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Abstract. Species interact with the physical world in complex ways, and life-history strate-
gies could cause species to differ in how they experience the connectedness of the same land-
scape. As a consequence, dispersal limitation might be present but not captured by distance-
based measures of connectivity. To test these ideas, we surveyed plant communities that live on
discrete patches of serpentine habitat embedded within an invaded nonserpentine habitat
matrix. Species in these communities differ in dispersal mode (gravity, animal, or wind); thus
we used satellite imagery to quantify landscape features that might differentially influence con-
nectivity for some dispersal- mode groups over others (surface streams, animal paths). Our
data yielded two key insights: first, dispersal limitation appeared to be absent using a conven-
tional distance-based measure of connectivity, but emerged after considering forms of land-
scape connectivity relevant to each dispersal mode. Second, the landscape variables that
emerged as most important to each dispersal mode were generally consistent with our predic-
tions based on species’ putative dispersal vectors, but also included unexpected interactive
effects. For example, the richness of animal-dispersed species was positively associated with
animal connectivity when patches were close in space, but when patches were isolated, animals
had a strong negative effect. This finding alludes to the reduced ability of animals to disperse
seeds between suitable patches in invaded landscapes because of increased inter-patch dis-
tances. Real landscapes include complex spatial flows of energy and matter, which, as our work
demonstrates, sets up ecological opportunity for organisms to differ in how they disperse in a
common landscape.

Key words: connectivity; dispersal mode; fragmentation; invasion biology; McLaughlin Natural Reserve;
serpentine grassland.

INTRODUCTION

Ecologists have long sought to quantify the impor-
tance of dispersal limitation in ecological communities
(Borcard et al. 2004, Gilbert and Lechowicz 2004, Cot-
tenie 2005) for two main reasons. First, the presence of
dispersal limitation can cause local species richness to
fall short of what a given environment can support (Fos-
ter and Tilman 2003, Germain et al. 2017), and second,
the failure of propagules to reach suitable sites can gen-
erate spatial turnover in species composition that con-
tributes to regional biodiversity (Hurtt and Pacala 1995,
Mouquet and Loreau 2003). Numerous statistical tools
have been developed to isolate the relative explanatory
power of dispersal vs. environment from field data (e.g.,
Peres-Neto et al. 2006, Prugh 2009), typically testing for

and interpreting an effect of distance among local com-
munities on species occupancy, richness, or composition
as evidence of dispersal limitation (Hanski 1994b, Cotte-
nie 2005, Prugh et al. 2008). If spatial distance among
sites is assumed to be the best proxy of restricted disper-
sal, then the absence of significant negative effects of dis-
tance between habitat patches on diversity is interpreted
as evidence that dispersal is not limiting at the spatial
scales examined (e.g., Freestone and Inouye 2006)—that
is, that species have access to all habitat patches, and that
variation in species occupancy and richness patterns
reflect variation in local environmental conditions.
An alternative but often overlooked explanation for

nonsignificant distance effects is that simple Euclidean
distance is not the spatial variable most relevant to disper-
sal—habitat patches might be close in space but poorly
connected by dispersal because of other landscape fea-
tures, such as physical barriers. Though this idea has been
explored in aquatic ecosystems for which there is obvious
network structure (e.g., riverine networks; Beisner et al.
2006, Brown and Swan 2010) or directionality to
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dispersal (e.g., water currents; White et al. 2010), it has
not been explored in terrestrial systems for which disper-
sal barriers may be cryptic and thus difficult to identify
and measure (Lowe and McPeek 2014). Although Eucli-
dean distance is likely the most important factor limiting
dispersal in many ecosystems (e.g., oceanic islands),
exploring alternative dispersal pathways can reveal hid-
den constraints to how species move across and interact
with their landscapes, and might explain why distance
effects are generally weak in terrestrial ecosystems. For
example, a recent synthesis of 1,015 studies that examined
predictors of animal species’ distributions found that spa-
tial isolation was a poor predictor of patch occupancy
(Prugh et al. 2008).
If dispersal is constrained by factors other than dis-

