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Abstract

Euphorbia rosescens is a recently described plant that is narrowly endemic to the Lake
Wales Ridge. Little is known of the ecology or life history of this diminutive, deeply rooted
polygamodioecious perennial. We studied 13 subpopulations of this species from 2004—
2012 from five habitats, sampling monthly during its growing season. Subpopulations were
stable year-to-year with annual survivals > 90%, but with considerable within-year dynam-
ics, peaking in density in April and dying back in the fall and winter. Stem densities did not
vary among subpopulations, habitats, or by subpopulation gender. Annual plant dormancy
was common and decreased subsequent survival. Belowground biomass averaged almost
50 times higher than aboveground biomass. Subpopulations either consisted of entirely
female individuals or a mixture of male and functionally andromonoecious individuals and
these subpopulation genders remained stable across years. Overall, flowering has been
dominated by female plants. Plants produced modest numbers of inflorescences (cyathia),
and fruit production was very low. Although most plants survived fire by resprouting, fire
decreased survival and had a short-term positive effect on floral production. Lack of fecun-
dity and recruitment are concerns for this state-endangered species, but more information
is needed on its breeding system and clonality to make specific management
recommendations.

Introduction

Understanding population dynamics and general life history characteristics is a critical compo-
nent of rare species conservation [1]. The production of management guidelines that will pro-
mote viable populations requires a fundamental knowledge of a species’ biology and the factors
that drive population dynamics. Among the important factors that affect population persis-
tence are population size, environmental stochasticity, breeding systems, genetic variation,
plant and seed dormancy, habitat and microhabitat requirements, and geographic distributions
[2, 3, 4, 5]. Demographic studies allow for the characterization of population dynamics in
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relation to habitat, weather, and land management activities and can provide the basis for effec-
tive conservation [6].

Understanding population dynamics and the factors that drive fluctuations and trends are
clearly central to assessing endangerment and figuring out best management practices for rare
species [7]. Longer lived plants with high annual survival generally tend to have populations
that fluctuate little and may be able to better buffer environmental variation [8, 9]. Nonetheless,
changes in drivers (such as climate change or alterations in a disturbance regime) may alter key
vital rates (such as adult survival) and result in population declines [10, 11]. Even in these
long-lived species, occasional recruitment will be necessary to balance low levels of mortality
[12]. On the other side of the spectrum, short-lived plants often tend to have fluctuating popu-
lations and frequent extinctions [4]. Short-lived plants also tend to have high mortality rates
and may need to continually recruit new members to the population to avoid declines [13].
When populations become very small, they are at risk of entering an extinction vortex, where
interacting drivers may make extinction risk more severe [14].

One factor that may complicate estimates of population parameters is vegetative dormancy,
which occurs when a plant remains alive belowground and does not produce any photosyn-
thetic material for one or more growing seasons [15, 16]. Vegetative dormancy occurs in only a
proportion of individuals within a population, unlike seasonal dormancy, where all individuals
within a population go dormant. The occurrence of vegetative dormancy may have either nega-
tive or positive costs to survival [17] and when prolonged has been shown to have varied effects
on fitness, particularly in the case of resource storage and assimilation [17, 18, 19, 20, 21] and
reproduction [17, 22]. Additionally, the relationship between vegetative dormancy and life his-
tory traits is likely affected by the life span of the species [20].

Breeding systems can have various ecological effects on plant population dynamics and evo-
lution. Flowering plants can exhibit a variety of sexual systems ranging from monoecism (pis-
tillate and staminate flowers produced on same plant) to dioecism (pistillate and staminate
flowers produced on the separate plants). However, several forms of sexual systems lie in
between these two extremes, such as gynodioecy (pistillate and hermaphroditic flowers on dif-
ferent plants), androdioecy (staminate and hermaphroditic flowers on separate plants), and
andromonoecy (staminate and hermaphrodite flowers on the same plant). Floral expression in
these sexual polymorphic systems can be labile [23, 24] and have mixed evolutionary conse-
quences on resource allocation, fitness, development [25], and ultimately reproductive output
and recruitment [26].

