AMERICAN JOURNAL OF

INFLUENCE OF FIRE ON A RARE SERPENTINE PLANT
ASSEMBLAGE: A 5-YEAR STUDY OF DARLINGTONIA FENS!

ERIK S. JULES?®, AARON M. ELLISON?, NicHOLAS J. GOTELLI*, SHEILAH LILLIE?,
GEORGE A. MEINDL%’, NATHAN J. SANDERS’, AND ALISON N. YOUNG??

2Department of Biological Sciences, Humboldt State University, Arcata, California 95521 USA; 3 Harvard Forest,
Harvard University, 324 North Main Street, Petersham, Massachusetts 01366 USA; * Department of Biology, University of
Vermont, Burlington, Vermont 05405 USA; and > Department of Ecology and Evolutionary Biology, University of Tennessee,
Knoxville, Tennessee 37996 USA

Premise of the study: Serpentine soils have attracted the attention of evolutionary biologists for decades because of their high
number of rare and endemic taxa, though less is known about the ecological factors that govern the diversity and composition
of serpentine communities. Theory suggests that vegetation on these low-productivity soils will be relatively resilient to fire,
the most common natural disturbance in serpentine systems.

Methods: We studied the recovery of vegetation in Darlingtonia fens, a unique habitat dominated by herbaceous perennials,
from a major fire that burned ~202,000 ha in California and Oregon’s Klamath Mountains in 2002. We established permanent
plots in eight unburned and eight burned fens in 2003 and recorded percent cover of vascular plant species. We re-sampled plots
each year through 2007.

Key results: Burned fens had less plant cover than unburned fens for 2 yr after the fire. Average species density was ~10% lower
in burned fens 1 yr after the fire but ~4-8% higher for the next 4 yr. Burned fens exhibited greater evenness but not until 4 yr
after the fire. Differences in community composition were detected between the two fen types, but species ranks were similar,
and species neither were added to nor removed from the burned assemblages.

Conclusions: Burning of Darlingtonia fens has detectable, albeit modest, effects on serpentine communities. Because fens have
little or no canopy cover, fire has little influence on light availability in this system. This relatively small resource change,
combined with high soil moisture and well-developed underground organs of fen plants, produces a highly resilient
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assemblage.
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Serpentine soils harbor some of the Earth’s most unique and
unusual vegetation (Whittaker, 1954; Brooks, 1987; Kruckeberg,
2002). Found on every continent, serpentine soils are derived
from ultramafic parent material and are notable for their lack of
essential nutrients; high concentrations of potentially toxic
heavy metals such as nickel, chromium, and cadmium; and low
Ca?*/Mg?* ratios (Kruckeberg, 1984; Alexander et al., 2006).
These characteristics generally result in vegetation with physi-
ognomies that are strikingly different from those of surrounding
soil types. For example, serpentine vegetation often comprises
xeromorphic taxa that exhibit relatively slow growth and a
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stunted appearance (Roberts and Proctor, 1992). In addition,
high levels of plant species diversity and endemism are found
on many serpentine formations (Brooks, 1987; Harrison et al.,
2006). For instance, although serpentine habitat occupies only
1.5% of California, it harbors 12.5% of the state’s endemic
plants (Harrison, 1997; Safford et al., 2005). Given their unique
edaphic conditions and flora, it is not surprising that serpentine
regions have long fostered interests in speciation and ecotypic
differentiation among taxonomists and evolutionary biolo-
gists (Kruckeberg, 1967; Antonovics et al., 1971; Shaw, 1990;
Harrison and Rajakaruna, 2011). In contrast, work on basic
ecological processes on serpentine soils has begun to gain in-
creased attention only more recently (Boyd et al., 2009). The
work we present here focuses on the role of disturbance, in par-
ticular, fire, in shaping serpentine plant assemblages. Our work
explores the suggestion that serpentine assemblages tend to be
relatively stable compared with those on more productive sites,
a result of low biomass and comparatively small changes in
aboveground competition (Harrison et al., 2003; Safford and
Harrison, 2004; Eugenio and Lloret, 2006).

Large expanses of serpentine substrate include, for example,
those of New Caledonia, Cuba, Mediterranean Europe, central
Brazil, and western North America (Brooks, 1987). Of the west-
ern North American serpentine complexes, the largest contigu-
ous areas of serpentine are found in the Klamath Mountains of
northern California and southwestern Oregon (Coleman and
Kruckeberg, 1999). This region is well known for its diverse
and heterogeneous vegetation (Whittaker, 1960; Irwin, 1966;
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DellaSala et al., 1999; Sawyer, 2007). Within the xeric serpen-
tine landscapes of the Klamath Mountains are discrete, isolated
wetlands that are dominated by Darlingtonia californica Torrey
(California pitcher plant; Sarraceniaceae), an insectivorous plant
restricted to southwestern Oregon and northern California
(Schnell, 1976). Fed by perennial sources of cool water, these
serpentine wetlands, or “Darlingtonia fens,” remain moist
during summer, a time when upland vegetation experiences a pro-
longed dry season of approximately 5 mo. The constant mois-
ture in fens results in continually saturated soils that allow for
little aerobic decomposition, leading to accumulations of de-
composed organic matter (peat or muck) with limited available
nutrient content (Tolman, 2007; Sawyer et al., 2008; Franklin,
2009). Besides providing habitat for D. californica, fens sup-
port small, isolated populations of several rare and regionally un-
common mesophytic plant species, such as Gentiana setigera A.
Gray (Mendocino gentian), Hastingsia bracteosa var. bracteosa
Watson (large-flowered rush-lily), and Viola lanceolata subsp.
occidentalis (A. Gray) Russell (western bog violet) (Frost and
Jules, 2007).

