and treatment. To
compare our results with those of previous investigations, we compiled a list of studies on
inbreeding and competition.

Conclusions: Both population mean inbreeding and inter-specific competition led to a
significant reduction in plant performance (survival and growth) and were therefore sources
of stress. However, inbreeding and competition did not interact in their effects on plant
performance or developmental instability (estimated by within-family coefficient of variation in
performance). Inter-specific competition did not enhance inbreeding depression, which is in line
with the results of most previous studies.

Keywords: environment dependence, environmental stress, inbreeding depression, inter-specific
competition, intra-specific competition.
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INTRODUCTION

Inbreeding depression is the decline in fitness caused by reproduction among close relatives
or by selfing in hermaphrodites. The magnitude of inbreeding depression is important for
designing conservation strategies and breeding programmes, and is an integral part of the
evolutionary theory of dispersal strategies and mating systems (Armbruster and Reed, 2005).
Ample empirical evidence documents that inbreeding depression occurs in domestic and
laboratory-inbred individuals as well as in wild populations (Crnokrak and Roff, 1999; Crnokrak
and Barrett, 2002; Keller and Waller, 2002; Kristensen and Serensen, 2005). HOWCVCI‘, empirical studies also
show that the magnitude of inbreeding depression can vary among different kinds of
environments (Armbruster and Reed, 2005).

Based on these results, the general consensus has been that inbreeding depression is
usually enhanced when the environment is stressful (Lynch and Walsh, 1998, pp. 273-274). Stressful
conditions are commonly defined as conditions leading to lowered fitness relative to a more
benign environment (Koehn and Bayne, 1989). Armbruster and Reed (2005) performed a systematic
review of the empirical studies on inbreeding depression and environment dependence.
They showed that only 48% of studies documented significantly increased inbreeding
depression under stressful conditions. This leaves us with the open question of why there is
increased inbreeding depression under stressful conditions in some studies, but not in
others. To improve our understanding of the interaction between inbreeding depression and
the environment, we need to establish a theoretical framework and move towards testing
more specific hypotheses.

There are two genetic settings in which inbreeding depression is environment-dependent.
First, simple genotype X environment (G X E) interactions could cause enhanced inbreeding
depression under environmental stress. For example, an outbred individual may have
high fitness over a wider range of ecological conditions than an inbred individual with
homozygous recessive deleterious mutations. A second possibility is that there are higher-
order G X E interactions such as in the case of environment-sensitive developmental
(de-)canalization. Inbreeding and environmental stress have been shown to weaken
canalization, causing increased phenotypic variation (Stearns ez al, 1995; Badyaev and Foresman, 2000).
Inbreeding depression through de-canalization may be enhanced under environmental
stress if the effects of inbreeding and external stress interact in a negative way.

The environmental sensitivity of inbreeding depression, and hence the existence of simple-
or higher-order G x E interactions, may depend importantly on how rare an environmental
state is. Assume that an inbred recessive deleterious mutant has a narrower fitness optimum
over an environmental gradient than an outbred individual. If the environment moves
frequently away from that optimum, the mutant is likely to be purged. Hence, if a certain
stressful environment commonly occurs, only those recessive deleterious alleles will remain
in the population that do not cause a more severe decline in fitness under stressful than
under benign conditions. In line with this reasoning, Bijlsma et al. (1999) artificially purged
deleterious recessive mutations of Drosophila melanogaster from a wild population under
laboratory conditions. They then created inbred and outbred control flies and exposed them
to new stressful environments. While inbred homozygous flies and outbred heterozygous
flies had similar fitness under the conditions their ancestors had experienced, the inbred
flies had on average 25% lower fitness than outbred control flies under novel, stressful
conditions. This experiment illustrates that inbreeding X environment interactions are more
likely when the stressful environment is rarely experienced and purging has not occurred.
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In this study, we investigated whether the magnitude of inbreeding depression depends
on the strength of interspecific competition, a common environmental stress for many
plant species. The study system was the clonal Ranunculus reptans around Lake Constance
(Central Europe) where populations vary in mean inbreeding coefficient (willi es al, 2005).
Although the species is self-incompatible and tetraploid, the levels of inbreeding in some
populations in nature suggest that biparental inbreeding has been frequent for at least
several generations. Additionally, populations of R. reptans characterized by low gene
diversity, a consequence of long-term small population size, have reduced mean clonal
fitness partly because of inbreeding depression (Willi and Fischer, 2005; Willi er al, 2005). Further-
more, clonal propagules of populations with low gene diversity show increased variation in
performance traits, indicating the action of de-canalization (Fischer er al, 2000).