Habitat and disturbance regimes may have large effects on population dynamics. Habitat
can have significant effects on herbivory pressure [27], plant density [28], reproductive output
[29] and seedling recruitment [30]. Changes within a habitat (i.e. disturbance) are important
forces that shape and maintain the structure and function of an ecosystem [31, 32]. Fire is a dis-
turbance that is shown to have strong effects on flowering phenology, recruitment, growth, and
population persistence [33, 34, 35]. In fire-adapted habitats, increasing time-since-fire can lead
to declines in some fire tolerant species [36, 37].

Euphorbia rosescens (Euphorbiaceae) is one of the least studied endemic plants on the Lake
Wales Ridge. This narrow endemic is found only in Florida scrub, a fire maintained shrubland
[38] that supports a wealth of endemic organisms [39, 40]. In this paper, we provide the first
information on the ecology of this species. Specifically, we document demographic trends of E.
rosescens across a variety of subpopulations, habitat types, and sexual morphs. We also docu-
mented plant responses to prescribed fire in a subset of subpopulations.

In addition to providing descriptive information on the biology and reproductive ecology of
E. rosescens, we test several hypothesis based on the ecology of similar species occurring in
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Florida scrub, as well as general patterns found in the literature. We offer the following
hypotheses:

1. Comparable to other resprouting Florida scrub species, individuals of E. rosescens will be
long-lived and maintain high annual survival [41,42],

2. As shown in many other long lived perennial species, vegetative dormancy will have nega-
tive subsequent effects on survival and fecundity [43, 17];

3. Habitat disturbance along roadsides, by reducing competition from shrubs, will increase
flowering and recruitment but decrease survival, as in other Florida scrub plants along road-
sides [44].

Material and Methods
Study Species

Of the 2,000 Euphorbia species documented in the U.S., approximately 50 are found in the
southeast coastal plain [45]. In Florida, 16 Euphorbia species have been documented [46]. In
addition to being recently described [47], E. rosescens is one of three Euphorbia species listed as
endangered in the state of Florida and one of five taxa within the section Tithymalus subsection
Inundatae endemic to sandy ridges within the southeastern coastal plain. Of these five taxa, E.
rosescens is the most narrowly endemic, with a range extending no greater than 50 km north to
south, entirely confined to Highlands County in south-central Florida. E. rosescens is further
restricted by habitat, occurring predominately on well drained white and gray soils within Flor-
ida scrub dominated by oaks and ericaceous shrubs and/or Florida rosemary [47]. Further-
more, extant populations of E. rosescens appear to be in decline, as only six of the 11 extant
populations of E. rosescens have been confirmed as of 2002 [47].

Bridges and Orzell (2002), categorize E. rosescens taxonomically through morphological fea-
tures. In its description, E. rosescens is characterized as a milky sapped perennial with vertical
rootstock extending over 15 cm below-ground [47]. Since its discovery, E. rosescens below-
ground structure has been described as a xylopodium (Orzell personal communication) which
consists of a lignified organ that exhibits both a shoot and root anatomical structure as well as
having the capacity to form new shoot buds [48]. Such below-ground structures are often
found in subtropical and tropical plant species and possibly evolved as an adaptation to fire
and/or seasonal dry environments [48, 49].

Although primarily dioecious [47], E. rosescens has a polygamodioecious breeding system.
Flowering in Euphorbia species occurs within cyathia arranged in a dichotomously branched
inflorescence. Cyathia of E. rosescens are of three sex morphs: female, male or hermaphrodite.
The co-occurrence of hermaphrodite and male cyathia on the same plant has been defined as
functional andromonoecy and previously documented in 17 species of Euphorbia [50]. Popula-
tions either consist of entirely female plants or a mixture of male and functionally andromo-
noecious plants.

