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Fire-prone invasive grasses create novel ecosystem threats by in-
creasing fine-fuel loads and continuity, which can alter fire re-
gimes. While the existence of an invasive grass-fire cycle is well
known, evidence of altered fire regimes is typically based on local-
scale studies or expert knowledge. Here, we quantify the effects
of 12 nonnative, invasive grasses on fire occurrence, size, and
frequency across 29 US ecoregions encompassing more than one
third of the conterminous United States. These 12 grass species
promote fire locally and have extensive spatial records of abun-
dant infestations. We combined agency and satellite fire data with
records of abundant grass invasion to test for differences in fire
regimes between invaded and nearby “uninvaded” habitat. Addi-
tionally, we assessed whether invasive grass presence is a signif-
icant predictor of altered fire by modeling fire occurrence, size,
and frequency as a function of grass invasion, in addition to anthro-
pogenic and ecological covariates relevant to fire. Eight species
showed significantly higher fire-occurrence rates, which more than
tripled for Schismus barbatus and Pennisetum ciliare. Six species
demonstrated significantly higher mean fire frequency, which more
than doubled for Neyraudia reynaudiana and Pennisetum ciliare.
Grass invasion was significant in fire occurrence and frequency
models, but not in fire-size models. The significant differences in
fire regimes, coupled with the importance of grass invasion in mod-
eling these differences, suggest that invasive grasses alter US fire
regimes at regional scales. As concern about US wildfires grows,
accounting for fire-promoting invasive grasses will be imperative
for effectively managing ecosystems.
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Nonnative invasive grasses can promote fire, creating new fire
regimes that are unsuitable for native species and lead to

lower diversity and localized extinctions (1, 2). The altered fire
regimes also create favorable conditions for the invasive grasses,
which recover and spread quickly postfire, resulting in a “grass-
fire cycle” (1). Despite the ubiquity of invasive grasses identified
as fire-prone (e.g., ref. 3), alteration of fire regimes at a regional
scale has been quantified for only a single species, cheatgrass
(Bromus tectorum; refs. 4–6). Given increasing western US fire
frequency (7–9) and the continued spread of nonnative grasses, it
is critical to identify the broad-scale effects of the grass-fire cycle.
Grass invasion adds abundant and novel fuels to ecosystems,

altering fuel properties in ways that promote fire (1, 2). For
example, invasive grasses can increase rates of fire occurrence by
providing continuous fine fuels which cure quickly relative to
other vegetation types (1, 2, 10), increasing the range of condi-
tions favorable for fire ignition (1). The presence of invasive
grasses can increase fire size by creating horizontal and vertical
fuel continuity, resulting in faster fire spread and the potential
for crown fires (1, 2). Larger fuel loads from grass invasion can
also lead to higher fire intensity (2), and hotter fires have been
documented in areas occupied by grass species currently in-
vading the United States (e.g., refs. 11–13). Finally, invasive
grasses can increase fire frequency because they recover quickly

postfire, providing renewed fuel sources and potentially resulting
in shortened fire-return intervals (e.g., refs. 2, 11, 14, and 15).
The mechanisms by which invasive grasses promote fire are likely
applicable across large spatial scales and in a range of ecosys-
tems; however, regional alteration of fire regimes has not been
assessed for the majority of species.
In the United States, nonnative invasive grasses suspected of

promoting fire are established in ecosystems across the country,
including pine savannah in the southeast (11, 12), temperate
deciduous forest in the mid-Atlantic and southeast (16), wetlands
in the Great Lakes region (17), deserts in the southwest (18), and
semiarid shrublands in the Great Basin (refs. 4–6 and Fig. 1).
Invasive grass alteration of fire regimes is likely to negatively affect
native species regardless of region, from ecosystems where fire is
infrequent (e.g., sagebrush systems in the intermountain west; ref.
14) to those that were historically fire-dependent (e.g., pine sa-
vannah in Florida; ref. 11) by increasing fire frequency to histor-
ically unprecedented rates at which native vegetation is unable to
recover (19). One exception may be the US central Great Plains
regions where fire-adapted native grasses are dominant (20). In
addition, increased fire intensity associated with grass invasion has
been demonstrated to adversely affect native plants which evolved
with lower-intensity fires (13).
Nonnative, invasive grasses are introduced and dispersed by