Ranunculus reptans occurs on the gravelly shore between the winter low-water line
and early-summer flood line. Plants that grow near the low-water line experience little
competition, whereas plants that grow farther away from the lake usually compete with a
dense stand of grasses and sedges. In many cases, rosettes grow within a few centimetres of
their competitors. In our experiment, we used similar densities of the common grass
competitor Agrostis stolonifera to create the stressful environment. The common occurrence
of inter-specific competition in all populations and the naturally occurring variation in the
intensity of inbreeding make R. reptans a good system for assessing environmental influence
on the expression of inbreeding depression.

The goal of this study was to answer the following questions: Does stress caused by
inter-specific competition enhance population inbreeding depression? And does competitive
stress combined with inbreeding lead to an increase in within-family phenotypic variation,
indicating developmental instability as a result of de-canalization and higher-order
genotype X environment interactions?

METHODS

Plant material and crossing design

In spring 2002, we collected 149 plants from 12 populations of R. reptans at Lake
Constance. Fourteen individuals were sampled at 5-m intervals along two parallel transects
separated by 5 m at each site. In five populations, the band of R. reptans was so short that
we could only sample 8—12 individuals. After collection, plants were grown in separate tubs
in a growth room. Five of 149 field-collected plants died during propagation. We assumed
that we dealt with individual genotypes as there were only four pairs of adjacent
field-collected plants that were of the same multi-locus genotype at eight allozyme loci (data
not shown).

To minimize maternal environmental effects from the source locations, we performed
within-population crosses over two generations (Schmid and Dolt, 1994). To produce the first
generation, each field-collected plant was crossed with two randomly chosen plants from
the same population. The crosses were performed reciprocally: each plant served as a pollen
donor and a pollen receptor, leading to two maternal seed families per cross combination.
We germinated the seeds and raised one seedling per seed family in a common garden. After
2 months, we randomly chose 24 plants per population and used them for the production of
the next generation of seed families. However, we ensured that each field-collected genotype



962 Willi et al.

was represented at least once as mother and once as father (pollen donor) so that no initial
genetic variation was lost.

To produce the second generation, each of the 24 within-population cross plants was
crossed reciprocally with another, randomly chosen plant of the same population. The
random choice was restricted so that each cross originated from four different grandparental
field-collected plants. This led to a total of 266 reciprocal crosses [12 populations x 24
crosses = 288, — 20 crosses (some plants produced no flowers and could not be crossed) — 2
crosses lost due to handling errors]. Seeds were harvested 1 month after crossing.

Outdoor common garden experiment

On 8 June 2004, we sowed all seeds of each maternal seed family into a cell of several multi-
pot trays (77 cells of 3 X 3 X 5 cm per tray) containing a 3:1 mixture of horticultural soil and
sand. Trays were distributed in the greenhouse, and re-randomized weekly. Six weeks after
the start of germination, we randomly chose four individuals per seed family and planted
each individual separately into a tub of 18 x13x 5 cm filled with a 1:2 mixture of
horticultural soil and sand. We reared two replicate seedlings of each cross in each of two
environments, one free of competitors and one in the presence of the grass 4. stolonifera.
Because some seed families produced fewer than four seedlings, the experiment included 670
instead of 1064 plants. Directly after planting, we sowed seeds of A. stolonifera into two of
the four tubs per seed family. Those seeds germinated within 7 days and formed a dense
stand, similar to densities in the natural habitat of R. reptans. We randomly assigned each
tub to a position within one of six outdoor beds covered with 50%-shade cloth. The plants
were watered daily, unless it rained. We checked survival after 1 and 2 weeks, and if a plant
had died it was replaced by another representative of the same seed family. Twelve plants
were replaced because they died after heavy rainfall on the first day in the garden, and a
further 11 plants were replaced during the first 2 weeks. We re-randomized the positions of
the tubs 1 month after the start of the outdoor experiment.

