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Abstract. Human-caused changes in land use and land cover have dramatically altered
ecosystems worldwide and may facilitate the spread of infectious diseases. To address this
issue, we examined the in"uence of land-cover changes between 1942 and 2000 on the
establishment of an invasive pathogerRPhytophthora ramorum, which causes the forest disease
known as Sudden Oak Death. We assessed effects of land-cover change, forest structure, and
understory microclimate on measures of inoculum load and disease prevalence in 102<1%5
m plots within a 275-km? region in northern California. Within a 150 m radius area around
each plot, we mapped types of land cover (oak woodland, chaparral, grassland, vineyard, and
development) in 1942 and 2000 using detailed aerial photos. During this 58-year period, oak
woodlands signi“cantly increased in area by 2%, while grassland and chaparral decreased by
34% and 51%, respectively. Analysis of covariance revealed that vegetation type in 1942 and
woodland expansion were signi“cant predictors of pathogen inoculum load in bay laurel
(Umbellularia californica), the primary inoculum-producing host for P. ramorum in mixed
evergreen forests. Path analysis showed that woodland expansion resulted in larger forests
with higher densities of the primary host trees (. californica, Quercus agrifolia, Q. kelloggii)
and cooler understory temperatures. Together, the positive effects of woodland size and
negative effects of understory temperature explained signi“cant variation in inoculum load
and disease prevalence in bay laurel; host stem density had additional positive effects on
inoculum load. We conclude that enlargement of woodlands and closure of canopy gaps, likely
due largely to years of “re suppression, facilitated establishment &®. ramorum by increasing
the area occupied by inoculum-production foliar hosts and enhancing forest microclimate
conditions. Epidemiological studies that incorporate land-use change are rare but may
increase understanding of disease dynamics and improve our ability to manage invasive forest
pathogens.
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| NTRODUCTION 2000, Holdenreider et al. 2004). For example, tropical
deforestation has caused an upsurge of malaria by
increasing the amount of habitat suitable for mosquito
larval vectors (Coluzzi 1994, Vitor et al. 2006). In
addition, forest fragmentation has been linked with

Human land-use practices have dramatically altered
the land cover of natural environments worldwide,
resulting in reductions in biodiversity (Turner et al.
1998, Dupouey et al. 2002), decreases in air and water
quality (Wear et al. 1998), and alterations to ecosystem
processes (Foster et al. 2003, Turner et al. 2003).
Another potential consequence of land-cover change is
the creation of environmental conditions that promote
infectious disease (Foley et al. 2005). Agriculture, timber
harvesting, road building, and human-caused species
introduction each may enhance the emergence and
spread of infectious disease by creating new transmission
pathways and changing ecosystem structure (Patz et al.
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TasLe 1. Characteristics of bay laurel Umbellularia californica), coast live oak Quercus agrifolia), and black oak (Q. kelloggii),
the three main tree hosts ofPhytophthora ramorum, in eastern Sonoma County, California, USA.

Host species

Bay laurel Coast live oak Black oak
Variable X SD X SD X SD
a) All plots (n ¥4 102)
Stem density 13.2 16.0 3.2 4.4 15 3.1
Cumulative dbh 153.2 163.8 83.1 112.5 36.2 67.8
Proportion of plots with disease 0.90 0.31 0.16 0.37 0.17 0.38
b) Plots with tree species
Stem density 15.5 11.4 5.08 4.568 4.23 4.35
Mean dbh 134 111 29.6 21.18 29.7 1118
Symptomatic stem density 11.4 129 0.23 0.588 0.20 0.42
Number of symptomatic leaves 58.4 48.1
Prevalence (proportion of stems symptomatic) 0.71 0.31 0.06 0.208 0.12 0.29

Notes: The top panel (a) presents mean values for each species over the entire sample of plots; panel (b) presents mean values in
plots where each species wasnfresent. Leaf lesionsPoframorum occur only on bay laurel.
Number of trees per 225 m (15 X 15 m) “eld plot.
Based onn ¥4 87 plots.
§ Based om %63 plots.
} Based onn %36 plots.