tances among habitat patches, then species with different
dispersal life histories might differ in how they experi-
ence the spatial connectedness of the same physical land-
scape (Grainger et al. 2017). In plants, for example,
species possess a range of adaptations to disperse, called
dispersal syndromes or “modes,” such as dispersal by
gravity, animals, or wind. Previous research with under-
story herbs in aspen stands demonstrates that dispersal
mode dictates how constrained plant species distribu-
tions are by the size and spatial isolation of habitat
patches (Jones et al. 2015). In that study, however, the
effect of dispersal mode on species distributions was not
consistent with a simple difference in dispersal ability
(i.e., dispersal ability: gravity < wind < animal; Jones
et al. 2015), as hypothesized if distances among habitat
patches were the only cause of spatial isolation. We con-
tend that linking species distributions to the spatial flows
in the movement of dispersal vectors might be the miss-
ing piece needed to understand the mechanisms that
underlie the spatial distribution and composition of bio-
diversity, for plants and potentially other terrestrial
organisms. Identifying spatial constraints on species dis-
tributions is key to understanding the processes that
underlie fundamental patterns in ecology, such as
species–area relationships (Shen et al. 2009), as well as
to forecast how ecological communities might reorganize
as the spatial and environmental structure of landscapes
is altered by humans (Gonzalez et al. 2011).
We explored alternative forms of landscape connectiv-

ity to understand the distribution of biodiversity in a
natural patch network of plants that associate with ser-
pentine soils. Serpentine soils form via the emergence
and erosion of the Earth’s mantle into discrete patches
embedded within a matrix of nonserpentine soil. Serpen-
tine soils are hypothesized to act as “islands” of refuge
for native plant species to escape the “sea” of European
grasses that now dominate Californian landscapes (Har-
rison and Rajakaruna 2011, Gilbert and Levine 2013).
The plant communities that associate with serpentine
soils are an emerging model system to understand the
mechanisms that underlie the spatial scaling of biodiver-
sity (Harrison and Rajakaruna 2011, Anacker and Har-
rison 2012), the interaction between local and regional

processes (Harrison 1999, Harrison et al. 2006), and the
community impacts of species invasions (Gilbert and
Levine 2013, Case et al. 2016). Recent experimental
work demonstrates that dispersal limits plant diversity at
our study site (Germain et al. 2017), yet as we will dis-
cuss, we find no evidence of spatial distance as a proxy
for dispersal limitation through our observational data;
this contradiction motivates our examination of other
landscape features relevant to dispersal. Specifically, the
absence of tall vegetation in serpentine grasslands allows
landscape features, such as hydrological networks and
animal paths, to be captured via satellite imagery
(Fig. 1a). Although a rich literature explores the effect
of dispersal mode on the spatial distribution of biodiver-
sity (e.g., Damschen et al. 2008, De Bie et al. 2012), ours
is the first study to our knowledge to use satellite ima-
gery to link dispersal modes to movement of dispersal
vectors.
We surveyed plant communities on serpentine patches

and in the nonserpentine matrix, categorized species by
dispersal mode, and estimated habitat patch characteris-
tics relevant to different modes of dispersal. We used
these data to answer three questions: (1) Is the nonser-
pentine habitat matrix so impermeable that species in
serpentine habitat patches exist as metapopulations? (2)
Are there landscape features that characterize habitat
patch connectivity better than interpatch distance? (3)
Does dispersal mode influence how species respond to
those landscape features? If species experience different
landscape-scale constraints to dispersal, we predict that
the richness of species belonging to different dispersal
modes will be highest in habitat patches highly con-
nected by their putative dispersal vectors. Specifically,
we predict that hydrological networks, animal paths, and
distance would explain the richness of species dispersed
by gravity, animals, and wind, respectively.

METHODS

Study system

Our study took place at the 2,800-ha McLaughlin
Natural Reserve (http://nrs.ucdavis.edu/mcl/) in North-
ern California, at the boundary of Lake, Yolo, and Napa
counties (38°51047.01″ N, 122°21048.87″ W). The land-
scape is characterized by patches of serpentine soil inter-
spersed within a matrix of nonserpentine soil. Serpentine
(ultramafic) soils are derived from the Earth’s mantle in
regions where it becomes exposed, such as along the San
Andreas Fault, and are identified by Ca/Mg ratios < 1
(Harrison and Rajakaruna 2011). Calcium is essential to
plant growth and is captured less efficiently in the pres-
ence of magnesium. Low Ca/Mg ratios, coupled with
low soil fertility, high heavy-metal content, and poor soil
moisture retention, create a harsh growing environment
for plants. Yet, serpentine soils support a rich diversity
of native and endemic plant species and are hypothe-
sized to act as spatial refugia for native species to escape
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the competitive effects of exotic European plants that
now dominate the nonserpentine matrix (Gilbert and
Levine 2013).