Fire is by far the most important source of disturbance
for serpentine plant communities in northern California and
southwestern Oregon (Atzet and Martin, 1992; Fry and Stephens,
2006; Skinner et al., 2006). Before contemporary fire-suppression
efforts, upland serpentine areas experienced median fire return
intervals from 8 to 42 yr (Skinner, 2003a; Taylor and Skinner,
2003), and Darlingtonia fens experienced median fire return
intervals of 18 to 42 yr (Skinner, 2003b; Skinner et al., 2006).
Although fire is a potentially important and historically frequent
agent of disturbance, few studies have assessed the effects of fire
on upland serpentine vegetation (Tyndall, 1994; McCoy et al.,
1999, Harrison et al., 2003; Safford and Harrison, 2004), and
only one study to date has assessed the role of fire in Darlingtonia
fens specifically (Cramer, 2005; see also Borgias and Biegel, 1998,
for a qualitative study). Cramer (2005) attempted to survey all
vascular plant species in 24 Darlingtonia fens and found that
fire significantly reduced tree and shrub canopy cover but had
no effect on the total percent cover of herbaceous and gramin-
oid species.

The effects of fire on vegetation have received considerable
attention from ecologists in more common, nonserpentine eco-
systems (e.g., Agee, 1993; Whelan, 1995; Bond and van Wilgen,
1996; Keeley et al., 2005; Webster and Halpern, 2010). Be-
cause of the rapid accumulation of fuel in highly productive
sites, these locales may experience relatively dramatic vegeta-
tion changes due to fire, where intense aboveground competi-
tion is temporarily reduced, and factors that control recruitment
and growth become more important (Bond and van Wilgen,
1996). Conversely, the impact of fire on low-productivity sites
may be less pronounced, as these are often open habitats in
which light is not a limiting resource (e.g., Safford and Harrison,
2004; Eugenio and Lloret, 2006). For example, Safford and
Harrison (2004) suggested that serpentine floras may be less
influenced by fire than other, more productive chaparral on
nearby sandstone substrates (see also Harrison et al., 2003).
Darlingtonia fens have several features that similarly may lead
to dampened fire effects on vegetation, including their nutrient-
poor serpentine parent material and low productivity. Fen soils
in our study area contain exceptionally low concentrations of
nitrogen (Franklin, 2009; see also Tolman, 2007), and they sup-
port generally open (or absent) canopies (Cramer, 2005). In ad-
dition, fens are dominated by rhizomatous perennial species
(Frost et al., 2004; Cramer, 2005) that may quickly regenerate
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aboveground biomass after fire. The relatively small number of
studies regarding the effects of fire on serpentine vegetation,
however, limit any generalizations that can be made for how
Darlingtonia fen vegetation will respond to wildfire.

Our study assessed the impact of fire on Darlingtonia fen
plant assemblages by taking advantage of the 2002 Biscuit Fire,
a lightening-ignited fire that burned ~202000 ha in northern
California and southwestern Oregon (USDA Forest Service and
BLM, 2004). Because the fire burned across many different
vegetation types, including numerous Darlingtonia fens, it pro-
vided an unparalleled opportunity to study the effects of fire on
various taxonomic groups and ecosystem processes (Ratchford
et al., 2005; Donato et al., 2006; Sanders et al., 2007; Thompson
et al., 2007, Fontaine et al., 2009; Wittman et al., 2010). In the
study presented here, we used a set of eight unburned and eight
burned fens to examine the effects of burning on plant cover,
species density and diversity, evenness, and community com-
position. Although the unpredictable timing of the Biscuit Fire
did not allow for preburn data to be collected, our study ana-
lyzes data from fixed plots for vascular plants over the course of
5 yr (2003-2007) after the fire. We predicted that the life histo-
ries of plants in Darlingtonia fens (i.e., perennials with well-
developed underground storage organs) coupled with low site
productivity and high summertime moisture would minimize
species losses and changes in community structure and compo-
sition resulting from fire.

