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Abstract Climate change has the potential to alter the
genetic diversity of plant populations with consequences
for community dynamics and ecosystem processes. Recent
research focused on changes in climatic means has found
evidence of decreased precipitation amounts reducing
genetic diversity. However, increased variability in
climatic regimes is also predicted with climate change, but
the effects of this aspect of climate change on genetic
diversity have yet to be investigated. After 10 years of
experimentally increased intra-annual variability in grow-
ing season precipitation regimes, we report that the number
of genotypes of the dominant C, grass, Andropogon
gerardii Vitman, has been significantly reduced in native
tallgrass prairie compared with unmanipulated prairie.
However, individuals showed a different pattern of geno-
mic similarity with increased precipitation variability
resulting in greater genome dissimilarity among individu-
als when compared to unmanipulated prairie. Further, we
found that genomic dissimilarity was positively correlated
with  aboveground productivity in this system.
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The increased genomic dissimilarity among individuals in
the altered treatment alongside evidence for a positive cor-
relation of genomic dissimilarity with phenotypic variation
suggests ecological sorting of genotypes may be occurring
via niche differentiation. Overall, we found effects of more
variable precipitation regimes on population-level genetic
diversity were complex, emphasizing the need to look
beyond genotype numbers for understanding the impacts of
climate change on genetic diversity. Recognition that future
climate change may alter aspects of genetic diversity in
different ways suggests possible mechanisms by which plant
populations may be able to retain a diversity of traits in the
face of declining biodiversity.
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Introduction

Global climate change is predicted to result in changes in
the mean and variability of precipitation regimes (IPCC
2007), both of which will result in chronic alterations in
resources (Smith et al. 2009). These novel changes in
resources and environmental conditions are predicted to
alter diversity within populations (Lovejoy and Hannah
2005). There is the potential, however, for intraspecific
genetic diversity to respond differently to shifts in climatic
means compared to increased climatic variability. Indeed,
the effects of increased variability of precipitation regimes
on ecosystems are predicted to be greater than changes in
mean annual precipitation (Heisler and Weltzin 2006).
Changes in precipitation amounts (positive or negative)
results primarily in altered resource means (e.g., reduced
mean soil moisture). On the other hand, increased intra-annual
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variation in precipitation, which is expected to be manifested
as larger but fewer rainfall events (IPCC 2007), not only
results in reductions in resource means but also in increased
resource variability (e.g., pulses versus deficits in water
availability; e.g., Knapp et al. 2002). This increase in
resource variability and reduction in means will be driven by
two mechanisms. First, larger rainfall events penetrate far-
ther into the soil, which allows for deeper soil layers to be
recharged, but potentially results in more water being lost to
ground water. Second, longer periods between rainfall events
result in shallow soil layers becoming drier (Knapp et al.
2008).

Changes in resources, such as soil moisture, could
impose differing selective pressures on populations of
species (Etterson 2008). At the plant population level,
intra-specific genetic diversity is expected to decrease with
changes in climatic means, as a result of directional
selection for traits that allow individuals to withstand the
altered conditions (Hewitt and Nichols 2005; Jump and
Penuelas 2005; Thomas 2005; Reusch and Wood 2007;
Gienapp et al. 2008; Hoffmann and Willi 2008; Jump et al.
2009). Recent studies altering mean climatic conditions
have found support for this hypothesis (Gienapp et al.
2008; Jump et al. 2008). In contrast, with more variable
precipitation patterns, there is the potential for genetic
diversity to either decrease or increase. With the latter,
niche breadth may actually be increased in space and time
due to the variety of ways that resources can be altered,
resulting in diversifying selection for genotypes capable of
coping with different aspects of the altered environmental
conditions. Critically, tests of the effects of increased
precipitation variability on intraspecific genetic diversity
are lacking in the literature.

Our objective with this study was to examine whether
a decade of increased variability in precipitation patterns
has resulted in altered genetic variation of the dominant
C, grass, Andropogon gerardii Vitman, in intact, native
tallgrass prairie. The focus on a single dominant species is
highly relevant, because there is mounting evidence that
both genotype number and genetic diversity within
dominant species can affect community properties and
ecosystem function (Wimp et al. 2004; Vellend and Geber
2005; Bangert et al. 2006; Crutsinger et al. 2006;
Whitham et al. 2006). For example, positive relationships
have been observed between the number of genotypes
of dominant species in monoculture and productivity
(Reusch et al. 2005; Crutsinger et al. 2006) and the genetic
diversity of cottonwood trees and diversity of associated
insect communities (Wimp et al. 2004; Bangert et al. 2006).
Moreover, studies have found that the number of genotypes
in stands of seagrass affects ecosystem resistance to and
recovery from disturbance (Hughes and Stachowicz 2004;
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Reusch et al. 2005). Collectively, these studies suggest that
understanding the responses of intraspecific genetic diver-
sity in dominant plant species is critical for predicting how
ecosystems will respond to future climate change.