people (21, 22). However, despite the prevalence of invasive grasses
and the pronounced economic and ecological consequences of
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increased wildfires (23, 24), the regional impacts of these grasses
on fire regimes remain unknown. Here, we calculate differences
in fire occurrence, fire size, and fire frequency on invaded vs.
uninvaded landscapes for 12 invasive grass species to quantify
the magnitude and geography of altered fire regimes. We further
model these fire-regime parameters (i.e., occurrence, size, fre-
quency) as a function of anthropogenic and ecological variables
to explore the association between nonnative grass invasion and
observed fire regimes. This national-scale analysis spans multiple
ecoregions and provides a comprehensive analysis of the effect of
invasive grasses on US fire regimes.

Results
Based on our literature review, we identified 18 fire-promoting
invasive grass species in the conterminous United States (SI
Appendix, Table S1). Of these, 12 species were determined to
have sufficient spatial abundance data for analysis (Table 1 and
SI Appendix, Table S1). These 12 grass species were located in 29
EPA level III ecoregions (Fig. 1), and numbers of invaded pixels
(pixel = 500 m square used for analysis) ranged from 35 for
Arundo donax to 9,388 for B. tectorum (median = 344; SI Ap-
pendix, Table S2). All 12 species are in the family Poaceae and
are graminoids (grass-like) with the exception of A. donax and
Phragmites australis, which are shrub/subshrub in addition to
graminoid (25). Half of the species are annuals, and half are
perennials. They range in size from less than 1 m in height for
Schismus spp. and Bromus spp. to 8 m for A. donax (Table 1 and
refs. 3 and 26).

Eight of the 12 grass species had a significantly higher proportion
of fire occurrence on invaded pixels compared to uninvaded pixels,
with significant increases ranging from 27 to 230% (Fig. 2A). Of
these 8 species, Schismus barbatus showed the highest rate of in-
crease, with 5% of uninvaded pixels burning during the 2000–2015
time period vs. 16.5% of invaded pixels. There was no significant
difference for 3 species, and for P. australis, fire occurrence was
significantly lower in invaded pixels (Fig. 2A). For fire size, I.
cylindrica and Miscanthus sinensis were associated with significantly
larger fires, while B. tectorum, Pennisetum ciliare, and Taeniatherum
caput-medusae were associated with significantly smaller fires (Fig.
2B). Fire frequency was significantly higher in invaded pixels for all
6 species with sufficient data to be tested (Fig. 2C). For Neyraudia
reynaudiana, average fire frequency more than doubled in invaded
pixels (0.38 vs. 0.87 fires/16 y/pixel; P < 0.001).
For grasses with significant differences in fire-regime param-

eters, we created generalized linear models (GLMs) to predict
fire occurrence, size, and frequency as a function of environmental
variables, anthropogenic variables, and grass invasion. The model
results generally supported that grass invasion increased aspects of
fire regimes (Table 2). Of the 9 fire-occurrence GLMs, presence
of invasive grass was a significant predictor in all models except
P. australis. The deviance explained for these models ranged from
2.3% for Microstegium vimineum to 13.8% for N. reynaudiana.
Similarly, grass presence remained a significant predictor in all 6
of the fire-frequency models tested (Table 2). The total deviance
explained in these models ranged from 3.9% in M. vimineum to
14.8% for T. caput-medusae. The deviance explained by the in-
vasive grass ranged from 0.08% (ΔAIC [Akaike information cri-
terion] 1.3) for I. cylindrica fire frequency to 5.9% (ΔAIC 44.9) for
N. reynaudiana fire occurrence (Table 2). Where it was included in
the best model, invasive grass ranked as the first or second most
important variable in 9 of 14 models based on percent deviance
explained (SI Appendix, Table S3). Invasive grass was not a sig-
nificant predictor in any fire-size models.