Experimental test of dispersal limitation

A 2014 field experiment at McLaughlin Natural
reserve found strong evidence of dispersal limitation in
serpentine plant communities (Germain et al. 2017). For
the current paper, we consider data from 5 of the 30 ser-
pentine patches included in the original study that over-
lap with and are of the same spatial extent as our
current observational research to facilitate comparisons;
here, we describe methods relevant to that subset of sites.
The five sites were approximately 100 m apart, and at
each, we haphazardly placed a block of eight
0.75 9 0.75–m plots, each of which would receive a dif-
ferent dispersal treatment—for the current paper, only
two of those treatments are relevant; thus we do not

describe the others. In late July, once all winter annual
species had senesced and produced seed, we used garden
shears to loosen all seed-containing plant material from
each plot and collected it using a powerful gas-powered
leaf vacuum (Stihl BG86). Because the majority of spe-
cies in serpentine grassland have an annual life cycle, the
vacuumed plant material contained seed of individuals
that would germinate the following growing season.
Our two treatments were as follows: (1) replace the

vacuumed material back onto the source plot without
manipulation (control), and (2) homogenize the vacu-
umed material among the five sites, divide it into five
equal parts, and then place the homogenized material
back onto the source plots (removal of dispersal limita-
tion). In May 2014, the growing season following our
manipulations, we surveyed species richness in each plot.
Treatment 1 is our control treatment, where dispersal
limitation is not ameliorated and species richness should
reflect a natural unaltered state. Treatment 2 removes

(a) Map of study site

(b) Gravity (c) Animal (d) Wind

Species richness:
low high

m

FIG. 1. Map of (a) sampled (black) and unsampled (dark gray) habitat patches at our 18-ha study site within McLaughlin
Reserve, California, with (b)–(d) species richness of each dispersal mode group per habitat patch predicted by the fixed effects in
our reduced connectivity models (Appendix S1: Table S4). (a) In the map, thin black lines are animal paths and thick blue lines are
surface runoff, both traced from satellite imagery. The habitat matrix (white) is nonserpentine soils dominated by European grasses,
such as Avena barbata, and the site boundaries are either road or chaparral (light grey). (b) Points correspond to locations of sam-
pled serpentine patches. AGoogle Earth satellite image is shown in Appendix S1: Fig. S2.
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dispersal limitation among the five sites, so that any
increase in species richness compared to the control
treatment indicates the magnitude of dispersal limitation
in natural communities.

Observational survey of landscape connectivity

Plant surveys and all fieldwork were conducted in
early May 2017, at approximately peak flowering. We
haphazardly selected 28 serpentine habitat patches out
of all 42 patches in an 18-ha region of the reserve, rang-
ing from 31 to 4,533 m2 in size and 0.75 to 356 m away
from other patches (Fig. 1). At each patch, we surveyed
a transect of five 0.75 9 0.75–m2 plots: one plot in the
patch center, one plot halfway between each edge and
the patch centre, one plot 1 m into the nonserpentine
matrix, and one plot 5 m into the matrix (Appendix S1:
Fig. S1). In other words, the distances among plots
within patches were scaled by patch size, whereas the
two matrix plots were fixed distances from the patch
edge. We recorded the presence of all species in each plot
and made note of species that covered more than 25% of
a plot by area (usually 1–3 species). In total, 77 plant
species were present in our surveys, 72 of which could be
identified; the 5 unidentified species occurred once each,
had no distinguishing features to assess dispersal mode
with certainty (i.e., only a single basal leaf), and were dis-
carded from analyses that required information on dis-
persal mode. Sampling the same total area for all habitat
patches regardless of patch size is a standard sampling
method to prevent confounding patch size with sampling
intensity (Cook et al. 2002).
Species’ dispersal modes (dispersal via wind, gravity,