Using an on-going climate change experiment—the
Rainfall Manipulation Plots (RaMPs) located in north-
eastern Kansas—we assessed the effects of increased
variability in precipitation regimes on two aspects of
genetic diversity for populations of A. gerardii: (1) geno-
type richness, and (2) genomic (dis)similarity among
individuals. Recent studies have focused primarily on
genotype richness (Hughes and Stachowicz 2004; Reusch
et al. 2005; Crutsinger et al. 2006), but such measures do
not consider the extent to which individuals’ genomes may
differ from one another (Avolio et al. 2012). The degree of
genomic similarity (or dissimilarity) between individuals
may be an indicator of fine-scale trait variation within
populations, which is not necessarily captured with number
or composition of genotypes.

We hypothesized that the altered environmental condi-
tions associated with more variable precipitation regimes
(i.e., reduction in average soil moisture and increased soil
moisture variability; Fay et al. 2011) would affect the
abundance and distribution of A. gerardii, whereby indi-
viduals of some genotypes would be better able to persist
over others. We are invoking an asexual reproduction
mechanism through which the change in genotypic struc-
ture may occur. Those genotypes capable of tolerating the
more variable environmental conditions would expand
vegetatively, alongside the contraction and eventual loss of
genotypes not favored by the altered conditions. A. gerardii
is long-lived perennial that reproduces primarily vegeta-
tively through extensive belowground bud banks that create
a dense matrix of tillers (Weaver 1954; Benson and Hartnett
2006). Although genets may be long-lived, previous
research has shown that loss and gain of individual tillers
(ramets) within and between years can be substantial
(Benson and Hartnett 2006). Therefore, despite the rela-
tively short timeframe of the experiment relative to the
lifespan of genets of A. gerardii, we expected that rapid bud
turnover could result in aboveground tiller frequencies that
reflected the relative success of a genotype under the altered
precipitation regime. In species that reproduce asexually
through vegetative spread, changes in the frequency of
genotypes reflects the relative fitness of genotypes (Pan and
Price 2001), and the persistence of some genotypes over
others can lead to changes in genetic diversity (Stuefer et al.
2009). Thus, we were confident that if the genetic diversity
was being altered by the increased precipitation variability,
we would be able to detect it in the number of genotypes and
the genomic dissimilarity of individuals within populations
subjected to the altered precipitation patterns.



Oecologia (2013) 171:571-581

573

Materials and methods
RaMPs experimental design

The RaMPs experiment was initiated in 1998 at the Konza
Prairie Biological Station in northeastern Kansas, USA.
The experiment is located in an annually burned (in April),
intact native tallgrass prairie site dominated by A. gerardii
(Fay et al. 2000). The experiment consists of 12 fixed-roof
shelters, each 9 x 14 m in size, which cover a 6 x 6 m
experimental area that is divided into four 2 x 2 m sub-
plots. One of these subplots is left as a control, one is used
in a grazing experiment, and two are warmed by 2 °C. For
our purposes, we sampled only from the control subplots.
Each shelter allows for the collection and re-application of
rainfall during the growing season, April-October (Fay
et al. 2000). Six of the RaMPs receive ambient rainfall
(ambient treatment) where collected rainfall is immediately
applied. The remaining six RaMPs receive the same
quantity of rainfall overall but applied in an altered pattern
(altered treatment), consisting of a 50 % increase in the
intervals between rainfall events. This results in a statisti-
cally extreme and highly variable rainfall regime where
rainfall events are much larger in size but fewer in fre-
quency than ambient patterns, and the periods between
rainfall events are longer (Knapp et al. 2002; Smith 2011).
Such alterations in precipitation regimes are predicted to
occur with climate change in the central Great Plains of the
US (IPCC 2007). At the end of the growing season, both
the altered and ambient plots have received the same
amount of rainfall overall. The altered precipitation pat-
terns result in a significant reduction in soil moisture by
14 % over 10 years and increases soil moisture variability
by 18 % (Fay et al. 2011), which are the key drivers of
community and ecosystem responses to increased vari-
ability in precipitation (Knapp et al. 2002; Fay et al. 2011).
The altered precipitation treatment has never resulted in
prolonged deficits in soil moisture conditions that are lethal
for all the plants (A. Knapp, personal communication).