MATERIALS AND METHODS

Study sites—We studied the vegetation in unburned and burned Darlingtonia
fens on the serpentine soils straddling the border of northern California and south-
western Oregon (see also Ratchford et al., 2005; Sanders et al., 2007; Wittman,
2010). The area is characterized by a Mediterranean climate with warm, dry sum-
mers and mild, wet winters (Whittaker, 1960). On average, the region experiences
~154 c¢m precipitation annually, though only ~4 c¢m falls between June and Au-
gust. Common serpentine plant associations in the Klamath Mountains include
Jeffrey pine (Pinus jeffreyi Grev. & Balf.) savanna, knobcone pine (P. attenuata
Lemmon) forest, mixed conifer forest, and serpentine meadows and barrens
(Whittaker, 1960). Within our study area, Darlingtonia fens are found across an
elevational range of 200—1300 m, though the majority of fens occur between 350 m
and 600 m (Frost et al., 2004). In addition to the dominant D. californica, the
distinct vegetation of Darlingtonia fens is composed mainly of perennials such as
Narthecium californicum Baker (California bog asphodel), Sanguisorba officina-
lis L. (great burnet), Rudbeckia californica A. Gray (California coneflower), and
other hydrophytic forbs and graminoids (Frost et al., 2004). Several trees and
shrubs, including Chamaecyparis lawsoniana A. Murray (Port Orford cedar),
P. jeffreyi, Rhododendron occidentale Torrey & A. Gray (western azalea), and
Ledum glandulosum Nutt. (Labrador tea), grow in Darlingtonia fens.

In the summer of 2003, 1 yr after the Biscuit Fire, we established a perma-
nent 8 x 8§ m plot in each of 16 fens (eight unburned and eight burned) within or
immediately adjacent to the fire boundary. We chose fens that had no apparent
human disturbance and were large enough to contain an 8 x 8 m plot. Plots were
positioned in randomly selected locations within fens, though we excluded
areas that were encroached by large trees that reduced the cover of the dominant
fen vegetation (i.e., herbaceous perennials). Nine fens were within the Rogue
River—Siskiyou National Forest, six sites were in the Six Rivers National For-
est, and one was on land administered by the Bureau of Land Management.

Data collection—Within each 8 x 8 m plot, we established 25 subplots 0.5 m x
0.5 m (0.25 m?), with each subplot separated from the others by 2mina 35 x 5
grid. Measurements in each subplot were done by using a quadrat divided into
100 separate cells; each cell represented 1% of the quadrat. In a few cases,
subplot locations included large trees (usually dead snags), in which case sub-
plots were relocated a short distance away in one of the four cardinal directions
to avoid shading and tree roots. Between late June and early August in each
summer from 2003 through 2007, we recorded percent cover (as the fraction of
the 100 grid cells in a subplot) of all vascular plant species in each of the subplots
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at each of the 16 sites. Because of the remote locations of many of our sites, we
were able to visit each fen only once each year. Although unburned and burned
fens did not differ significantly in elevation (Table 1), we attempted to sample
the lowest sites first to minimize phenological differences among sites.

At each fen, we recorded location and elevation using a handheld Garmin
GPS 12 XL (Garmin International, Olathe, Kansas, USA). Several site charac-
teristics also were recorded at each fen. Fen slope was recorded with a clinom-
eter (Suunto, Vantaa, Finland), and percent open canopy was recorded with a
spherical densiometer (Forest Densiometers, Arlington, Virginia, USA). Aspect
was recorded with a standard compass. We used a geographic information sys-
tem (GIS) to determine latitude, longitude, and the nearest distance to the Pacific
Ocean for each fen. Lastly, to estimate burn intensity, in the summer of 2003 we
classified each plot into one of five categories by visually assessing trees near
our plots: unburned, low-intensity burn (<10% canopy mortality), moderate-
intensity burn (>10 to <80% canopy mortality), high-intensity burn (>80%
canopy mortality with dead needles on trees), and extreme-intensity burn
(>80% mortality with no needles on trees).

Species identification—Because we visited fens only once per year, we could
not identify every plant to the species level; some plants were grouped together at
the genus level. For the graminoids overall, although at least 15 species have been
identified within Darlingtonia fens, we included only five distinguishable taxa:
Danthonia californica Bolander (California oat grass), Eriophorum criniger
(A. Gray) Beetle (cotton grass), Calamagrostis spp. (reedgrasses), Carex spp
(sedges), and all other graminoids (“unknown graminoids™). In addition, three
potential Epilobium (fireweed) species are within fens, though we grouped them
together in a single genus. Lastly, all pine seedlings were lumped into one group
(Pinus spp.), though there are potentially four pine species: P. attenuata, P. con-
torta subsp. contorta Loudon (lodgepole pine), P. jeffreyi, and P. monticola
Douglas (western white pine). Nomenclature follows Hickman (1993).

Data analysis—We used repeated measures analysis of covariance (ANCOVA)
to examine differences in percent total plant cover between unburned and
burned Darlingtonia fens over the 5 yr of our study. To control for differences
among the sites in factors other than whether they burned, we included a covari-
ate that accounted for variation in the suite of geographic variables and site
characteristics we measured (Table 1). Because of a high degree of collinearity
among some of the site measures, we used principal components analysis
(PCA) to reduce the seven characteristics (Table 1). We used the PCA score for
each site as the covariate in the ANCOVA. This principal axis accounted for
58% of the variance in the data and reflected the influence of all site variables
except aspect (Table 2). In three additional tests, we used repeated measures
ANCOVA to assess the effects of fire on species density (species per 25 plots x
0.25 m? = 6.25 m?), Jost’s true diversity, and evenness. Species density, the
number of species per unit area (sensu Gotelli and Colwell, 2001) is the number
of species in a defined area. Jost’s true diversity (Jost, 2007) is defined as
exp(H), where H is the Shannon index (H):