Statistical analyses forest structure, and understory microclimate on inoc-
To analyze land-cover changes, we calculated the /UM l0ad (number of symptomatic leaves and density
difference of each land-cover typess total area, mean Of Symptomatic stems) and prevalence dP. ramorum in

patch size, and number of patches between 1942 andP@ laurel. Path analysis has been shown to be an
2000 (SUm Of togoo ... SUM Oftyos). We analyzed the effective method for examining hypothesized cause...

magnitude of changes using nonparametric two-tailed effec_t relatignships in historical, multi-scale ecological
Wilcoxon signed-ranks tests, evaluating the null hy- Studies (Shipley 1997, Grace and Pugesek 1998). We
pothesis that there was no difference in area, mean patch constructed pathways based on the following hypotheses
size, and patch number among years. We adjusted the (Fig. 3): (1) woodland expansion leads to increased
signi“cance level of probabilities by the number of tests densities of host and non-host trees; (2) greater tree
(‘ve) made using the sequential Bonferroni method density creates cooler, moister forest microclimate
(Rice 1989). All statistical analyses were performed conditions most suitable for production and transmis-
using JMP 6.02 (SAS Institute, Cary, North Carolina).  Sion of the pathogen; (3) higher density of host
To assess whether woodland expansion is related B individuals directly contributes to greater levels of
ramorum inoculum load and disease prevalence in 2005..inoculum production and increases connectivity of host
2006, we conducted three aamlyses of covariance Vegetation; and (4) topographic variables such as solar
(ANCOVASs), with woodl and area change as the insolation and surface moisture should in"uence path-
covariate, plot vegetation type in 1942 as the grouping 09en inoculum load and disease prevalence indirectly
factor, and density of symptomatic bay laurel stems, through their direct effects on forest microclimate,
number of symptomatic leaves, and proportion of Woodland patch size, and forest structure. This analyt-
symptomatic stems as response variables. To assurdcal technique was well suited for our research questions
assumptions of multiple regression were not violated, we because the historical data allowed us to position land-
log transformed values for mean density of symptomatic cover change at the foundation of the hypothesized path
stems and number of symptomatic leaves and square- Structure.
root transformed values for the difference in land cover ~ To estimate the path coef“cients for the effect of each
between 1942 and 2000 (after adding the minimum predictor variable on pathogen inoculum load and
difference to all values to avoid square roots of negative disease prevalence, we “rst standardized all variables by
numbers). We did not test for a relationship between subtracting the grand mean of each variable and dividing
land-cover change and oak infection due to the current by the grand standard deviation of each variable
low prevalence of infection among these canker hosts at (Schemske and Horvitz 1988). Standardization allows
our sites (Table 1). This study area is in an earlier stage the strength of linear relationships to be compared
of invasion by P. ramorum than more southern regions because estimates of path coef‘cients do not depend on
such as Marin County and Big Sur (Rizzo et al. 2005). the magnitude of original values. To examine if our
We used path analysis (sensu Schemske and Horvitzhypothesized paths were supported by these data, we
1988) to quantify direct and indirect effects of land- performed multiple regression analyses for the following
cover change, topographic position, woodland area, response variables: (1) pathogen inoculum load (number



January 2008

LAND-COVER CHANGE AND EMERGING DISEASE

167

TasLe 3. Direct effects, indirect effects, and effect coef‘cients in path analysis d®. ramorum

symptom levels on bay laurel.

Dependent and independent variables

Direct effect

Indirect effect

Effect coefficient

Woodland area (2000)