Study design

To assess the impacts of altered precipitation patterns on
intraspecific genetic variation of A. gerardii, we compared
the genetic diversity of the ambient and altered RaMP
control subplots to unmanipulated prairie, hereafter
referred to as the reference plots. We compared two
aspects of genetic diversity, genotype richness and geno-
mic dissimilarity. We used the reference plots because the
genotype richness and genomic dissimilarity of A. ger-
ardii populations were unknown at the start of the
experiment. We assumed that genetic structure between
the RaMPs and reference plots was similar before the

RaMPs experiment was initiated. We believe this is a
valid assumption as the reference plots were located
directly adjacent (within 10 m; Fig. 1) to the RaMPs plots
and had the same soil type, drainage, and plant commu-
nity, and because the entire area was treated similarly
prior to initiation of the RaMPs experiment. For these
comparisons, we established 12, 2 x 2 m reference plots
in an identical spatial array as the RaMPs (Fig. 1). We
controlled for variation in distance among the treatment
plots by comparing the ambient and altered plots to their
spatially respective reference plots (Fig. 1). We did this
because A. gerardii reproduces predominately asexually
and therefore proximity of plots to one another could
affect overlap genotypic composition.

We determined genotype richness and genomic dis-
similarity at two scales: the plot scale (n = 6), which is
representative of the plant neighborhood scale, and at the
treatment scale, where all six RaMPs or reference plots
within a treatment were pooled. The latter allowed us to
assess changes in diversity at the population scale, where
such changes are likely to be manifest first. Lastly, we
examined whether the two aspects of genetic diversity of
A. gerardii correlated with plant community properties
and aboveground net primary productivity (ANPP) for the
native tallgrass prairie reference plots only, because
ANPP could not be collected from the RaMP control
subplots.
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Fig. 1 Experimental set-up showing location of the Rainfall Manip-
ulation Plots (RaMPs) experiment (filled squares) and the unmanip-
ulated reference plots (open squares). Because the altered
precipitation and ambient treatment plots are not uniformly distant
from one another in the RaMPs experiment, we assigned the reference
plots to an identical treatment array as the RaMPs (gray vs. black
squares)
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AFLP protocol and analysis

We used amplified fragment length polymorphism (AFLP;
Vos et al. 1995) to assess the genotypic structure and
genomic dissimilarity of A. gerardii. The AFLP technique
has been used in a variety of ecological studies to perform
genome scans inferring selection by determining whether
certain loci have different allele frequencies with specific
environmental conditions (Jump et al. 2006). However,
using this method to infer past selection has limitations
(Reusch and Wood 2007), and therefore we restricted our
use of the AFLP technique just to assigning individuals to
genotypes and to determine the relatedness between indi-
viduals (see below). In August 2007, we collected leaf
tissue from 40 tillers in a uniform spatial array within each
2 x 2 m RaMP control subplot and corresponding refer-
ence plot (total = 960 individual tillers sampled, 240
individuals per treatment). This sampling density has
been shown to be adequate for capturing the majority of
genotypes within a plot of this size (Avolio et al. 2011).
Collected tissue was then stored in silica gel until DNA
was extracted.

For the AFLP molecular work, we followed the methods
of (Avolio et al. 2011). AFLP chromatograms were ana-
lyzed with GeneMarker software (v.1.7; SoftGenetics,
State College, PA, USA). In total, 103 polymorphic AFLP
loci, ranging from 81 to 375 bp in length, were scored in
our analysis to create a presence/absence matrix for all
individuals sampled. A low degree of genetic differentia-
tion between genotypes, which we expected from sampling
within a single population, could lead to a higher error rate
(Holland et al. 2008); our error rate was 7.6 %, based on the
number of loci for which 14 technical replicates had a dif-
ferent banding pattern divided by the total number of loci.
While this error rate is higher than error rates obtained by
manual scoring of peaks, it is well within the range of
published error rates, 5-18 %, when using automatic scor-
ing of a larger number of samples (Lasso 2007; Holland
et al. 2008; Whitlock et al. 2008; Arrigo et al. 2009).

We used the presence/absence matrix of all individuals
sampled to assign individuals to a particular genotype
with Genodive v.20b17 (Meirmans and Van Tienderen
2004). We used the clonal distance model to calculate
differences between individuals. The clonal distance
model assumes clonal reproduction and calculates dis-
tances based on the number of mutations taken to trans-
form an individual of one genotype into another genotype.
In long-lived clonal plants, each genotype is often not a
unique multilocus genotype (Douhovnikoff and Dodd
2003; Lasso 2007; Mock et al. 2008; Reusch and Bostrom
2011). To distinguish between different genotypes, we
first analyzed a histogram of clonal distance values of 109
individuals which were collected from the field as 39
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clones, with individuals confirmed as clones because they
were physically connected via rhizomes (Douhovnikoff
and Dodd 2003; Lasso 2007). This histogram has two
clearly defined peaks, where the first peak represents the
similarity values between clonal individuals and the
second peak the similarity values between unrelated
individuals (Douhovnikoff and Dodd 2003; Meirmans and
Van Tienderen 2004). We used this histogram to deter-
mine the threshold to use when assigning individuals to
the same genotype. A cut-off of 12 (clonal distances range
from 1 to 100), correctly grouped the 109 individuals into
their respective known clones (Fig. S1). We used the same
cutoff of 12 with the clonal model when assigning each of
the sampled individuals to particular genotypes. We then
calculated genotype richness (number of genotypes) at
both the plot and treatment level.