or attachment to animals) were categorized based on
previous research (Spasojevic et al. 2014) and updated
here based on seed/diaspore morphology and if more
detailed information on dispersal modes was available
(Appendix S1: Table S1). Wind-dispersed species were
identified by the presence of a pappus or seed wings,
whereas animal-dispersed species had mechanisms to
attach to passing animals (e.g., burrs, awns, or hairs).
Species categorized as gravity-dispersed had seeds that
lacked any apparent mechanism for dispersing by wind
or animals and tended to have smooth, spherical dias-
pores conducive to downslope dispersal via rain and
gravity. We include ant-dispersed species as gravity dis-
persed, given that ants disperse seeds at small spatial
scales and are unlikely to contribute strongly to regional
occupancy patterns (Thomson et al. 2011), as well as
species with reduced pappi that were biomechanically
unlikely to confer wind dispersal (e.g., Lasthenia califor-
nica).
Species were additionally categorized as patch- or

matrix-associated (Appendix S1: Table S1) to identify
and account for species that were unlikely to be con-
strained to serpentine habitat patches (Cook et al. 2002,
Jones et al. 2015). Matrix-associated species included
both matrix specialists and generalists that show no

affinity for habitat type. Species were considered matrix-
associated if they were equally or more common in
matrix plots than in the patch plots. Twelve species met
these criteria, including Avena fatua, Bromus hordeaceus,
and Lotus wrangelianus. Although one option was to use
an external metric of serpentine affinity (Safford et al.
2005), our serpentine patches frequently included species
that had low or no serpentine affinity, but were not pre-
sent in the nonserpentine matrix, likely due to invader
competition. Therefore, our occupancy-based associa-
tions, which categorized species as patch or matrix asso-
ciated, were most appropriate for our research questions,
as these depend on the focal community experiencing an
impermeable habitat matrix regardless of known serpen-
tine affinity.
We estimated habitat patch characteristics in the field

and using ArcGIS v10.1 (ESRI.com) on GoogleEarth
v7.3.2 images (Fig. 1; Appendix S1: Fig. S2). In ArcGIS,
we delineated all serpentine patches within our study
region, including the 28 surveyed patches and 14 unsur-
veyed patches; these delineations allowed us to calculate
patch size and patch connectivity. Patch connectivity
was estimated using distances between the edge of patch
i and the closest edges of all other j patches (including
unsampled patches), weighted by a negative exponential
dispersal kernel using Eq. 1 (Hanski 1994a, b, Jones
et al. 2015):

connectivityi ¼
Xn

j 6¼i

A � e�dij=a; (1)

where A is the area of patch j, d is the Euclidean distance
in meters between patch i and j, and a is the mean dis-
persal distance, set to 5 m for all species. We note that
our results are insensitive to alternative a values
(reported in Appendix S1). In other words, patch i is
most connected when it is in close proximity to many
large patches. Our connectivity measure falls into a gen-
eral class of measures called “incidence function mod-
els,” which have been shown to perform equally well or
better than alternative measures (i.e., nearest-neighbor
or buffer measures; Prugh 2009). The basis of these
models was first developed by Levins (1969) and later
adapted by Hanski (1994a, b) to test species’ extinction
and colonization as a function of patch size and isola-
tion by distance, respectively. These models have
achieved broad success at understanding the population
and metapopulation persistence of a diversity of organ-
isms in fragmented landscapes (e.g., butterflies (Wahl-
berg et al. 1996) and pikas (Moilanen et al. 1998)), with
applications to landscape management and conservation
planning (Wahlberg et al. 1996).
We estimated two alternative measures of connectivity

that we hypothesized could be more appropriate for
plant species that are dispersed by animals or gravity.
For species that are dispersed by animals, we traced ani-
mal trails that were observable via GoogleEarth (Fig. 1
and Appendix S1: Fig. S2) using ArcGIS and used the
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number of trails that intersected habitat patches to esti-
mate patch connectivity via animals. In topographically
challenging landscapes, such as our study area, deer tend
to move predictably to avoid steep uneven terrain (e.g.,
along ridges), resulting in consistent trampled “high-
ways” for a diversity of animals, including rabbits and
turkeys (Sindorf 2009). Counts of deer paths have been
shown to provide accurate estimates of relative deer
abundances (Mayle et al. 2001). Scat present in our
habitat patches and on animal paths was identified as
originating from deer, rabbits, and large carnivores (cou-
gars, bobcats, and coyotes are known to visit this site).
For plant species that are dispersed by gravity/water,