Study site

Florida scrub is a xeric pyrogenic shrubland occurring throughout Florida and into parts of
Georgia and Alabama [51, 52]. Several types of scrub can dominate xeric uplands, including
sand pine scrub, rosemary scrub, scrubby flatwoods, oak-palmetto scrub, oak-hickory scrub,
and (with fire suppression) xeric hammocks [52]. Across most types of Florida scrub, the dom-
inant vegetation includes oaks, palmettos and ericaceous shrubs, whose composition and
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structure are shaped by infrequent high intensity fire [51, 53]. Tree cover (mainly Pinus spp.)
varies with the type of scrub and time-since-fire. The groundcover layer includes a mixture of
characteristic species such as gopher apple (Licania michauxii), milk peas (Galactia spp.),
ground lichens (Cladonia spp.) and several endemics with limited distribution [51]. Most dom-
inant shrubs and some perennial herbs retain most of their biomass belowground and resprout
following fire [54, 55], however, many herbaceous plants are obligate seeders, some found
mainly in gaps among shrubs [56, 57].

In Florida scrub, disturbances such as fire may have direct effects on vital rates such as sur-
vival, growth, and seed viability [58, 59, 60, 61, 62, 63]. Life history strategies in response to fire
may vary by habitat and species with recovery strategies ranging from obligate seeding to
resprouting from rootstock after plant material is consumed [52, 54]. In several scrub endem-
ics, time-since-fire has critical effects on population persistence [64, 65, 66].

The Lake Wales Ridge, a geologic feature formed over one million years ago, is a docu-
mented biodiversity hotspot for a variety of endemic species [39, 40, 67]. This diversity is
threatened by losses of habitat from development and agriculture [68]. Among the ecosystems
on the Lake Wales Ridge, Florida scrub supports many narrowly endemic plant species [69]. A
recent summary of the conservation status of the Florida scrub includes 36 endemic species, of
which 28 are plants [40].

This study was conducted across three contiguous properties located in Highlands County,
Florida, USA (27° 10°50”N, 81° 21’0”W). The first site is the main property of Archbold Biolog-
ical Station (ABS) [70], a 2,101-ha private biological station that includes well-managed exam-
ples of xeromorphic Florida scrub [38, 53]. Florida scrub includes areas dominated by Florida
rosemary as well as scrubby flatwoods, dominated by oaks and palmettos; both are habitats for
E. rosescens. Sand roads traversing through scrub habitats provide additional habitat for E.
rosescens and several other listed endemics. The second site, the Archbold Reserve, consists of
native Florida scrub altered by agricultural activities (roller chopping, fire suppression, grazing)
and exotic-grass dominated pastures still supporting an active cattle operation. We also studied
the ecology of E. rosescens at the adjacent McJunkin property, a 120-ha tract of the Lake Wales
Ridge Wildlife and Environmental Area managed by the Florida Fish and Wildlife Conserva-
tion Commission. This property is dominated by xeric scrub habitat degraded by a history of
roller chopping and root raking prior to acquisition. Because all three properties are contigu-
ous, we consider our study to have taken place within a single population of E. rosescens. We
conducted our study among 13 subpopulations, defined as patches of stems separated from
other subpopulations by at least 50 m.

Excavation

In November 2004, we excavated a 2 m” area (in a separate location from our demography sub-
populations) containing 68 marked individuals to document belowground root lengths and
determine if aboveground stems growing in close proximity to one another were connected by
belowground rhizomes (i.e., whether the species was clonal). A trench was created, approxi-
mately two feet deep on two opposite sides of the plot, and the area was excavated horizontally
from the trench. For each individual, we documented number of aboveground stems, above-
ground stem length, and root length. Plants were dried at 70°C for 48 hours and above- and
belowground parts were weighed separately.

Demographic study

Over a series of years between 2004 and 2008, we subjectively selected study subpopulations to
span the range of occupied habitats and representing (as possible) a range of time-since-fire
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Table 1. Site, subpopulation number, number of quadrats, subpopulation gender, year quadrats were established, habitat, recent fire history, and
number of individuals observed throughout the course of the study for 13 subpopulations of E. rosescens among three sites. All subpopulations
are located on Satellite soils. ABS = Archbold Biological Station (West Section), Reserve = Archbold Reserve, LWRWEA = Lake Wales Ridge Wildlife and
Environmental Area McJunkin Tract.