We used a mean pairwise distance (MPD; sensu Webb
et al. 2002) using a Dice dissimilarity index as our measure
of genomic similarity. MPD was originally developed for
community ecology for assessing phylogenetic diversity of
co-occurring species in a given community. Phylogenetic
diversity of a community is defined as the average time
separating all co-occurring species relative to a regional
species pool from which the community is drawn. For
clonal species, measuring genomic dissimilarity using
MPD can be thought of in the same way. To calculate
MPD, we first created a dendrogram based on a pairwise
Dice dissimilarity matrix of all individuals (Fig. S2). Using
this dendrogram, we then calculated the mean pairwise
distance separating all co-occurring individuals in each plot
for the plot scale analyses or in each treatment (across six
plots within a treatment) for the treatment scale analyses,
relative to the regional genotype pool of all individuals. If
co-occurring individuals within a plot have genomes
(AFLP profiles) that are similar to each other, the MPD of
the plot will be lower compared with a plot where indi-
viduals’ genomes were less similar to one another.

Field data collection

Percent aerial cover (nearest 1 %) was estimated for each
species separately within each of the four 1 x 1 m?
quadrats located within plots in June and August 2008 for
the reference plots only. Maximum cover estimates for
each species were averaged across the four quadrats and
used to calculate plant community richness, evenness, and
Shannon’s diversity. Aboveground biomass was clipped at
ground level from four 0.1 m” subplots randomly located
within each reference plot in late August 2008 (after the
species composition measurements), dried at 60 °C for
~48 h, and then weighed. Because the site is burned each
spring, this provides a direct measure of aboveground net
primary production (ANPP).
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Statistical analyses

A significance level of o < 0.05 was used for all statistical
analyses. All analyses were performed in R (R Core
Development Team) except for the SIMPER and
PERMANOVA (Clarke 1993) analyses which were per-
formed in Primer (v.6; Clarke and Gorley 2006). In R, the
vegan package (Oksanen et al. 2012) was used to calculate
pair-wise Dice dissimilarities among all individuals sam-
pled to create the regional pool dendogram (Fig. S2), and
the picante package (Kembel et al. 2009) was used for
calculating distance measures (MPD) between all individ-
uals within plots or treatments. Genotype structure was
analyzed using SIMPER and PERMANOVA to assess
whether there were differences between the altered,
ambient, and reference plots in their genotype composition,
using a Bray—Curtis similarity matrix. We excluded rare
genotypes, those consisting of only one individual from
these analyses. The PERMANOVA tested whether there
was greater or reduced genotypic compositional similarity
among all six plots in the altered and ambient plots com-
pared with their spatially respective reference plots. The
SIMPER analysis identified which genotypes typified
plots—which led to plots being more similar within a
treatment—and which genotypes best differentiated
between the ambient, altered, or reference plots—which
led to plots being less similar among treatments.

For the plot-level analyses of genotype richness and
genomic dissimilarity, we performed separate paired ¢ tests
between the RaMPs ambient and altered plots and their
spatially respective reference plots. For the treatment scale,
statistical comparison of genotype richness was not possi-
ble (n = 1). Instead, we conducted a net relatedness index
(NRI) analysis (Webb 2000) to assess whether MPD of the
ambient and altered treatments and the reference plots
differed from a random distribution of MPD values. The
null distribution of MPD values was created by 999
reshuffles of the regional pool of individuals in the

dendrogram (Fig. S2), effectively randomizing the Dice
dissimilarity distances. A significant positive NRI value
indicates that co-occurring individuals were more geneti-
cally similar to each other than expected by chance and are
clustered on the dendrogram. A significant negative NRI
value indicates that co-occurring individuals are more
genetically dissimilar from each than expected by chance
and therefore over dispersed on the dendrogram. Lastly, we
assessed relationships between plant community diversity
and ANPP for the reference plots by correlating these
community and ecosystem properties with plot level MPD.

Results

For all the plots sampled, we found 316 unique genotypes.
Genotypes occurred in inter-mixed stands (Fig. S3), and
average genotype richness was 15.0 (£1.2 SE) per
2 x 2 m plot. A large number of rare genotypes (consist-
ing of only one individual) were found (Fig. S3). However,
in most cases, these rare genotypes clustered with other
genotypes (Fig. S2), suggesting they are not actually
genetically novel but instead have very similar genomes to
larger multi-member genotypes.