we estimated hydrological connectivity by tracing net-
works of surface streams, and for each habitat patch,
summed the area of all j habitat patches upslope from
and connected via surface streams to each patch i (see
schematic in Appendix S1: Fig. S3). Elevation of habitat
patches ranged 450–550 m above sea level, small enough
for elevational clines in climate to be unimportant.
Although in some systems, habitat patches at the base of
an elevational cline have increased resource inputs and
thus higher productivity, productivity was not correlated
with elevation (slope < 0.01, P = 0.465) or hydrological
connectivity (slope = �0.03, P = 0.458) in our data set.
We estimated productivity as a composite measure
[(1 � proportion of bare ground) 9 vegetation height]
to estimate the volume of plant material in each plot
nondestructively. We predicted that connectivity by dis-
tance would serve as the best proxy for wind dispersal,
as wind moves in all directions in topographically com-
plex landscapes (McNider and Pielke 1984).

Statistical analyses

As per Germain et al. (2017), data from our manipu-
lative experiment were analyzed using a generalized lin-
ear mixed effects model (“glme”). Dispersal treatment
was included as a fixed factor, “patch id” as a random
factor (because treatments were nested within patches),
and species richness as the Poisson-distributed response
variable (as is appropriate for count data).
For our observational data, to determine if species

composition in serpentine habitat patches was distinct
from the surrounding nonserpentine matrix, we used lin-
ear mixed effects models to test for differences in species
composition among plots in serpentine habitat patches
(patch plots), 1 m into the habitat matrix (edge plots),
and 5 m into the habitat matrix (matrix plots). To do so,
we first performed a principal-coordinates analysis using
Jaccard’s distances on the plot-level presence/absence
data. The first and second axis scores were used as
response variables in separate analyses with fixed effects
of habitat type (i.e., patch, edge, matrix) and patch id
included as a random effect to account for the noninde-
pendence of the five plots transecting each habitat patch.
The “glht” function in R package “multcomp” was used
to perform Tukey’s tests of compositional differences

among all pairwise treatment combinations (patch vs.
edge, patch vs. matrix, edge vs. matrix).
To examine the relationship between species richness

and patch connectivity, we first performed a glme with
species richness of each dispersal mode per patch as the
response variable, and dispersal mode, connectivity by
distance, connectivity by animals, connectivity by hydrol-
ogy, patch size as fixed effects. Patch id was included as a
random effect to account for the nonindependence of
replicate plots within a single patch. Only plots within ser-
pentine habitat patches were included in this analysis, as
the matrix plots were a distinct plant community. Our
inclusion of patch size as a fixed effect is consistent with
conventional incidence function models (Prugh 2009);
these are rooted in island biogeography theory, which pre-
dicts that diversity increases with patch size because of
decreased extinction and increased colonization rates in
large patches (MacArthur and Wilson 1967). Because
there were significant interactions between dispersal
mode and all connectivity measures (Appendix S1:
Table S2), we performed three separate glme analyses,
one for each dispersal mode, using the same model
described above but omitting the dispersal mode term.
Analysis of Poisson-distributed data with interacting

continuous predictors is prone to Type I errors, so we
took several steps to identify reduced models that best
fit the data. First, we performed backwards selection on
each full model using the “step” function in the “stats”
package. The function “step” sequentially drops higher-
order interactions until the reduced model that yields
the greatest model fit (lowest Akaike’ information crite-
ria [AIC] score) is attained. However, “step” can arrive
at a local minimum in AIC score that does not reflect
the global minimum, which was likely for our data given
the presence of significant but biologically implausible
four-way interactions. For this reason, we applied
“drop1” to the “step”-reduced model to identify vari-
ables that did not significantly improve model fit even if
their inclusion led to a marginal decrease in AIC scores.
We cycled between “drop1” and “step” until a model was
obtained for which all variables significantly improved
model fit and led to the lowest AIC scores out of all pos-
sible reduced models. We then used the function “anova”
in the R package “stats” to test whether the reduced
model was a significantly better fit to the data than the
full and intercept-only models (Appendix S1: Table S4).