Site Subpopulation | # Quads Subpopulation Year Habitat Last burn Total number of individuals
gender established observed

ABS 1 3 Mixed 2004 Roadside n/a 98

ABS 2 2 Female 2004 Rosemary scrub 1993, 2010 141

ABS 4 2 Female 2005 Roadside 2010 116

ABS 5 2 Mixed 2005 Rosemary scrub 19983, 2010 65

ABS 6 4 Mixed 2005 Rosemary scrub 2004 56

ABS 9 3 Female 2005 Roadside n/a 121

ABS 11 9 Mixed 2007 Scrubby flatwoods 1997 317

ABS 12 2 Mixed 2008 Rosemary scrub 1968, 2010 40

ABS 13 5 Mixed 2008 Rosemary scrub 1968, 2010 96

Reserve 3 3 Female 2004 Disturbed Rosemary unknown 115
scrub

Reserve 7 6 Female 2005 Disturbed Rosemary unknown 147
scrub

Reserve 10 2 Female 2006 Pasture unknown, 40

2010

LWRWEA 8 5 Female 2005 Disturbed Rosemary n/a 111

scrub

doi:10.1371/journal.pone.0160014.t001

from one to 40 years. In total we established 48 1m* quadrats across 13 subpopulations in five
habitat types (rosemary scrub, scrubby flatwoods, disturbed scrub, pasture, and roadsides;
Table 1) and followed permanently marked individuals for nine years. Within each quadrat, we
sampled each month from June 2004-June 2005. Subsequently, from 2006-2010, individuals
were censused monthly from February through August. From 2011-2012 individuals were fol-
lowed monthly from March through July. Each month we documented survival, number of
stems, reproductive stage, and gender of each individual. Stem length (length of tallest stem for
individuals with more than one stem) and reproductive effort (i.e. total number of cyathia) of
each individual was recorded annually in June. Since cyathia develop throughout the flowering
season, we estimated the total cyathia production by counting the bracteal leaf pairs subtending
each cyathium. Closely occurring stems were assumed to be separate individuals if no root con-
nections were found within the first few cm of the soil surface. We used plastic colored tooth-
picks, placed at the base of each stem, to follow separate individuals over time. We also
documented recruitment, which was defined as including all newly observed untagged individ-
uals. At no time did we observe cotyledons, thus all new recruits were considered new non-
seedling adults, which probably re-emerged from dormancy or were products of clonal spread.

Five study subpopulations were affected by prescribed fires in 2010. Four subpopulations
burned in July (subpopulations 2, 4, 5, and 13) and one subpopulation (subpopulation 10)
burned in February 2010. Within one month after the fire, we categorized fire severity for all
individuals, scoring individuals as unburned, scorched (some leaf and stem material remained)
or consumed (no aboveground material remained).

Ethics Statement

All research was conducted on private (Archbold Biological Station) and public (Florida Fish
and Wildlife Conservation Commission) land with the knowledge and permission from the
landowners. The excavation of a single subpopulation took place at Archbold Biological Station
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prior to E. rosescens listing as endangered, thus we were not required to obtain a listed species
harvest permit from the state of Florida, Department of Agriculture and Consumer Services,
Division of Plant Industry. The individual in this manuscript has given written informed con-
sent (as outlined in PLOS consent form) to publish these case details.

Analysis

Stem abundances were determined by calculating the number of stems per square meter. Since
plants were added over a series of years in this dataset we calculated annualized survival
through 2012 by taking the proportion of cumulative survival and raising it to the power of the
number of years. Both annual and annualized survival considered dormant individuals as alive.

Annual and seasonal dormancy were determined in subsequent censuses when a plant was
recorded absent in a previous census and found alive in a following census. For the purpose of
these analyses we did not use the last two years of data to avoid mistaking true mortality from
annual dormancy.

Time-since-fire was calculated for each year (2005-2012) with a total of 17 time-since-fire
classes ranging from 0 (year of fire) to 42 years since fire (classes include 0, 1, 2, 3,4, 5,6, 7, 8
12,13, 14, 15, 16, 17, 41 and 42 years since fire).