At the plot scale, there were on average 49 % fewer
genotypes in the altered plots compared with their corre-
sponding reference plots (Table 1); however, genotype
richness did not differ significantly between the ambient
RaMP treatment plots and their corresponding reference
plots. At the treatment scale (across the six plots per
treatment), there were 113 and 95 genotypes found in
the ambient and altered reference plots, respectively. The
RaMP plots were found to have fewer genotypes than the
reference plots, with 52 and 75 genotypes in the altered and
ambient treatment plots, respectively. Consequently, the
number of effective genotypes (genotype richness nor-
malized by the number of individuals) was reduced by
55 % in the altered treatment plots, versus a 19 %

Table 1 Plot-level (2 x 2 m) genotype richness and genomic dissimilarity as measured by mean pairwise Dice distance (MPD) among
individuals of A. gerardii in native tallgrass prairie subjected to 10 years of more variable precipitation regimes (altered treatment) and ambient

precipitation

Precipitation treatment

Altered Ambient

RaMP Reference p value RaMP Reference p value
Richness 10.0 (2.0) 19.5 (2.2) 0.009%* 13.7 (1.7) 16.7 (2.3) 0.316
MPD 0.364 (0.02) 0.337 (0.02) 0.278 0.356 (0.01) 0.341 (0.02) 0.507

The reference treatments were left unmanipulated during the duration of the experiment. Means (£1SE) are presented for altered and ambient
treatments and their respective spatially unmanipulated reference plots. p values are for separate ¢ tests between the ambient and altered RaMPs

plots and their corresponding reference plots (n = 6, respectively)
* Statistically significant (p < 0.05) difference
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reduction in the ambient RaMPs, relative to their respective
reference plots. Thus, although there were fewer genotypes
in the RaMPs overall, the greatest reduction of genotypes

50 (@) RaMP Altered (b) RaMP Ambient
Q 40 G1
g 30 G4 G2
©
g 20 G1
< 10182

0

50 (C) Reference 'Altered’ (d) Reference 'Ambient’
© 40
o
g 30
]
S 2093 a3
o G1
< 0

G2
0
0 20 40 60 80 100 O 20 40 60 80 100

Rank Rank

Fig. 2 Rank-abundance of genotypes in the RaMPs experiment
a ambient and b altered treatment plots and the respective ¢ ‘ambient’
and d ‘altered’ unmanipulated reference plots. The four most
abundant genotypes are labeled (G/-G4; see Table 3)

Table 2 Results of the net relatedness Index (NRI) analysis of mean
pairwise Dice distance (MPD) of individuals of A. gerardii within the
altered and ambient precipitation treatment plots and their spatially
respective reference plots (see text for details)

Precipitation treatment

Altered Ambient
RaMP Reference  RaMP Reference
Mean MPD 0.416 0.396 0.408 0.410
NRI value 0.76 6.87 3.37 4.40
(p value) (0.223) (0.001%*) (0.001%*) (0.001%)
MPD mode 0.458 0.413 0413 0.413

NRI values were calculated as the difference between MPD of each
treatment and the null MPD value for the regional pool (0.418). The
MPD mode of each treatment is also reported

* Statistically significant (p < 0.05) difference

at the treatment scale was observed in the altered precipi-
tation plots.

The reduction of the number of genotypes at the treat-
ment scale in the altered precipitation treatment RaMPs
appears to be driven primarily by a reduction in the number
of rare genotypes (i.e., shorter tail of the rank—abundance
distribution; Fig. 2), as well as an increase in the abun-
dance of a few genotypes when compared to ambient or
reference plots (Fig. 2). These changes in the number and
abundance of genotypes resulted in the altered RaMP plots
being more similar in their genotype composition when
compared to their corresponding reference plots (PER-
MANOVA analysis, p = 0.038). In contrast, the ambient
RaMP plots, which did not exhibit as large of change in
genotype numbers and abundances, were not more similar
in their genotypic composition than their corresponding
reference plots (p = 0.342). The findings of the SIMPER
analysis also reflect this difference, as the altered RaMP
plots were more similar in their genotype composition
(19 %) than the ambient plots (10 %) or reference plots
(8 %). Furthermore, the SIMPER analysis revealed that
two genotypes—G1 and G4, which accounted for 21.6 and
16.5 % of individuals sampled, respectively—were con-
tributing most to similarity among the altered plots (Fig. 2;
Table 3). Although G1 was found across all three treat-
ments, it had relatively greater abundance in the altered
plots. In turn, these genotypes, along with G2, contributed
most to the differences between the altered and ambient
RaMP plots, whereas G1 and G4 contributed most to the
differences between the altered RaMPs and reference plots.
Only one genotype, G2, contributed most of the differences
between the ambient and reference plots (Table 3).