RESULTS

Species richness and composition differed among ser-
pentine habitat patches and the nonserpentine matrix
(Fig. 2), confirming that the serpentine plant commu-
nity is distinct and constrained to the serpentine habitat-
patch network. Specifically, we saw dramatic differences
in both species richness (v2 = 29.72, P < 0.001) and
composition (axis 1: v2 = 327.91, P < 0.001, axis 2:
v2 = 53.56, P < 0.001) between habitat patch and matrix
plots, even though matrix plots were positioned only
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1 m into the matrix (gray points in Fig. 2). Because
matrix plots were far more productive but far less spe-
ciose than plots in habitat patches, we detected a hump-
shaped productivity–diversity relationship (Fig. 2a).
This is a common finding in communities characterized
by competitive dominance at high levels of productivity
(Mittelbach et al. 2001). Note that, compositionally,
there is some overlap among habitat patch and matrix
plots (Fig. 2b), which tended to be caused by matrix spe-
cies (e.g., Avena fatua) spilling into habitat patches and
not the reverse. This spillover effect increased with the
number of animal paths that intersected habitat patches
(Appendix S1: Fig. S4).
We found evidence of significant dispersal limitation

via an experimental manipulation of dispersal but not via
an observational approach. In the manipulative experi-
ment, enhancing dispersal among habitat patches at a
scale of 100 m led to an average increase of eight species
per plot compared to in unmanipulated plots (v2 = 7.79,
P = 0.005; Fig. 3). By contrast, the observational data,
which was analyzed via standard incidence function mod-
els (Eq. 1), showed that species richness was not signifi-
cantly associated with connectivity by distance
(P = 0.943), even after accounting for variance due to
patch size or patch productivity (Appendix S1: Table S3).
Consistent with our hypothesis, we not only found

that other forms of connectivity (i.e., hydrology, ani-
mals) significantly explained species richness patterns,
but that there was a general alignment between dispersal
vectors and species’ putative dispersal modes. For grav-
ity-dispersed species, hydrology was the only form of
connectivity retained as a predictor after model selection
for this group. However, the effect of hydrological con-
nectivity was not simply a main effect, but rather, an
interactive effect with patch size (i.e., significant hydro-
logical connectivity 9 patch size effect [v2 = 6.37,

P = 0.012], Fig. 4a). The model that best fit the richness
data of animal-dispersed species was one that, as pre-
dicted, included connectivity by animals. However, as
with gravity-dispersed species, the best-fit model also
included an interaction, in this case between connectivity
by animals and connectivity by distance (v2 = 7.06,
P = 0.007, Fig. 4b). Although we predicted that connec-
tivity by distance would be most relevant to wind-dis-
persed species, species richness of this group was best
predicted by an intercept-only model (Appendix S1:
Table S4).
By projecting the species richness of each dispersal

mode predicted by our models onto a map (Fig. 1b–d),
we find that these groups differ in how they experience
connectivity of the same landscape. Our models did not
identify any landscape variable that might be relevant
for connectivity of wind-dispersed species; therefore, our
models do not predict spatial variation in habitat con-
nectivity for species of this dispersal mode (Fig. 1d). We
report the AIC values used for model comparison in
each analysis in Appendix S1: Table S4.

DISCUSSION

Despite the emphasis that contemporary ecology
places on dispersal as central to the dynamics and distri-
bution of species in ecological communities (Hanski
1994b, Leibold et al. 2004), current empirical assess-
ments of its role do not encompass the diversity of ways
in which organisms experience landscape connectivity.
In a patchy terrestrial plant community, we found no
evidence of dispersal limitation using a distance-based
estimate of patch connectivity, even after excluding spe-
cies associated with the habitat matrix (i.e., a nonsignifi-
cant effect of connectivity by distance; Appendix S1:
Table S3) and despite experimental evidence of its
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pervasiveness (Fig. 3, with data from a previous study
(Germain et al. 2017)). However, when species richness
was separated by dispersal mode (gravity, wind, animal),
the spatial distribution of species richness generally cor-
responded to spatial patterns of dispersal vectors that
connected habitat patches. We discuss these general find-
ings, as well as several unexpected results that provide a
richer understanding of interacting dispersal vectors in
serpentine grasslands and their altered efficacy in
invaded landscapes.
Consistent with our prediction, the richness of grav-