Discussion
People undoubtedly influence fire regimes (24, 41): increasing
fire occurrence by providing ignition sources (e.g., refs. 9 and 42–
44), changing climate (e.g., refs. 7 and 45), and altering fuels
through the introduction of nonnative, invasive species (1, 2, 5).
While there has been a focus on national- and regional-scale
impacts of climate and human ignition on fire, little exists to
quantify regional impacts of invasive grasses on fire regimes
across the United States. Our results are consistent with previous
work showing regional increases in fire occurrence associated with
B. tectorum (5, 6). We provide evidence for significant alteration
to regional fire regimes for 7 additional nonnative, invasive grass
species across ecoregions: T. caput-medusae in the Great Basin, P.
ciliare and S. barbatus in the desert southwest, M. vimineum and
M. sinensis in eastern temperate deciduous forests, and I. cylin-
drica and N. reynaudiana in southern pine savannah and pine
rockland communities (Fig. 1).
Although climate change has received considerable attention

as a factor in altered fire regimes, invasive grasses are similarly
important. Individually, climate change is expected to increase
the potential for fire occurrence by 150% by the end of the
century based on projected changes in temperature and pre-
cipitation (46). Here we show that 8 invasive grass species are
already associated with increased rates of fire occurrence by 27
to 230% (Fig. 2A), and 6 invasive grass species are associated
with increased mean fire frequency by 24 to 150% (Fig. 2C and
SI Appendix, Fig. S1), compounding current and future fire risk
across the United States. Further, understanding climate change
and invasive grass interactions is necessary for predicting future
fires. For example, increased variability in precipitation allows
grasses to accumulate biomass during wet years, which cures during
subsequent dry periods, increasing fire risk (5, 47). Climate change

Fig. 1. The grass species analyzed span US ecoregions. (A) Twenty-nine EPA
level III ecoregions were included in the analysis. Ecoregion names are listed in
SI Appendix, Table S2. (B) Study areas for the target invasive grass species
were based on convex hull polygons of invaded pixels located in fire-prone
ecoregion(s), and regions with demonstrated fire impacts are highlighted in
yellow. Both maps are displayed in US Albers equal-area conic projection.
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is also likely to promote the growth and spread of invasive
grasses (48, 49), further enhancing the grass-fire cycle.
Grass invasion was an important predictor of increased fire

occurrence and frequency for 8 and 6 invasive grass species,
respectively, suggesting the grasses increase fuel ignitability (ref.
2, Table 2, and SI Appendix, Table S3). Higher ignitability could
be due to increased fuel loads and horizontal fuel continuity,
which change fuel properties and increase the likelihood of ig-
nition (ref. 2 and Table 1). Another mechanism could be the
tendency of fine fuels from grasses to cure quickly, making them
ignitable under a wide range of climatic conditions (1, 2). Only
P. australis, a wetland species, had significantly lower rates of
fire occurrence (Fig. 2A). However, P. australis invasion was no
longer significant when additional covariates were included in
the model, suggesting that other ecological and anthropogenic
variables better explain this pattern (Table 2).
Invasive grass presence, anthropogenic predictors, and ecolog-

ical variables were significant in the majority of fire-occurrence
and frequency models (Table 2). The significance of grass invasion
with anthropogenic covariates highlights the importance of human
activity alongside the ecology of natural systems in understanding
modern fire regimes. In the United States, human ignitions ac-
count for 84% of wildfires (9). Invasive grasses are also strongly
associated with human activity (21) and are introduced by people.
Our analysis underscores the importance of both human activity
and invasive grasses on the grass-fire cycle and suggests that these
fire-regime drivers are likely inextricable. Further, these interac-
tions are present across nearly 25% of US ecoregions (Fig. 1). The
human grass-fire link is concerning because it indicates that in-
creased fire probability and frequency are occurring where people
live, posing threats to human lives and livelihoods.
Invasive grass association with human activity may also explain

why we found little evidence for regional impacts on fire size

(Fig. 2B). For the few species that demonstrated a significant
difference in fire size, our models suggest these differences are a
result of ecological and anthropogenic variables rather than grass
invasion. For example, the significance of development in pre-
dicting fire size for I. cylindrica and B. tectorum (Table 2) could
be due to heightened fire suppression in invaded areas near
development. Suppression could decrease observed fire spread
and size in invaded areas, adding small-fire records and poten-
tially obscuring changes in fire size. While grass invasion may
promote fire spread and size at the event level (e.g., ref. 15), it
remains challenging to identify a regional link between fire size
and grass invasion.
Another challenge associated with interpreting this type of

pyrogeographic analysis is the relatively low deviance explained
by the “invaded” covariate (0.08 to 5.9%) and by each of the top-
ranked models (4 to 15%, Table 2). These numbers are not sur-
prising given that the data were synthesized from multiple sources,
collection methods, and times. Consistent and repeated collection
of invasive species abundance information is rare but critical for
understanding impacts (50) and could improve our models. There-
fore, given the nature of these data, our results likely provide a
conservative estimate of invasive grass impacts on fire.
Wildfires are costly both ecologically and economically (23,