At the plot scale, we found no difference between
genetic dissimilarity, as measured by MPD of individuals
between the RaMPs and reference plots, for either the
altered or ambient treatments (Table 1). At the treatment
scale, however, the NRI analysis revealed positive NRI
values for the ambient RaMPs and both the altered
and ambient RaMP and reference plots, which were

Table 3 The abundance of the four most common genotypes in the RaMPs treatment plots and the unmanipulated reference plots

Within-treatment similarity

Between-treatment similarity

Reference (n = 12) Ambient (n = 6)

Altered (n = 6)

Reference—ambient Reference—altered Ambient-altered

Gl 30 (55.5%) 20 (45.3%) 44 (56.1%)
G2 1 (0) 31 (40.1%) 11 (0)
G3  41(19.3Y 0 (0) 0 (0)
G4 0 (0) 0 (0) 34 (36.4%

8.0 14.3% 13.0°
11.6 44 10.9*
7.4 72 -
- 14.6* 13.2*

The number of individuals of each genotype sampled for each treatment with percent contribution to within treatment similarity in parentheses
are shown for the within-treatment similarity comparison. The within-treatment similarity compares how similar the genotype composition of
plots are; genotypes that contribute most to the similarity among plots typify a treatment. The righthand three columns are the percentage
contributions of each single genotype to the differences in the pair-wise comparisons of the reference, ambient, and altered plots

* Genotypes contributing most to the similarities or differences between or among plots as determined with SIMPER analysis in PRIMER
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Fig. 3 The frequency of each mean pairwise Dice distance (MPD)
values for the RaMPs (solid lines) and reference plots (dashed lines).
The altered precipitation array is shown in black and ambient in gray

significantly different from the null NRI, suggesting indi-
viduals in these treatments are more closely related to each
other than expected by chance (Table 2). NRI of the altered
RaMPs treatment, however, was not significantly different
from the null NRI (Table 2), suggesting that the genetic
dissimilarities among individuals in this treatment were
different than what was observed in the ambient RaMPs
and unmanipulated prairie. This difference was further
exemplified by a shift in the mode of MPD values in the
altered plots towards higher values (Fig. 3). The shift
towards higher MPD values was not caused by a greater
range of MPD values; the range of MPD values was
actually greater in the ambient plots (0.011-0.602) com-
pared with the altered plots (0.051-0.513).

The genomic dissimilarity (MPD) of A. gerardii in the
reference plots was not correlated with measures of plant

900
r=0.638
850 [ p = 0.026 o o

800

700 + hd

650 o

ANPP (g m~2)
[ ]

600

550 o

500 1 1 1 1 1 1 1 1 )
0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42

Mean pairwise distance

Fig. 4 Relationship between aboveground net primary production
(ANPP) and mean pairwise distance (MPD) of individuals of
A. gerardii in unmanipulated, native tallgrass prairie

community structure (Shannon’s diversity r = —0.143,
p = 0.658; richness r = 0.188, p = 0.558; evenness
r = —0.348, p = 0. 268). However, genomic dissimilarity
of A. gerardii was positively correlated with aboveground
primary productivity (ANPP; r = 0.638; p = 0.026;
Fig. 4). Genotypic richness did not correlate with measures
of plant community structure or ecosystem productivity
(data not shown).

Discussion

Previous research has demonstrated that changes in climate
means can decrease genetic diversity; however, the effects
increased variability in precipitation regimes on genetic
diversity has not been investigated. Our study is the first to
show that a decade of increased intra-annual variability in
precipitation regimes impacts two important aspects of
genetic diversity—genotype richness as well as genomic
dissimilarity among individuals. Similar to other studies,
we found a significant reduction in the number of geno-
types of A. gerardii at both the plot and treatment scales
with altered precipitation patterns. Additionally, however,
we found that genomic dissimilarity was greater in the
altered RaMPs than the reference plots and ambient RaMPs
at the treatment scale. We observed greater MPD values
overall for the altered treatment (Fig. 3) and significantly
lower MPD values for the ambient treatment and reference
plots than expected by chance (Table 3).