ity-dispersed species was highest in patches highly con-
nected by hydrology, but unexpectedly, this was only
true when habitat patches were small (i.e., Fig. 4a, steep
slopes connecting points 1 to 2, but shallow slopes con-
necting points 3 to 4). Although we did not predict this
interaction a priori, it suggests that large, hydrologically
connected patches are locally saturated (i.e., response
surface decelerates from points 1 to 3; note log-scale of
axes) and that these two predictors act as compensatory
pathways toward reaching saturation. Our findings are
consistent with recent experimental work showing that
dispersal only increases species richness in small habitat
patches (Schuler et al. 2017) given that populations in

small patches are more prone to stochastic extinctions
(Gilbert and Levine 2017) which can be overcome via
dispersal.
More animal-dispersed species were found in serpen-

tine patches intersected by many animal paths, but only
when patches were in close proximity to one another
(slope connecting points 3 to 4 in Fig. 4b)—when
patches were isolated, animals had a strongly negative
effect on species richness (slope connecting points 1 and
2). What is driving the negative effect of animals on the
richness of animal-dispersed species in isolated patches?
The answer is not likely herbivory, given that the animal-
dispersed species in our data set are generally tolerant of
or well-defended against herbivory (e.g., grasses, star
thistle; Appendix S1: Table S1) and given that connectiv-
ity by animals did not predict the richness of wind-dis-
persed species, a highly palatable group (e.g., wild
lettuce, dandelion [Appendix S1: Table S1]).
Rather, we hypothesize that this effect is caused by dis-

tances among patches exceeding the distances for which
seeds remain attached to animals. Seeds removed by ani-
mals in isolated habitat patches have a low probability of
(1) being deposited in other habitat patches, compared to
the inhospitable matrix, and of (2) being rescued from
extinction via dispersal from other patches. In other
words, seeds are removed but not replaced. Additionally,
many of the most noxious invaders in serpentine grass-
lands are animal dispersed (e.g., common wild oat [Avena
fatua], barbed goatgrass [Aegilops triuncialis]), adding the
potential for invader impacts via animal-mediated disper-
sal from the nonserpentine matrix, even if those invaders
exist only as sink populations (Schreiber and Kelton
2005). This explanation would account for serpentine
habitat patches shifting to a matrix-like composition
when intersected by many animal paths (Appendix S1:
Fig. S4). The negative effect of dispersal via animals is
likely a contemporary phenomenon given that, prior to
invasion by European grasses, a greater proportion of the
landscape was suitable to species that are now restricted
to serpentine patches (Gram et al. 2004, Gilbert and
Levine 2013). Further support for this hypothesis comes
from our finding that species richness increases with con-
nectivity by distance only in patches that are highly con-
nected by animals (slope connecting points 2 and 3). This
result reinforces the role of animals as dispersal vectors
that connect patches that would otherwise be uncon-
nected, even if they are in close proximity.
Although we predicted that the richness of wind-dis-

persed species would increase with connectivity by dis-
tance, given that wind moves in all directions in
topographically complex landscapes (McNider and
Pielke 1984), such as our study site, we instead found
that an intercept-only model best fit the data. This find-
ing has three possible explanations, the first being that
wind-dispersed species are simply not dispersal limited
at the spatial scale of our surveys, and the second being
that we have not adequately captured spatial variation in
the movement of seeds by wind. Although we cannot

FIG. 3. Experimental evidence of dispersal limitation via
pooling seeds within (local) or among (regional) habitat patches
to enhance dispersal; points are means � standard errors. The
data presented here are subsetted from a larger data set (Ger-
main et al. 2017) to include only sites within the same region as
our current survey, and only plots from two treatments: (1)
unmanipulated control plots (local dispersal) and (2) treatments
that mixed species pools among sites within the regional extent
of our survey (100-m spatial scale, regional dispersal).
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weigh these two alternate explanations against each
other, what we can say is that there is a high degree of
variation in species richness and composition among
patches for this dispersal group, including some patches
that lack species from this group altogether. High spatial
turnover (b diversity) without evidence of dispersal limi-
tation implicates the role of local processes, such as abi-
otic conditions, herbivory, competition, or stochasticity
(Cottenie 2005, Germain et al. 2013). However, a more
detailed examination of dispersal kernels and wind pat-
terns for this group are needed.
A third explanation is that trait differences among