H:—Zs:pilnpi

=1

TABLE 1.
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To estimate evenness, we used Hurlbert’s (1971) probability of an interspe-
cific encounter (PIE):

N S,
e )

=1

where N is the total cover of individual species sampled, S is the number of
species, and p; is the proportion of the sample comprising species i. PIE is an
estimate of the probability that two randomly sampled individuals (or points
of coverage) represent two different species. PIE is equivalent to the slope of
an individual-based rarefaction curve measured at its base (Olszewski, 2004).
To understand the potential impact of fire on individual taxa, we used separate
repeated measures ANCOVAs for each of the seven dominant plant species.
Rather than adjust the critical level (alpha) for rejection of the null hypothesis
because of multiple tests, we simply report actual P values (cf. Gotelli and
Ellison, 2004). Here again, the first principal component was used as a site
covariate. We also constructed rank abundance curves for each of the 5 yr to
visually assess differences in richness and evenness between the two fen types.
Differences in species abundance between plots in unburned and burned fens
were compared for each of the 5 yr with Kendall’s tau (t). The Kendall’s rank
tests and ANCOVAs were performed with SPSS 16.0 (Levesque, 2007), and the
PCA was performed with the princomp function in R version 2.9 (R Develop-
ment Core Team, 2007).

We used nonmetric multidimensional scaling (NMDS) ordination and mul-
tiresponse permutation procedure (MRPP) performed in PC-ORD version 5.1
(McCune and Mefford, 2006) to examine whether community composition dif-
fered between unburned and burned fens across and during each of 5 yr. Before
this analysis, we removed species that were present in fewer than 5% of plots
(9 of 49 taxa) to reduce noise from infrequent taxa that provide little commu-
nity information. For the NMDS ordination, we used PC-ORD’s “slow and
thorough” mode, which uses a random starting configuration and Sgrensen dis-
tances to express the community similarities. Fifty runs with real data and
250 runs with randomized data for a Monte Carlo test of significance were
used. We used MRPP as a test for significant differences in community compo-
sition between unburned and burned fens for each of the 5 yr of the study.

To detect differences in temporal trends in species assemblages between
unburned and burned Darlingtonia fens, we used an index of temporal change
developed by Gotelli et al. (2010). We first calculated the slope b; of a simple
linear regression of percent cover (Y) vs. year (X) for each species i = 1 to S in
the assemblage, fitting the model to the 5 consecutive years of census data:

Y=a+bX

Next, we created two indices to summarize community change in each plot,
average trend (AvgTrend) and temporal change (TC). AvgTrend is the mean of
the slope estimates for a single plot, and 7C is the sample variance. A large

Summary of study site attributes for 16 Darlingtonia fens. Burn intensity values are unburned (0), low intensity (1), moderate intensity (2), high

intensity (3), and extreme intensity (4); see text for details. Latitude and longitude are given as decimal degrees (dd).

Site name Burned?  Burnintensity  Latitude (dd)  Longitude (dd)  Distance to coast (km)  Elevation (m)  Aspect (°)  Open canopy (%)
Dragonfly No 0 42.09 124.06 16.447 498 340 88.5
Happy No 0 42.21 123.78 36.317 569 40 94.25
Lone Mtn 1 No 0 42.07 123.92 38.968 522 65 92
Lone Mtn 2 No 0 42.15 123.85 36.171 522 150 95.75
Scrap No 0 42.48 123.8 52.574 427 170 94.25
Southside No 0 42.49 123.79 52.654 424 140 93.75
Star Flat No 0 42.47 123.87 53.72 392 150 93
Whiskey Creek No 0 42.12 123.87 35.949 524 340 38
Greg’s Yes 2 42.13 124.19 21.141 540 260 67
L.E. Horton Yes 3 42.00 124.08 16.447 475 60 90.25
Shoot Yes 4 42.17 124 27.251 685 260 60.75
Upper Days Gulch Yes 1 42.41 12391 48.392 510 90 93.25
023 Yes 2 42.44 123.89 50.49 448 20 90.75
Aimee’s Yes 4 42.07 124.12 26.839 568 170 80.5
Cedar Root Yes 3 42.18 123.97 20.971 466 200 85.75
Diamond Creek Yes 3 42.1 124.07 28.305 792 110 71.5
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TaBLE 2. Factor loadings describing the contribution of fen characteristics to six principal component (PC) axes.

Site factor PC1 PC2 PC3 PC4 PC5 PC6
Burn intensity 0.374 0.458 0.177 0.399 0.572 0.29
Latitude (decimal degrees) -0.394 0.154 0.574 0.219 -0.095 0.258
Longitude (decimal degrees) 0.438 -0.011 -0.050 0.416 -0.731 0.306
Distance to coast (km) -0.436 0.223 0.373 -0.115 -0.255 0.093
Elevation (m) 0.343 0.331 0.099 -0.773 —-0.106 0.362
Aspect (°) 0.197 -0.776 0.423 -0.093 0.199 0.331
Open canopy (%) —0.409 -0.074 —-0.555 0.030 0.111 0.711
Variance explained 57.7% 15.8% 12.3% 9.1% 2.8% 1.4%

value of AvgTrend means the slopes of temporal change for most species in the
assemblage are large. A large value of 7C means the variance is high, so some
species are increasing steeply, whereas others are remaining constant in abun-
dance or declining. Differences in AvgTrend and TC indices between burned
and unburned fens were assessed with ANCOVA, with the first principal com-
ponent score as our covariate describing site variation. Temporal change was
log-transformed before analysis.