In most cases we used nonparametric statistics due to difficulty meeting assumptions of
parametric tests. Pearson Chi-Square tests were used to assess differences in annualized sur-
vival across habitats, annual flowering across years, annual dormancy effects on flowering,
number of flowering events, and plant gender. Additionally, we used Pearson Chi-Square to
test differences in recruitment by census year and habitat type, and fire severity and burn
month effects on cumulative and annualized survival. Kruskal-Wallis tests were used to analyze
variance in reproductive output across years. Mann-Whitney U tests were used to assess differ-
ences in reproductive output between subpopulation genders. Binary logistic regression was
used to analyze habitat and subpopulation gender, and their interactive effects on flowering.
We used the enter method and categorical data was set to simple contrasts. All data were ana-
lyzed in SPSS version 22. Figures were created in SigmaPlot version 11.0. Most analyses were
done on data collected from 2004-2012. Because we added subpopulations throughout the
study, analyses involving habitats were only possible from 2008 onward.

Results
Above- and belowground sizes

Aboveground, E. rosescens is a short statured herb, with stems rarely over 40 cm in length.
Mean stem lengths ranged from 9.1 cm in 2006 and 2007 to 10.5 cm in 2005 and 2010 (median:
7.2 cm in 2007 to 8.4 cm in 2010). Among years, maximum stem length ranged from 33.4 cm
in 2006 to 40.3 cm in 2010. Over the last four years of the study, stem lengths significantly var-
ied among the five habitats (Kruskal-Wallis = 77.6 (2008), 105.2 (2009), 83.6 (2010), 65.9
(2011), and 98.5 (2012), p < 0.001 in all years). Although pairwise differences were somewhat
variable across years, there was a consistent annual trend of the greatest stem lengths within
the pasture subpopulation and the lowest within scrubby flatwoods. In all years (2005-2012)
stem length was significantly longer for flowering individuals (Mann-Whitney U > 38,810,

p < 0.001).

Our excavation showed that E. rosescens was deeply rooted and did not have belowground
connections between stems (Fig 1). Of the 68 stems excavated, we were able to obtain partial
belowground lengths on 52 and complete lengths on only ten. Intact roots were often relatively
long (range 8.4-64.1 cm), while maximum aboveground length of excavated individuals only
reached 10.0 cm (range 5.1-10.0 cm). Below- to aboveground biomass ratios were highly
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Fig 1. Archbold researchers Eric Menges (left) and Marcia Rickey (right) present an excavated
individual of E. rosescens.

doi:10.1371/journal.pone.0160014.g001

variable and had a median of 21:1. Of the 42 severed roots, below- to aboveground biomass
ratios had a median of 16:1; these numbers underestimate the contribution of belowground
biomass. Only one individual in the excavation area consisted of multiple stems, all of which
(n = 3) were within 3 cm of each other and connected near the soil surface.

Stem Abundance and Survival

In our long-term demographic study, E. rosescens exhibited a consistent pattern of annual vege-
tative dormancy (Fig 2). For most individuals, aboveground stems died back between August
and January. Average stem densities were highest in April (20 stems/m?®) and lowest in August
(8 stems/m?) across the years of this study.

The number of stems per individual ranged from one to four. Within each year (2005-
2012), most individuals (> 90%) consisted of a single stem, while individuals with two or more
stems were found much less frequently (<7%). Stem densities ranged from 22 to 26 per m*
across all study subpopulations between 2005 and 2012. Stem densities did not vary by subpop-
ulation, gender, or habitat in any census year analyzed.