wind-dispersed species, for example, short vs. tall spe-
cies (Thomson et al. 2011), caused additional variation
in how species experience landscape connectivity. For
example, large-seeded wind-dispersed plant species dis-
perse farther on average (Thomson et al. 2011); thus
seed size differences may contribute to regional occu-
pancy patterns for this group. Testing this possibility
would require separate analyses of species occupancy
patterns for multiple species; our data are not amen-
able to such an analysis because only two wind-dis-
persed species occupied enough patches to reasonably
fit an incidence function model (MacKenzie et al.
2005). We note, however, that our largest-seeded wind-
dispersed species (Microseris douglasii) was also the
most common, observed in 22 of the 28 sampled
patches (Appendix S1: Fig. S6). This hypothesis
requires future testing, as seed size is a complex trait

related to aspects of life histories other than dispersal
(Moles et al. 2005).
Our approach is commonly employed to quantify how

connected individual habitat patches are within a total
habitat patch network (Hanski and Ovaskainen 2003),
but it cannot be used to disentangle the relative impor-
tance of specific patches in maintaining total landscape
connectivity. Determining the importance of individual
patches in maintaining total network connectivity is
invaluable to landscape management, for example, for
deciding which patches to preserve if some must be lost
(Estrada and Bodin 2008). To do so, alternative network
metrics are applied that conceptualize habitat patches as
“nodes” with links between them to represent potential
dispersal pathways (i.e., “betweenness centrality”; Bodin
and Saura 2010]). Although our current data set is not
equipped to address this important knowledge gap, which
would require information on habitat permeability, direc-
tionality of animal movement, and seed attachment times,
it does suggest that the importance of any given habitat
patch for total network connectivity varies among plant
groups with different dispersal life histories.
Habitat fragmentation is the primary driver of biodi-

versity loss worldwide (Crooks et al. 2011) through
reductions in habitat connectivity (Lindborg and Eriks-
son 2004). In serpentine plant communities and many
other ecosystems, fragmentation has occurred via the
widespread invasion of nonnative species, with native
species now relegated to small isolated “refuge” habitat
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patches. Though species in refuge patches may be safe
from direct competition with invaders, diversity is still
challenged with the indirect effects of reduced coloniza-
tion (Gilbert and Levine 2013). The extreme harshness
of the competitive effect in the nonserpentine matrix is
clear if we consider that (1) plots in the nonserpentine
matrix were 7.1 times more productive than serpentine
plots yet contained 2.2 fewer species on average
(Fig. 2a), and that (2) there was no difference in species
composition among plots 1 m vs. 5 m into the matrix
(gray vs. white points in Fig. 2b), even though 1 m is
within the dispersal capacities of most species. In order
to prevent the nonrandom loss of some species over
others (e.g., plants dispersed by animals), landscape
management plans may need to consider alternate forms
of habitat connectivity. Californian landscapes were
invaded ~200 yr ago, meaning that current communities
may already reflect a compositional reorganization that
favors some dispersal modes over others, a hypothesis
that can be tested experimentally.

CONCLUSION

Characterizing habitat connectivity is fundamental to
understanding how dispersal contributes to biodiversity
patterns (Leibold et al. 2004), as well as to landscape
planning for conservation (Crooks and Sanjayan 2006,
Estrada and Bodin 2008). In a serpentine grassland, we
uncovered cryptic dispersal networks by linking species’
dispersal life histories to dispersal vector movement. Our
results suggest that ecologists should more often consider
whether the absence of significant distance effects truly
represents an absence of dispersal limitation vs. an inabil-
ity to capture landscape variables that are most limiting
to dispersal. Additionally, our finding that animal disper-
sal reduced diversity in isolated habitat patches points
toward the altered functioning of ecological networks in
invaded landscapes. Our results have broad implications
for understanding how ecological communities might
reorganize as landscapes are fragmented, patches are lost,
and the function of dispersal life histories is altered.
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