Solar insolation index 0.25 0 0.25
Change in woodland area (2000...1942) 0.20 0 0.20
Total stem density
Solar insolation index 0.15 0 0.15
Change in woodland area (2000...1942) 0.21 0 0.21
Maximum daily temperature
Solar insolation index 0.21 0.09 0.30
Change in woodland area (2000...1942) 0.08 0.09 0.01
Total stem density 0.22 0 0.22
Woodland area (2000) 0.23 0 0.23
Number of symptomatic bay laurel stems
Total stem density 0.76 0.05 0.81
Maximum daily temperature 0.22 0 0.22
Woodland area (2000) 0.15 0.05 0.20
Solar insolation index 0 0.22 0.22
Change in woodland area (2000...1942) 0 0.21 0.21
Number of symptomatic bay laurel leaves
Total stem density 0.51 0.11 0.40
Maximum daily temperature 0.22 0 0.22
Woodland area (2000) 0.25 0.12 0.13
Solar insolation index 0 0.20 0.20
Change in woodland area (2000...1942) 0 0.02 0.02
Proportion of bay laurel stems symptomatic
Total stem density 0.10 0.02 0.08
Maximum daily temperature 0.28 0 0.28
Woodland area (2000) 0.24 0.02 0.22
Solar insolation index 0 0.13 0.13
Change in woodland area (2000...1942) 0 <0.01 <0.01

path models, SAR coef‘cients andP values did not of woodland area in 2000 (Table 3, Fig. 6). Also
considerably differ from those of ordinary least squares consistent with our hypothesis, number of symptomatic
analysis, suggesting minimal spatial dependence in thebay leaves was positively related to the density of host
data set. Other violations of multiple regression were not stems and woodland area, and negatively related to
found, including deviation from variance heterogeneity maximum temperature (Table 2, Fig. 6). Host stem
and nonlinear relationships among transformed vari- density also had the greatest effect on symptomatic stem
ables. The path analysis assumption of independencedensity, followed by woodland area and maximum
among error variables was satis“ed (Schemske andtemperature (Table 3). Disease prevalence was also
Horvitz 1988), with very low correlation coef‘cients negatively related to maximum temperature and posi-
( 0.024 to 0.0054) among the nine variable$(> 0.8 for  tively related to woodland area, but was not related to
all comparisons). total stem density (Table 2). There was an indirect
The analysis revealed that solar insolation was negative effect of solar insolation on all three measures
signi“‘cantly negatively related to woodland area in of disease in bay laurel, which is consistent with its
2000, while woodland change was weakly positively positive relationship to maximum temperature. Finally,
related to woodland area in 2000 (Fig. 6, Table 2). there was a positive indirect effect of woodland
Woodland change was signi“cantly positively related to expansion on the three measures of disease status, with
stem density, consistent with the hypothesis that higher the effect being greatest for symptomatic stem density.
density of smaller stems should be associated with This is consistent with its positive effects on host stem
younger woodlands. Woodland change and solar density and woodland area in 2000. Thus, the pathogen
insolation were not indirectly affected by other variables appears to be most abundant in large, high-density
because of their position in the path and no correlation forests that are cooler and less exposed to incoming
among them (Table 3). solar insolation.
Topographic and biotic variables were both signi“-
cant predictors of maximum temperature in the forest
understory (Table 2). Understory maximum tempera- The in"uence of land-cover change on plant...patho-
ture was positively related to solar insolation and gen interactions in nature has rarely been studied
negatively related to host stem density and the amount (Holdenrieder et al. 2004, Ostfeld et al. 2005), despite