24), and climate change and human ignition sources have con-
tributed to a regional-scale increase in the United States for both
wildfire occurrence and the number of large wildfires (7, 9, 44,
51). Here we show that fuel alteration from the introduction of
nonnative, invasive grasses contributes to increased fire occur-
rence and frequency at regional scales. In the regions highlighted
by this analysis, we suggest that fire and invasive species man-
agers work together to create integrated management plans that
account for invasive grass-fire interactions. Invasive species’
abundance and distribution will continue to increase (48, 52),

Table 1. Twelve invasive grass species chosen for analysis and their reported impacts on fire regimes

Scientific Name Common Name Duration
Height
(meters) Fire-Regime Impact

Selected
Literature

Arundo donax giant reed perennial 2–8 high flammability, high intensity, increased fuel
load, and continuity

(15, 27, 28)

Bromus rubens red brome annual 0.1–0.7 increased fire frequency, fuel load, occurrence,
and spread, persistent flammability, low
intensity

(18, 28–30)

Bromus tectorum cheat grass/downy
brome

annual 0.1–0.8 increased fire frequency, horizontal continuity,
spread, contributor to large fires in the Great
Basin

(5, 6, 14, 31)

Imperata cylindrica cogon grass perennial 1 increased fuel loads, horizontal continuity, vertical
continuity, fine fuels, and intensity

(11, 12, 32)

Microstegium vimineum Japanese stiltgrass annual 1–1.5 potential to increase fine-fuel load, increased
flame height, easily ignitable, particularly a
hazard after senescence and in dry climates

(16, 33)

Miscanthus sinensis Chinese silvergrass perennial 1–3 increased fuel load, high flammability, particularly
a hazard after senescence and in dry climates

(34, 35)

Neyraudia reynaudiana silk reed, burma
reed

perennial 1–5 increased fuel load, fine fuel, vertical continuity,
spread, severity, and frequency

(12, 36)

Pennisetum ciliare buffelgrass perennial 0.1–1.5 increased fine-fuel load, flame length, spread,
intensity, and frequency, creates consistent fire
hazard

(13, 37)

Phragmites australis common reed perennial up to 6 highly flammable, increased fire spread and fuel
loads

(17, 38)

Schismus arabicus Arabian schismus annual 0.4 increased fine fuel and continuity (18, 26, 28)
Schismus barbatus common Mediterranean

grass
annual 0.4 increased fine fuel and continuity (18, 26, 28)

Taeniatherum
caput-medusae

medusahead Annual 0.2–0.5 increased fire frequency, and horizontal
continuity, highly flammable, high volumes of
long-lasting dry litter

(39, 40)
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and unabated, climate, human, and invasive species interactions
will continue to promote wildfires across the United States.

Materials and Methods
Invasive Grass Data.We used the Invasive Plant Atlas of the United States (53)
to identify invasive grass species in the United States. For each species (n =
176; SI Appendix, Table S1), we conducted a literature search on Web of
Science (search terms: TS = [“Scientific name” OR “common name”] AND
TS = [fire] AND TS = [increase OR promote OR cycle]). We also reviewed
species summaries on the Fire Effects Information System (3) to determine if
the species is reported to promote fire (Table 1). For species associated with
altered fire regimes (n = 18; SI Appendix, Table S1), we downloaded spatial
occurrence data compiled from 33 local, state, and national databases
(54, 55).

Importantly, the presence of nonnative grasses at low-abundance seems
unlikely to influence fire (6), but invasive plant occurrence data tend to be
skewed toward low-abundance records because they are collected for early
detection and rapid response (56). Therefore, we focused on occurrence data
that included abundance estimates (percent cover, stem count, or density).
We excluded points with very low abundance reported as either <1% (per-
cent cover), a single plant (stem count), or as trace/rare (density). However,
data with very low abundance as well as data lacking abundance information
(presence only) were retained to inform the selection of pseudoabsence pixels
(see below). For each species, we aggregated points to a 500 × 500-m-square
spatial resolution (hereafter, pixel). We identified pixels as “invaded” for
those with any reported abundant infestation, and “present” for pixels con-
taining only points with very low or unknown abundance.