Post-seedling performance and population inbreeding coefficient

For each plant, we calculated multiplicative measures of clonal and flowering performance.
Clonal performance is especially important for R. reptans in years of high lake water level,
when plants do not flower and reproduce exclusively via above-ground stolons with roots
on some nodes. Eight weeks after transplantation (20-24 September 2004), we counted
the number of rooted rosettes, flowers, and fruits of each plant. We calculated clonal
performance and flowering performance by multiplying survival (0 or 1) by the number of
rooted rosettes or the total of flowers and fruits, respectively.

Inbreeding coefficients were calculated from a previous study in which all field-collected
plants were genotyped at eight allozyme loci and kinship coefficients were estimated for
all possible pairwise combinations within each population (willi er az, 2005). We defined the
population mean inbreeding coefficient as the mean kinship coefficient of a random sample
of pairs of field-collected plants, excluding pairs that were incompatible in the first round of
crossing (i.e. they produced no seeds in either of the two reciprocal crosses). We chose this
approach over a direct, marker-based estimate of inbreeding coefficients of field-collected
plants because it reflected the true level of inbreeding in the experiment. We measured
population mean inbreeding coefficients and not inbreeding coefficients of individual
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plants. This was appropriate in our case because the genetic composition of experimental
plants was homogenized within populations by two generations of random mating among
relatively few field-collected plants.

Statistical analysis

To determine whether differences in post-seedling performance depended on the population
inbreeding coefficient and competition, we applied three-level mixed models with the
random effects of population and maternal seed family nested within population (Singer, 1998;
MIXED procedure in SAS: SAS Institute, 2002). The fixed effect of competition was a predictor on the
level of the plant (level 1), and the population mean inbreeding coefficient was a covariate
on the level of the population (level 3). As clonal and flowering performance were correlated
(N=670, r=0.51, P<0.0001), our dependent variable was the first component of a
principal component analysis (PCA) on the covariance matrix of log-transformed clonal
and flowering performance (explaining 89% of the variation in the two measures). We call
this first component ‘aggregate performance’. We also performed a separate analysis for
clonal and flowering performance, and treated the latter variable as binary because many
plants produced no flowers (GLIMMIX procedure: SAS Institute, 2006).

We applied two-level mixed models to test for differences in within-family phenotypic
variation in post-seedling performance (Singer, 1998; MIXED procedure in SAS: SAS Institute, 2002). The
explanatory variables were population inbreeding coefficient, competition, and the random
effect of population. The dependent variables were coefficients of variation in performance
based on cross combinations — that is, based on pooled reciprocal crosses between two
plants in the two competition environments. As both clonal and flowering performance
were correlated, the main analysis included the coefficient of variation of the first com-
ponent from the principal component analysis. Denominator degrees of freedom for testing
fixed effects were estimated using Satterthwaite’s approximation in both types of models.

RESULTS

Aggregate performance (PC1) of R. reptans plants from inbred populations was lower than
the performance of plants from more outbred populations (Table 1; slope of regression
line + standard error =-2.0+£0.8). This was mainly a consequence of lower clonal
performance for inbred populations (Fig. 1). Inter-specific competition also caused lower
aggregate performance, mostly by reducing its clonal component. However, there was no
significant interaction between inbreeding and competition, indicating that inbreeding
depression did not depend on the competitive environment. Results were similar when
we did the analysis with relative performance measures; the proportional decline in
performance as inbreeding increased did not differ significantly between competition
environments, for either clonal or flowering performance (P > 0.1 for both).