There are several mechanisms that could have led to the
reduction in genotype richness in the altered precipitation
treatment. The first is that there may be fewer ramets
overall in the populations subjected to a decade of altered
precipitation patterns. However, this does not appear to be
the case as the number of A. gerardii tillers did not differ
significantly between the altered and ambient treatments
(30.6 £ 3.3 vs. 37.8 & 9.8 tillers per 0.1 m>, respectively;
p = 0.505). Alternatively, the altered precipitation treat-
ment plots may have had a different composition of
genotypes and reduced genotype richness at the start of the
experiment. However, there are several lines of evidence to
suggest that both the altered and ambient RaMPs plots had
a similar number of genotypes as the unmanipulated ref-
erence plots prior to initiation of treatments. First, the
reference plots share many of the same genotypes as the
RaMP plots (Fig. S2). Second, the number and composition
of genotypes found in directly adjacent RaMPs and refer-
ence blocks—the RaMPs were established as three spatial
blocks—are similar, suggesting that the site in which the
RaMPs experiment was established was not depauperate at
the start of the experiment (Fig. S3).

It appears, instead, that the primary mechanism driving
the reduction in genotype richness is the increase in
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abundance of a few genotypes along with the concomitant
loss of rarer genotypes (Fig. 2). The three most abundant
genotypes in the altered treatment (G1, G4, and G9)
accounted for 48 % of all individuals sampled, considerably
higher than was found in either the ambient treatment
(33 %) or the reference plots (24 %). The increased abun-
dance of genotypes G1 and G4 was also observed at the plot
scale (Fig. S3), where, in many of the replicate plots, these
genotypes had greater abundance, indicating a pattern of
selection for these genotypes that is being repeated across
the landscape. It is important to note that the ambient
RaMPs plots also tended to have fewer genotypes than the
reference plots, with the reduction in genotype richness
primarily driven by loss of rarer genotypes. This suggests
that the shelters alone could be having an effect on genotype
richness in both the ambient and altered RaMPs, potentially
as a result of the altered microclimate conditions created by
the RaMP shelters (reduced evapotranspiration and light;
Fay et al. 2000). However, mean richness and genomic
dissimilarity among individuals for the ambient RaMPs was
not significantly different from the reference plots. Thus,
any potential shelter effects on genetic structure appear to
be minor when compared to the effects of the altered pre-
cipitation treatment.

The difference in genotype richness and genomic dis-
similarity between the altered and the ambient treatments
and their respective reference plots appears to be the result
of ecological sorting of genotypes. Ecological sorting—a
concept taken from phylogenetic community ecology
(sensu Ackerly 2003)—is the result of ecological interac-
tions between individuals and species over time. In this
context, ecological sorting is inferred by looking at the
relationships among species using phylogenetic distance,
where time separating any two species is proportional to
the amount of evolutionary and genetic divergence, and
presumably trait differences, between species (Felsenstein
1985). There are often two mechanisms of ecological
sorting invoked: habitat filtering and niche differentiation.
If species in a habitat are more closely related to one
another (clustered on a dendrogram), habitat filtering is
expected to be the primary ecological sorting force. In this
case, species with similar phenotypes survive best under
the dominant environmental conditions resulting in greater
niche overlap (Webb et al. 2002). Alternatively, if species
within a habitat are more distantly related to one another
(over-dispersed on a dendrogram), then competitive
exclusion is expected to be the primary ecological sorting
force. Here, species are occupying unique niches relative to
one another, resulting in reduced niche overlap or niche
differentiation (Webb et al. 2002). Although this frame-
work was developed for differences between species, the
same mechanisms could hold for individuals within pop-
ulations of a species, assuming that the amount of genomic
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differences separating one genotype or individual from
another is related to the amount of trait differences between
the genotypes or individuals.

In the altered treatment, we observed a shift in the
genomic dissimilarity distribution towards greater MPD
values. This shift, however, cannot be confirmed as niche
differentiation because we did not observe negative NRI
values. Instead, we found no difference between the null
NRI and the mean NRI of altered treatment. In contrast, we
observed positive NRI values for the reference and ambient
treatments that were significantly different from the null
NRI, indicating that habitat filtering may be occurring in
these treatments. The habitat filtering processes occurring
in the reference and the ambient RaMP treatments do not
appear to be occurring in the altered plots. Rather, a dif-
ferent type of ecological sorting appears to be occurring
there. It is likely that we are observing the early stages of
niche differentiation in the altered plots, as individuals in
the altered plots were less related to one another than if
they had not undergone 10 years of climate manipulation.