For each selected species, we determined a study region by identifying
areas where each species was reported to have invaded and by assessing

ecoregions where the literature reported a fire effect. Most invaded pixels
were within geographic regions with reported grass-fire impacts, with the
exception of A. donax, which had the majority of invaded pixels in Texas but
was linked to altered fire regimes in California. We used a convex hull
polygon to identify invaded landscapes for each grass species based on the
invaded pixels that fell within US Environmental Protection Agency (EPA)
level III ecoregions (57) that encompassed the geographic regions identified
in the literature (Fig. 1). We created a set of random “pseudoabsence” pixels
to represent the nearby uninvaded landscape for each invasive grass species
(58). Pseudoabsence pixels, hereafter referred to as uninvaded pixels, were
randomly located within the invaded landscape, but were not within 500 m
of a presence or invaded-pixel centroid. However, they were constrained
within 5 km from an invaded-pixel centroid to increase the likelihood that
they represent generally similar habitats and land use conditions as invaded
pixels (e.g., elevation, climate; ref. 59).

Fire Data. We used US fire records from 2000 to 2015 from the Fire Program
Analysis fire-occurrence database (FPA fod; ref. 60) and Monitoring Trends in
Burn Severity (MTBS; ref. 61) from 2000 to 2015, based on years with the
most consistent fire-data availability (62), to assess relationships between
nonnative invasive grasses and regional fire regimes. The FPA fod is a spatial
database of federal, state, and local wildfires and excludes agricultural fires
and prescribed burns (60). The FPA fod records are point data and contain
attributes such as fire year, final fire size, and, in some cases, an identifier
that links the record to the MTBS database. The MTBS database is a com-
pilation of US fires that reached a final fire size of at least 404 ha in the
western United States or 202 ha in the eastern United States and includes a
final perimeter polygon of the fire event. For each point in the FPA fod
database that could be linked to a fire in the MTBS database, the fire pe-
rimeter from the MTBS database was retained (1.18% of fire records, 88% of

Fig. 2. Invasive grasses are significantly related to changes in fire regimes. Of the 12 species tested, 8 showed significant increases in fire occurrence (A), 2
showed a significant increase in mean fire size (B), and 6 showed significant increases in fire frequency (C). Six species were not tested for changes in fire
frequency because their pixels rarely burned more than once. Each bar plot shows mean and SE. Significance: ***P < 0.001, **P < 0.01, *P < 0.05, ^P < 0.1.
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total burned area). For the remainder of fire events in the FPA fod database,
we estimated fire perimeters as a circular buffer based on final fire size. The
MTBS records provide the precise spatial pattern of the burned area extents,
while the circular buffers are an approximation. The resulting yearly fire files
were converted into 500-m spatial grid (Albers equal-area conic projection
to cover the extents of the contiguous United States), and a pixel was con-
sidered burned if it overlapped any part of the fire perimeter. Yearly fire
rasters were combined over the study period to create 3 fire datasets for the
16-y study period: fire occurrence (whether or not a pixel burned), fire size
(maximum fire size associated with each pixel), and fire frequency (how
many times a pixel burned; ref. 63).

Modeling. The modeling analysis consisted of 2 parts: First, we determined
whether fire-regime parameters were significantly different on invaded vs.
uninvaded pixels. Second, we modeled only those grasses that demonstrated
significant differences as a function of grass invasion and additional eco-
logical and anthropogenic covariates. This 2-step framework allowed us to
narrow our scope for the second part of analysis.

To determine whether invasive grass significantly alters fire regimes, we
estimated differences in fire occurrence, size, and frequency on invaded vs.
uninvaded pixels. To ensure that fire occurrence did not drive results for size
and frequency, fire size was only compared for pixels that burned, and
frequencywas only comparedwhen at least 10% of pixels (and>20 individual
pixels) burned more than once (see SI Appendix, Fig. S1 for fire-frequency
histograms). We checked for significant differences in fire occurrence of
invaded and uninvaded pixels using Pearson’s χ2 tests, fire size using Welch’s
t tests, and fire frequencies using Mann–Whitney U tests. All statistical
analyses were performed in R version 3.3.2 (64).