Inbreeding did not affect phenotypic variation in aggregate performance within
reciprocal seed families (Table 2). For clonal performance by itself, cross combinations from
more inbred populations had somewhat higher coefficients of variation than those from less
inbred populations (Table 2; slope of regression line * standard error = 55.2 £ 54.9). Com-
petition did not lead to increased variation in aggregate performance, and the interaction
between inbreeding and competition was not significant, indicating that the combination of
inbreeding and environmental stress did not enhance developmental instability.
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Fig. 1. Relationships between post-seedling clonal performance (top) and flowering performance
(bottom) of Ranunculus reptans and the population mean inbreeding coefficient. Plants were raised in
the absence (@; £1 standard error) and presence (O) of the competitor grass species, Agrostis stolonif-
era. Clonal performance (survival X production of rooted rosettes) decreased significantly with
increasing inbreeding coefficient. The separate regression lines for both environments reflect a
significant difference between treatments (see Table 1). The decline in clonal performance was not
different between the two competition treatments, indicating that the magnitude of inbreeding depres-
sion did not depend on environmental stress. Post-seedling flowering performance (survival X number
of flowers) was not affected by inbreeding (Table 1).
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DISCUSSION

The main outcome of our study is that inbreeding depression is not magnified under
stressful inter-specific competition, neither in post-seedling performance nor in measures
of variation in performance. According to Bijlsma et al. (1999), the explanation for this
pattern may be that R. reptans experiences competition with other species frequently, so that
purging has been just as effective in environments with inter-specific competitors as in
environments without competitors.

In line with our results, previous studies of inbreeding under inter-specific competition,
including those using experimentally inbred individuals or inbred specimens derived from
natural populations, mainly report no effect of competition on the magnitude of inbreeding
depression in life-history measures associated with fitness (Appendix la). Studies on
inbreeding and intra-specific competition in plants, involving trials with inbred, outbred or
in- and outbred (mixed) competitors, reveal a similar picture. Sixteen of 20 studies of plants
report no (overall) pattern of increased inbreeding depression under competitive stress
(Appendix 1b). In contrast, about half of the studies of animals have found evidence for
enhanced inbreeding depression under competitive stress, particularly when imposed by
outbred conspecifics. This might support Bijlsma and colleagues’ ‘rare stress” hypothesis if
exposure of inbred individuals to outbred conspecifics is relatively rare, so that purging has
not occurred in this context. However, few studies have compared levels of competitive
stress with those experienced in the past or in nature, which is necessary to evaluate the
hypothesis properly.

Our observation that within-family phenotypic variation did not increase under the
combined influence of inbreeding and competitive stress is in line with previous findings
(Delph and Lloyd, 1996; Fowler and Whitlock, 2001). Recent research on heat-shock proteins, which —
among others — assist in proper protein folding and are up-regulated during both inbreeding
and environmental stress (Kristensen ef al., 2002; Serensen et al., 2003), indicate that de-canalization
is unlikely to enhance the magnitude of inbreeding depression under stress. Kristensen ef al.
2006) hypothesized that functional heat-shock proteins may become limiting under com-
bined inbreeding and stress, and therefore compared genome-wide gene expression in
inbred and outbred lines of Drosophila melanogaster under benign and high temperatures.
They found that inbreeding and stress both independently and synergistically affected gene
expression patterns. However, the genes affected by combined inbreeding and temperature
stress were metabolic rather than heat-shock proteins, which suggests that the synergistic
effect of inbreeding and stress decreases metabolic efficiency but not canalization. The
pattern emerging from our study and others is that de-canalization is not further enhanced
under the combined action of inbreeding and stress, although more studies are needed
(Willi et al., 2006).

Based on our results and those of others, models of mating-system evolution and optimal
dispersal distance need not include aspects of inter-specific competition when considering
the effect of inbreeding depression. Similarly, intra-specific competition seems to be
irrelevant for the magnitude of inbreeding depression in many species of plants. In the
context of conservation, it should be noted that even though inbreeding depression is not
stronger under inter-specific competition, both inbreeding and suboptimal conditions can
dramatically decrease individual fitness and growth rates (Fig. 1). Hence, effective con-
servation measures may operate at two levels: overcoming inbreeding by genetic restoration
(Willi ez al, 2007) and reduction of competitive stress caused by non-target organisms.
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