The altered precipitation patterns modify the soil mois-
ture in a variety of ways, and mechanistically we envision
two ways the altered conditions could lead to niche differ-
entiation among individuals in the population via ecological
sorting, by: (1) increasing soil moisture variability in time,
and (2) increasing soil moisture variability in space. First,
the more variable soil moisture environment over time
could result in multiple pressures, including tolerating
extended low soil moisture periods, responding to pulses in
water availability after large rainfall events, and tolerating
waterlogged soil conditions after extreme rainfall events.
Thus, there are potentially a greater number of niches to be
occupied by genotypes, and different genotypes that can
better tolerate each specific novel environmental condition
would persist. Second, greater spatial variability in soil
moisture could also be an important ecological sorting
force. The larger rainfall events in the altered treatment
allow water to permeate deeper into the soil profile, thus
creating a greater soil moisture gradient between shallow
(0—15 cm) and deeper soils (15-30 cm), where the majority
(70 %) of plant roots occur in this system (Knapp et al.
2002). In the altered plots, there is on average a greater soil
moisture difference between these two depths (deep vs.
shallow soil) when compared with the ambient treatment
and unmanipulated prairie (0.122 £ 0.0011, 0.082 +
0.0013, and 0.084 + 0.0013, respectively, p < 0.001).
Ecological sorting could be favoring genotypes that are
better able to withstand the reduced soil moisture at shallow
depths while also selecting for genotypes that have a higher
proportion of total root biomass in deep roots.

While we cannot differentiate between the different
mechanisms, the process of niche differentiation appears to
best explain the patterns of ecological sorting of genotypes
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that we observed under altered precipitation. Previous
research on clonal plants has shown that spatially or tem-
porally heterogeneous environmental conditions can enable
the coexistence of genotypes with a wider range of traits,
maintaining genetic diversity through microhabitat differ-
ences (Burdon 1980). For niche differentiation to occur,
there needs to be phenotypic differences among genotypes,
and there are several lines of evidence to suggest that this is
the case. First, a preliminary assessment of the phenotypes
of the two most common genotypes in the altered precip-
itation treatment, G1 and G4, indicates that they differ in
key traits associated with growth, including height and
photosynthetic rates (Avolio, unpublished data). Second,
these two genotypes are dispersed from one another on the
dendrogram (Fig. S2). Additionally, in 2008, we investi-
gated whether genotypes with more divergent genomes in
the reference plots had correspondingly more divergent
phenotypes, measured by specific leaf area (SLA; see
supporting Information, Fig. S4). Using the Mantel func-
tion in the Ecodist package (Goslee and Urban 2007), we
found a significant but weak correlation between genome
dissimilarity and phenotype dissimilarity (p < 0.001,
r=0.116) (Fig. S4). Other studies using AFLPs to
investigate multivariate phenotypic differences between
genotypes or cultivars of grass species have found similar
significant positive relationships between genetic diversity
and phenotypic diversity (Ramakrishnan et al. 2004;
Beyene et al. 2006; Noli et al. 2008). Thus, although
additional studies are clearly needed and are currently
underway (Avolio, unpublished data), these data suggest
that individuals of A. gerardii with more dissimilar gen-
omes have correspondingly more dissimilar phenotypes.
Ultimately, the expectation is that ecological sorting via the
mechanism of niche differentiation will result in diversi-
fying selection over time within the population.

The alterations in genotype richness and composition
and in genomic dissimilarity among individuals of A. ger-
ardii that we observed with the more variable precipitation
treatment could have implications for community diversity
and ecosystem functioning, given that A. gerardii con-
tributes disproportionately to ANPP and community
dynamics in this system (Smith and Knapp 2003). We
found genomic dissimilarity of A. gerardii was not corre-
lated with any of the measures of plant community struc-
ture, which is in agreement with other studies that have
found a lack of correlation between intra-specific genetic
diversity of a dominant plant species with community
diversity (Odat et al. 2004; Helm et al. 2009; Silvertown
et al. 2009). In contrast, we found a significant positive
correlation between genomic dissimilarity and ANPP. To
our knowledge, our study is the first to show a correlation
between genomic dissimilarity of a dominant species with
ANPP for a diverse, intact plant community. Although

causality remains to be examined, this pattern provides
additional support for niche differences (complementarity)
among genotypes (Reusch et al. 2005; Crutsinger et al.
2006) and emphasizes the importance of considering
genomic dissimilarity of individuals in dominant plant
species populations for ecosystem functioning.

Overall, our study suggests that global climate change
predictions of increased precipitation variability and more
extreme precipitation regimes should be further incorpo-
rated into current theories of the effect of climate change
on biodiversity. Increased intra-annual variability associ-
ated with climate change may create conditions for eco-
logical sorting via niche differentiation and ultimately
diversifying selection to act, as there is potentially a greater
range of microhabitat niche space to be occupied through
time and space (Vavrek et al. 1996). This phenomenon,
however, is likely possible only for plant species with large
populations and relatively high initial genetic diversity.
The rapid genetic response that we observed has been
shown for other plant species exposed to human-influenced
disturbances (Jump et al. 2008; Helm et al. 2009), evidence
that rapid genetic changes have the potential to occur and
may have immediate ecological effects and consequences
for evolution (Thompson 2009). Ultimately, our study
suggests that, even with a reduced number of genotypes,
some populations may be able to retain a diversity of traits
and the potential to maintain ecosystem functioning and
adapt to future climate change.
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