For grasses that showed a significant difference in fire occurrence, size, or
frequency, we extracted additional ecological and anthropogenic covariates
to test whether grass presence remained a significant predictor of the altered
fire regime. Cases where invasive grasses remained significant predictors of

observed alteration in fire regime, while considering ecological and an-
thropogenic factors, provide further evidence that the observed alteration in
fire regime is influenced by the presence of the invasive grass. Ecological
covariates included the ecoregion and the most common potential vegeta-
tion associated with the pixel centroid, while anthropogenic covariates in-
cluded Euclidean distance to road and percent development per pixel (SI
Appendix, Table S4). We created a GLM for each grass species using the
ecological, anthropogenic, and grass invasion (invaded vs. uninvaded) vari-
ables as predictors of fire occurrence, size, or frequency using binomial,
gamma, and Poisson distributions, respectively. We checked for correlation
using the correlation variation inflation factor using the corvif function (65)
and did not use any combination of variables with a variation inflation
factor > 6. We used backward selection and selected the best model for each
grass and fire characteristic (occurrence, size, frequency) using the AIC. As a
measure of variable importance, for each model that included invasive grass,
we calculated the delta AIC (66) if the “invaded” covariate was dropped. We
also calculated the deviance explained for each best model and subtracted
the deviance explained from each model without the “invaded” covariate to
determine the percent deviance explained by the invasive grass. To more
directly compare the importance of invasive grass with other covariates, we
completed these calculations for all predictor variables. We checked the
models for spatial autocorrelation using a semivariogram. Cases where in-
vaded pixels were significantly different from uninvaded pixels as well as
significant predictors of fire in the GLM were interpreted as strong evidence
that the invasive grass influenced the regional fire regime. Data are avail-
able at UMass Scholarworks (67).
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Table 2. Generalized linear models show significant relationships between invaded areas and fire occurrence and frequency

Grass Fire-Occurrence Model Fire-Size Model Fire-Frequency Model

B. tectorum Invaded***, Road***, BPS***,
Ecorg***, Dev***

BPŜ , Ecorg*** Invaded***, Road̂ , BPS***,
Ecorg***, Dev***

Dev. Explain, % 7.1 (0.58) 12 9.3 (0.59)
ΔAIC 20 81

I. cylindrica Invaded**, Road***, BPS**, Ecorg*** BPS***, Ecorg***, Dev*** Invaded^, Road***, BPS**, Ecorg***
Dev. Explain, % 5.9 (0.20) 21.3 7 (0.08)
ΔAIC 8.1 1.3

M. sinensis Invaded*, Road** Ecorg*** n/a
Dev. Explain, % 10 (3.0) 39.2 n/a
ΔAIC 2.3

M. vimineum Invaded*, Road**, Ecorg*** n/a Invaded*, Road***, Ecorg***
Dev. Explain, % 2.3 (0.19) n/a 3.9 (0.27)
ΔAIC 2.5 3.6

N. reynaudiana Invaded***, Dev*** n/a Invaded***, BPS***
Dev. Explain, % 13.8 (5.93) n/a 11.3 (5.91)
ΔAIC 44.9 40.8

P. ciliare Invaded***, Road***, BPS*, Ecorg**,
Dev**

Dev* Invaded***, Road***, Ecorg***,
Dev*

Dev. Explain, % 7.4 (2.56)† 10.0 10.8 (2.18)‡,†

ΔAIC 60.9 30.0
P. australis Road**, BPS***, Ecorg***, Dev̂ n/a n/a

Dev. Explain, % 9.8 n/a n/a
ΔAIC

S. barbatus Invaded*, Road**, BPS* n/a n/a
Dev. Explain, % 11 (2.03) n/a n/a
ΔAIC 4.6

T. caput-medusae Invaded***, Ecorg***, Dev Ecorg***, Dev** Invaded***, Ecorg***, Dev̂
Dev. Explain, % 10.1 (2.66) 15.8 14.8 (3.44)
ΔAIC 20.3 20.6

Percent deviance explained refers to the top-ranked model, with the percent explained by grass invasion in parentheses. ΔAIC is reported for the model if
“Invaded” is dropped. Road, distance to road; BPS, biophysical setting; Ecorg, EPA level III ecoregion; Dev, percent development; Invaded, grass-invaded pixel;
Dev. Explain, %, percent deviance explained. ^ P < 0.1 *P < 0.05 **P < 0.01 ***P < 0.001.
†Spatial autocorrelation was present in the full model.
‡A negative binomial model was used because of overdispersion in the Poisson model.
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