RESULTS

We recorded 44 species and five taxon groups that included
multiple species (e.g., Calamagrostis spp.; see Species identifi-
cation section in Materials and Methods) in the Darlingtonia
fen plots during the 5-yr study. A total of 38 taxa were found in
the eight unburned fens, and 46 taxa were found in the eight
burned fens (Appendix S1; see Supplemental Data with the on-
line version of this article). Only three tree taxa occurred in the
plots, all of which were seedlings or saplings: Pseudotsuga men-
ziesii (Mirbel) Franco (Douglas fir), C. lawsoniana, and Pinus
spp. In total, we detected seven shrub species, 34 forbs, and five
graminoids. All the species we identified were perennials ex-
cept for Hypericum anagalloides Cham. & Schldl. (tinker’s
penny), which is known to be either annual or perennial (Hickman,
1993). Although we could not identify every plant to the spe-
cies level, the genera in which these unidentified plants are
found include only perennials known from Darlingtonia fens.
We detected one rare plant species (Epilobium oreganum
E. Greene, Oregon willow-herb) in three unburned and three
burned fens. Epilobium oreganum is listed as a species of con-
cern by the U.S. Fish and Wildlife Service and as a sensitive
species by the U.S. Forest Service and BLM (Frost and Jules,
2007). In the sites in which E. oreganum was detected, cover
was always <1%. No nonnative species were detected in any of
the fens. The complete lack of nonnatives and annuals (except
H. anagalloides) in our sites is in agreement with past studies of
Darlingtonia fens (Cramer, 2005; Tolman, 2007).

Percent plant cover did not differ significantly between un-
burned and burned Darlingtonia fens (F 31,5 =0.481, P=0.5),
though unburned fens tended to have higher cover, and the
differences were most pronounced 1 yr after the fire (Fig. 1).
Among individual fens, cover ranged from 23.8% (in a burned
fen the year after the fire, 2002) to 89.2% (in an unburned fen in
2006). Cover increased over the course of the study (Fy 4546 =
8.633, P < 0.001), especially in the first 3 yr (Fig. 1). However,
the rate of change in cover did not differ between unburned and
burned fens (F, 35, = 0.775, P = 0.546). Species density ranged
from 24 taxa per = 6.25 m? in a burned fen 3 yr after the fire to
nine taxa in two fens, including a burned fen the year after the
fire and an unburned fen 4 yr after the fire. On average, species
density was 5-8% greater in burned fens in all years except for

the first year after the fire (Fig. 1). During the first year after the
fire, burned fens had, on average, 10% fewer species recorded.
Overall differences in species density between fen type were
marginally significant (F 1374 = 3.79, P = 0.074). Species den-
sity varied significantly over the 5 yr (F 5, 9=13.21, P <0.001),
with average species density peaking 3 yr after the fire for both
unburned and burned fens (Fig. 1). Site characteristics, as de-
scribed by the first principal component, were strongly related
to species density (F} 5193 = 14.05, P = 0.002).

True diversity did not differ between unburned and burned
fens (F o5 = 0.077, P = 0.785; Fig. 1). Diversity increased
significantly over the 5 yr of the study (F, ;4 = 8.399, P <
0.001), though unburned and burned fens changed similarly
through time (F, o513 = 0.607, P = 0.659). Site characteristics
had a marginally significant impact on diversity (F 3656 = 3.51,
P =0.084). Interestingly, sampling in only 1 yr would have led
to differing results: sampling in 2006 or 2007 would have yielded
marginally higher diversity in burned fens (2006: = 1.82, df = 14,
P =0.090; 2007: t = 1.76, df = 14, P = 0.109). Evenness was
greater in burned fens, though the differences were marginally
significant (F; o, = 3.017, P = 0.106). Differences in evenness
between unburned and burned fens were greatest in the last 2 yr
of the study (Fig. 1). Evenness varied significantly among the 5 yr
of the study (Fy, g3 = 6.367, P < 0.001), though interannual
differences were similar among unburned and burned fens
(Fy, 0001 =0.395, P =0.811). Evenness was lowest for both un-
burned and burned fens in the first year after the fire (Fig. 1). As
with species diversity, sampling evenness would have yielded
significant differences only in the last 2 yr of the study (2006: ¢ =
2.29, df = 14, P =0.038; 2007: t = 1.85, df = 14, P = 0.085).