Discussion
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the recognition of its in"uence on disease epidemics in as 50 years. Our study sites also exhibited signi“cantly
humans and agriculture (Foley et al. 2005, Vittor et al. higher densities of small bay laurel trees compared to
2006). Our analyses of human impacts on the structure coast live oak and black oak, suggesting that woodlands
and arrangement of coastal California forests revealed in this region may be experiencing a transition to
signi“cant links between increases in the density and dominance by bay laurel.
connectivity of forests and the spread ofPhytophthora As we hypothesized, path analysis indicated that
ramorum, an exotic invasive pathogen responsible for woodland expansion was associated with a greater
the recent death of potentially millions of oak trees in density of P. ramorum host trees, including coast live
California and Oregon. Our results strongly suggest that oak and bay laurel. Other studies have also shown that
increases in woodland cover have facilitated the these species increase in density with forest canopy
establishment of P. ramorum by (1) creating larger, closing and woodland expansion (Tunison 1973, Davis
more connected woodlands, (2) increasing the density of et al. 1988, Barnhart 1996, Hunter 1997). Our results
the key inoculum-producing host bay laurel, and (3) suggest that these changes in forest structure facilitated
enhancing optimal microclimatic growth conditions for disease in two ways. First, higher density of host trees
P. ramorum in the forest understory. increased the amount of inoculum produced by each
Our results show a marked decline in spatial plot, as indicated by the number of symptomatic leaves
heterogeneity of plant communities in our study area and the density of infected bay stems (Burdon and
over a 58-year period, with considerable loss of Chilvers 1982). This agrees with two recent studies that
grassland and chaparral and increase of forest commu- observed greater levels ofP. ramorum infection in
nities. Chaparral and grassland communities in coastal locations with higher abundance of the foliar host bay
California are dependent upon recurrent “re disturbance laurel (Maloney et al. 2005, Condeso and Meentemeyer
for regeneration or exclusion of woody competitors as 2007). Likewise, Moritz and Odion (2005) suggested that
well as maintenance of boundaries between land-cover succession toward higher host densities in the absence of
types (Vogl 1974, Keeley 1987, Parsons and Stohlgren“re could cause a relationship between time since “re
1989, Keeley 200B). Management policies of “re andP.ramorum presence. Second, we found that higher
suppression (of both wild“re and Native American densities of trees reduce maximum daily understory
burning) across most of coastal northern California over temperatures. Chen et al. (1999) also showed that
the last 60 years have likely caused the loss ofgreater forest canopy cover limits the amount of

community heterogeneity documented here. In our incoming solar radiation, effectively lowering maximum

study area, “re frequencies changed from every 6.2...23inderstory temperature. Temperature, along with rain-

years before the 20th century to the current status of
complete suppression (Finney and Martin 1992, Barn-
hart et al. 1996).

In our study system, woodland expansion was highly
correlated with loss of chaparral communities (Fig. 4). It
is possible that the wetter environments of northern
California are more marginal for chaparral than dryer
chaparral areas to the south, and are therefore more
vulnerable to invasion by tree species under altered “re
regimes (Keeley 2000, Meentemeyer and Moody 2002).
In the absence of “re, Callaway and Davis (1993) also
reported a shift of grassland and shrubland communities

fall, can affect the timing and production of inoculum,
length of infectious period, host susceptibility, and
pathogen dormancy, especially for foliar pathogens
(Davidson et al. 2005, Woods et al. 2005). In Califor-
niass Mediterranean-type climateP. ramorum typically
survives through hot, dry summers within symptomatic
bay laurel leaves (Davidson et al. 2005). However,
summer survival of P. ramorum through dormancy in
bay laurel leaves is typically lower in hotter forests with
much higher levels of abscission of infected leaves (J. M.
Davidson and M. DiLeo, unpublished data). These
laboratory and “eld experiments corroborate our “nding

to oak woodland between 1947 and 1989. Coast live oak that pathogen inoculum load and disease prevalence is
trees rarely replaced grassland directly, but invaded greater in forests with cooler maximum temperatures
chaparral and coastal sage scrub during “re-free periods and that high tree density explained considerable

because shrub cover apparently facilitates survival of
oak seedlings (Callaway and DeAntonio 1991, Callaway
and Davis 1998, Parikh and Gale 1998). Once beyond
the sapling stage, coast live oak is very “re resistant and
able to expand into non-forested communities (Callaway
and Davis 1993, Sugihara et al. 2006). The key foliar
host, bay laurel, may be more common in woodlands
not subjected to recurrent “re (Safford 1995) because it
is a fast-growing tree and has little protection from “re

(Howard 1992). McBride (1974) estimated that, in the
absence of “re, plant communities of the East Bay of
San Francisco could convert from shrubland to oak

woodland to bay laurel-dominated woodland in as little

variability in the two measures of inoculum load.
Though, at this stage of invasion the ANCOVA and
path analysis models explained considerably more
variability in the two measures of inoculum load than
disease prevalence in bay laurel.

Woodland expansion also appears to be increasing
landscape-level connectivity of host vegetation forP.
ramorum. During the 58-year study period, the size of
woodland patches increased 38, leading to a signi*-
cantly smaller number of woodland areas surrounded by
non-host vegetation that may inhibit wind-blown
dispersal of the pathogen (Rizzo et al. 2005). As
hypothesized, our path analysis indicated a positive