A high level of concordance existed in the ranks of species
between unburned and burned fens in all 5 yr (for all years T >
0.6, P <0.001). That is, common species in burned fens tended
to be common in unburned fens also. However, the order of
dominance differed for several of the most abundant species
between unburned and burned fens, and differences between un-
burned and burned fens were variable among species (Figs. 2, 3).
For instance, S. officinalis remained the dominant species in
both fen types, and its abundance did not differ significantly
between fen types (F; 40 = 0.44, P = 0.517). Similarly, the
abundances of N. californicum and R. californica did not differ
between fen types (Fy 175, = 18.88, P =0.370; F| 55 =0.452, P =
0.513; respectively). Rudbeckia californica, usually the fourth
most dominant plant in unburned fens, was reduced to the tenth
most abundant plant in burned fens, though this is likely to be
an artifact of one unburned fen that had 3—-5x more R. califor-
nica cover than other unburned fens, depending on the year.
Darlingtonia californica was always one of the four most abun-
dant plants, regardless of fen type, but we detected at best a
marginally significant difference between unburned and burned
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fens (F 1194 =3.44, P=0.087); approximately half the cover of
D. californica occurred in burned fens as compared with un-
burned fens. In contrast, the cover of E. criniger was signifi-
cantly higher in burned fens (F; 47 = 6.17, P = 0.027). Its
cover was 1.7x higher in burned fens the year after the fire, and
at the end of our study E. criniger was 2.2x higher in burned
fens. Lastly, Ledum glandulosum was one of the top four ranked
plants in burned fens but was ranked no higher than ninth in
unburned fens. Differences in L. glandulosum did not differ
significantly between fen types (F; 5s,=0.129, P = 0.725).
Nonmetric multidimensional scaling ordination resulted in a
3-dimensional configuration that described 87% of the varia-
tion in the species matrix with a final stress of 13.15. The MRPP
result shows that variation in composition is greater between
fen types (burned vs. unburned) than among fens of the same
type (Fig. 4) in all years except 2004 (2003: T =-191, P =
0.045; 2004: T = —0.87, P = 0.185; 2005: —1.90, P = 0.045;
2006: T = —1.86, P = 0.047; 2007: T = -2.09, P = 0.032). The
ordination suggests that, on average, burned fens tended to be
more similar from year to year than were unburned fens (Fig. 4).
AvgTrend was similar in unburned and burned fens (F g4 =
0.13, P = 0.6; Fig. 5), indicating comparable rates of average
temporal change for species in each assemblage. The 7C values
were similar in burned and unburned fens (F; g9 = 1.12, P =
0.309; Fig. 5), meaning that temporal trajectories among spe-
cies exhibited similar amounts of variance. However, TC val-
ues were significantly more variable for unburned fens (Levene’s
test: F=7.511,df =1, P =0.016); the range of TC in unburned
fens was ~3.5x that found in burned fens (Fig. 5). Site charac-
teristics as described by the first principal component were re-
lated, though weakly, with TC (F; ,, = 3.51, P = 0.083).

DISCUSSION

Our expectations were that communities would reassemble
after the fire on a trajectory to become more similar to prefire
conditions, and that at least initially some dramatic changes in
composition would occur in burned fens, regardless of the gen-
erally dampening effects predicted on serpentine. However, the
changes resulting from fire we observed were modest and often
not immediate, nor did they include any apparent colonization
or extinction events. Overall, burning led to increases in species
density of approximately 0.8 to 1.4 species per plot (6.25 m?)
and to slight increases in species diversity and evenness. In-
creases in diversity and evenness, however, were not apparent
until 4 yr after the fire. Most of the dominant fen species showed
no detectable responses to fire, whereas D. californica showed
modest decreases, and E. criniger showed only a modest increase
(Fig. 2). In total, changes in species densities and abundances
resulted in significant differences in community composition
(as indicated by MRPP) for 4 of the 5 yr of this study. Interest-
ingly, ordination indicated that burned fens changed less during
the course of our study than did unburned fens: the average or-
dination solution for unburned fens showed more than twice the
year-to-year variation as did burned fens (Fig. 4). Similarly,
the TC index showed that burned fens exhibited less disparity

0.8
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Year

Fig. 1. Average percent cover (A), species density (number of species
per 6.25 m?) (B), Jost’s diversity (exp[H]) (C), and evenness (Hurlbert’s
PIE) (D) for plots in unburned (n = 8) and burned (n = 8) Darlingtonia
fens. Error bars show £1.0 SE. Data are jittered to avoid overlap.
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in the amount of variance in species responses over the 5 yr
(Fig. 5). In other words, the amount of change that occurred
was quite similar in burned fens assemblages, whereas un-
burned fens showed more variable temporal patterns of change
among fens. This indicates that the fire homogenized these plant
assemblages and, perhaps more importantly, restricted their tra-
jectories within relatively narrow bounds.

Cover in burned Darlingtonia fens was, on average, 39% the
year after the Biscuit Fire, whereas cover in unburned fens was
approximately 55% (Fig. 1). The difference in cover between
fen types gradually diminished during the course of our study,
and by 2007, 5 yr after the fire, burned fens had 54% cover and
unburned fens had 62% cover (Fig. 1). Importantly, differences
between cover in unburned and burned fens were not signifi-
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cant. However, had we conducted our study during only a single
year, we would have detected differences in cover between
burned and unburned fens only in 2003 and 2005. Interestingly,
another study of Darlingtonia fens burned during the Biscuit
Fire (Cramer, 2005), conducted 2 yr after the fire in 2004, did
not detect differences in herbaceous cover. It is possible that
differences were largely diminished by 2004 in Cramer’s (2005)
study fens, of which only three of their 24 were used in our
study. In addition, Cramer’s (2005) use of broad cover values
(i.e., a modified Daubenmire scale) may have reduced her abil-
ity to detect differences. Given the results of our work, it ap-
pears that the influence of fire on cover of these unique perennial
herbaceous plant communities is immediate and temporary,
and it can persist for approximately 3 yr.
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Fig. 3. Average percent cover of seven dominant species in unburned (n = 8) and burned (n = 8) Darlingtonia fens. Error bars show +1.0 SE. Data are

jittered to avoid overlap.
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It is also worth noting that cover increased not only for
burned fens but also for unburned fens during the 3 yr after the
fire (Fig. 1). We consider two plausible explanations of the similar
pattern seen in both habitat types. First, the dense smoke that
covered much of the region from late July 2002 until well into
the autumn could have temporarily reduced cover in the un-
burned fens. Smoke has been shown to have significant effects
on plant productivity, even in areas outside of the immediate
fire (Davies and Unam, 1999; Calder et al., 2010). Second,
2001-2003 included notably dry summers in the study region
as measured by the Palmer Drought Severity Index (PDSI), an
index of soil moisture, temperature, precipitation, and evapo-
transpiration, where higher PDSI indices indicate low moisture
stress (Palmer, 1965). The summertime PDSI value (June—August)
for the previous 10 yr (1991-2000) was always positive and
averaged 2.36. In contrast, the indices for the years 2001, 2002,
and 2003 were —2.56, —1.89, and —1.21, respectively. It is pos-
sible that throughout our study, all the fens were recovering
from smoke or drought regardless of whether they had burned.

It is difficult to compare our results with those of other stud-
ies concerning the effects of fire on vegetation. The majority of
fire-effects studies focus solely on dominant species (e.g., trees,
shrubs), or they combine all species into large taxonomic groups
such as graminoids, herbs, and shrubs (e.g., Menges et al.,
1993; Albrecht & McCarthy, 2006; Blankenship and Arthur,
2006). Few studies take the approach that we did with Darling-
tonia fens, in which changes in entire plant communities or
metrics such as species density, diversity, and evenness were mea-
sured. In addition, many fire studies, quite appropriately, assess the
effects of varying frequencies of fire (e.g., Collins, 1992;
Mehlman, 1992; Glitzenstein et al., 2003) rather than make
simple comparisons of unburned vs. burned sites. Nonetheless,
those studies that do assess full suites of community metrics
sometimes demonstrate dramatic increases in species richness.
For example, fire can double plant richness in productive forest
systems (e.g., Brockway and Lewis, 1997; Webster and Halpern,
2010). Less dramatic increases are frequently observed (Uys et al.,
2004; Hutchinson et al., 2005; Collins et al., 2007, Schwilk
et al., 2009), though these results may reflect the limited length
of the studies (Webster and Halpern, 2010). Far fewer studies
have been conducted in wetlands as compared with other, more
xeric habitats. Moreover, wetland fire studies are difficult to
compare directly with our own because they usually assess ef-
fects on only dominant species or broad taxonomic categories,
or they assess individual species separately rather than use any
conglomerate metrics like diversity or evenness (Timmins,
1992; Gabrey et al., 1999; Main and Barry, 2002; Hinman and
Brewer, 2007). Nonetheless, it is clear that fire exhibits variable
effects on wetland vegetation. For example, fire can double spe-
cies richness in peatlands of New Zealand (Norton and de Lange,
2003) but have no effect on richness of Carolina bay wetlands in
the southeastern United States (Kirkman and Sharitz, 1994).

No other study to date has assessed the factors that govern
richness, diversity, or evenness of plant assemblages in Dar-
lingtonia fens (but for ants, see Ratchford et al., 2005). Cramer
(2005) measured cover of all vascular plant species in unburned
and burned fens but did not measure any of the standard com-
munity metrics. In upland serpentine habitats, however, work
by Harrison et al. (2003) and Safford and Harrison (2004)
closely mirrors our own. In that work, a total of 33% more spe-
cies were found in burned serpentine than in unburned serpen-
tine. That increase was observed among twenty 250-m? plots in
each habitat type. At a smaller scale, they noted an average of
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Fig. 4. Nonmetric multidimensional scaling of vegetation in unburned
(n =8) and burned (n = 8) Darlingtonia fens. Error bars (1.0 SE) describe
the variation among plots in unburned and burned plots and are shown for
the year 2007 only. Lines show the sequence of years for unburned plots
but are not included for burned plots.

1.9 more species per 5 m? in burned serpentine habitat than in
unburned serpentine habitat (Harrison et al., 2003), which is in
agreement with the differences we found in Darlingtonia fens.
Our work supports the prediction made by Safford and Harrison
(2004) that fire would have relatively modest effects on serpen-
tine floras. Taken together, the previous work on serpentine
habitat and our own suggest that burning has relatively small
yet positive influences on the number of species in local serpen-
tine plant assemblages.

Safford and Harrison (2004) suggested that modest effects of
fire on serpentine vegetation vs. adjacent sandstone vegetation
were due to lower fertility of serpentine soils and the resulting
open structure of serpentine vegetation. Because space and light
are less likely to be limiting resources on serpentine than on
sandstone soils, fire does not produce dramatic increases in the
availability of these resources on serpentine. In our study, in
which canopy cover is low and many species have well-developed
rhizomatous networks, most species were able to quickly re-
generate aboveground foliage after the fire. Extensive rhizoma-
tous networks were visible in our burned fens in which fire had
consumed much of the surrounding matrix of peat. Nitrogen
availability had been assessed in nine of our 16 Darlingtonia
fens and surrounding upland soils in a previous study (Franklin,
2009). That work, which was done 5 yr after the Biscuit Fire,
found exceptionally low levels of available nitrogen (0.01-0.025
NH,*-N mg-g~'and NO; N mg-g!). Differences in nitrogen be-
tween unburned and burned sites were not detected, nor were
differences detected between fen and upland soils (Franklin,
2009). Although ephemeral changes due to burning may have
been missed in that study, it is clear that Darlingtonia fens and
their surrounding matrix are nutrient limiting. We suggest that
vegetation in fens seems to be resilient to fire because of high
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moisture content, low productivity (and the resulting low fire in-
tensity), as well as the dominance of perennials with large rhizom-
atous networks. Lastly, the lack of recruitment from seed banks
may explain the small turnover of serpentine species (see also
Safford and Harrison, 2004). Although little is known about seed
banks in Darlingtonia fens, high soil moisture and the resulting
low fire intensity may reduce postfire germination. Interestingly,
H. anagalloides, the only plant we found that was not a perennial
(i.e., it can be an annual or biennial) was found in six unburned fens
but only one burned fen. Because it is short lived, H. anagalloides
would be expected to have a well-developed seed bank, but it was
either not present or was not stimulated by the fire.

Our study results indicate that few species show significant
changes in abundance as a result of fire. Of the seven dominant
plants, only D. californica appeared to have been significantly
negatively affected, and this effect was still visible 5 yr after the
fire (Fig. 3). In contrast, E. criniger showed strong positive
effects of burning (Fig. 3). The effects on D. californica and
E. criniger that we observed are in agreement with the findings
of Cramer (2005). Both species have rhizomes, and it is un-
known what factors control the differential responses to fire.
Cramer (2005) found that Danthonia californica (California
oatgrass) was less common in burned fens and suggested that
belowground parts may be sensitive to fire. None of our burned
fens contained Danthonia californica, though it was found in
low abundance (average cover ~0.08%) in 2—4 unburned fens,
depending on the year. Rhododendron occidentale showed a
similar response; we found this shrub in five unburned fens
(average cover ~0.9%) and in only two burned fens (average cover
~0.2%). Lastly, Calamagrostis spp. were found in 2-3 unburned
fens (average cover ~0.2%) and in 6 burned fens (average cover
~1.6%). Our findings for R. occidentale and Calamagrostis spp.
are in agreement with Cramer’s (2005).

Several caveats should be taken into consideration when in-
terpreting our results or using them to inform any management
issues. First, because fires vary in their effects on vegetation,
primarily on the basis of differences in their intensity, frequency,
and size (Agee, 1993), little doubt exists that the burning that
occurred in our 16 fens varied considerably. Although we tried
to capture some of these differences by using a coarse measure
of intensity and incorporating that into our site characterization,
we were unable to predict how burn intensity influenced the
response of fen vegetation. Second, because the study region
has been an area of active fire suppression since the early to mid
1900s (Skinner, 2003a; Taylor and Skinner, 2003), Darlingto-
nia fens and their surrounding uplands may have accumulated
unusually large amounts of fuel. Thus, the Biscuit Fire may not
be representative of historical fire intensities. Last, because we
designed our study to estimate changes in the dominant, open
canopy vegetation of fens, we cannot assess how burning may
influence the encroachment of woody plants into fens. En-
croachment is generally most apparent along edges of Darling-
tonia fens or in very small fens, and it is considered one of the
most pressing management concerns (Frost and Jules, 2007).
Because Cramer (2005) used a different sampling regime (i.e.,
fen-wide sampling), that study is more useful than ours for
documenting changes in shrub and tree cover, both of which
appeared to be reduced by burning. For instance, Cramer (2005)
documented a 80% reduction in tree cover and a 94% reduction
in shrub cover. Given the minimal effects of fire we observed in
relatively open vegetation, a strong focus on the potential effects
of encroachment by woody plants in future work is warranted
(see also Tolman, 2007).
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Our results suggest that the effects of fire on plant assem-
blages in Darlingtonia fens were both slight and subtle. Im-
portantly, some of these effects only manifested themselves
several years after the fire. A single year of study would not
have detected most of the differences we found between un-
burned and burned fens, supporting the great value of studies
that use multiple years of observation for assessing vegeta-
tion responses to fire (e.g., Menges et al., 1993; Hutchinson
et al., 2005; Webster and Halpern, 2010). The relatively high
soil moisture levels coupled with the lack of an effect of fire
on light availability and the well-developed underground
rhizome of many plant species in Darlingtonia fens suggest
these assemblages are moderately resilient to fire. More generally,
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our work is part of a small but growing body of research sug-
gesting that, though subtle effects might appear, serpentine
systems are resilient to fire.
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