Opverall, subpopulations of E. rosescens have remained stable or increased across census
years. Average annual survival (including dormant individuals) across all study subpopulations
was 89.6% with little variation (SD = 1.73) and mean annualized survival to 2012 was 91.6%.
Within each year, we observed a mean of 83.5% (SD = 3.0) of individuals aboveground (Fig 3).
Annualized survival significantly varied by habitat for most years from 2009-2012 (2009-10:
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Fig 2. Monthly subpopulation densities for five groups of subpopulations (aggregated from the total of 13
subpopulations, based on the year we began research) of Euphorbia rosescens at Archbold Biological

Station’s West Section, the Archbold Reserve, and Lake Wales Ridge Wildlife and Environmental Area
McJunkin Unit from March 2005 through July 2012.

doi:10.1371/journal.pone.0160014.g002

Kruskal-Wallis = 0.033, p = 0.026; 2010-11: Kruskal-Wallis = 16.818, p = 0.002; 2011-12:
Kruskal-Wallis = 14.712, p = 0.005). From 2009 to 2012, annualized survival was consistently
higher among plants in rosemary scrub than disturbed scrub (2009-10: 99.0% vs. 90.7%,

p =0.026; 2010-11: 100% vs. 88.5%, p = 0.004; 2011-12: 100% vs. 90.5%, p = 0.005), although
no other pairwise comparisons were significant.

Annual Flowering

Subpopulations of E. rosescens are comprised of only two genders, female or a mix of male and
bisexual plants, and subpopulations with different genders were spatially separated. Seven of
our study subpopulations consisted entirely of female plants. Six subpopulations had a mixture
of sexes, dominated primarily by male plants, with a smaller subset of individuals that were
functionally andromonoecious (hermaphrodite and male cyathia on the same plant). At the
subpopulation level, genders were stable across years (i.e. female subpopulations always domi-
nated by female individuals).

Plant gender was unevenly distributed across the five habitat types (Table 1). While roadside
and rosemary scrub habitats had at least one subpopulation with each gender, all disturbed
scrub subpopulations consisted of female plants. The single subpopulation in scrubby flat-
woods was mixed, while the pasture subpopulation was female.

Across all subpopulations we were able to identify the sex of >80% of flowering individuals
in each year. Of those plants in which sex could be identified, flowering was dominated by
female plants in all years. Across all subpopulations, within a given year, a mean of 75% of
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Fig 3. Annual survival of E. rosescens from 2005 to 2012. Percent survival is shown for three classifications: all live
individuals including dormant plants, plants alive aboveground, and plants alive but dormant.

doi:10.1371/journal.pone.0160014.g003

flowering plants were female, while an average of 21% of flowering plants were male, and 4%
were functionally andromonoecious plants. Within mixed subpopulations, flowering across
years among sexed individuals was dominated by male plants (mean 83%), with only 17% of
flowering individuals being functionally andromonoecious.

Annual flowering among subpopulations always fell below 30% (Fig 4). Across all subpopu-
lations, flowering was protracted, occurring in most years from March through August (Fig 4).
Across years, mean annual flowering ranged from a low of 3% to a high of 39% and the propor-
tion of flowering individuals varied significantly among subpopulations in all years of our
study (for each year 2005-2012; y* > 44, df > 8, p < 0.001). In most years, three female sub-
populations (two disturbed subpopulations, 7 and 8 and one roadside subpopulation, 9) had
the highest rates of flowering.

In all years, flowering varied significantly among habitats, with the highest percent flower-
ing occurring in disturbed scrub in five of the eight years. In the remaining three years,
flowering was highest for the pasture subpopulation (Table 2). In all but one year (2006) the
proportion of flowering individuals varied significantly between the two subpopulation genders
(Table 3), with a greater percentage of plants in female subpopulations in flower.

Plant Dormancy

While we have regularly documented a consistent pattern of intra-annual (i.e. seasonal) plant
dormancy, E. rosescens is also subject to annual dormancy (i.e. vegetative dormancy where an
individual is dormant >1 year). Since 2004, we have documented the occurrence of annual
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observed.

doi:10.1371/journal.pone.0160014.g004

plant dormancy in 18% of the individuals in our dataset. Occurrence of annual dormancy ran-
ged from one to three times over these nine years. Length of an annual dormancy episode ran-
ged from one to seven consecutive years. Most individuals (68%) that experienced annual
dormancy were only dormant for one year. Similarly, among plants experiencing more than
one episode of annual dormancy, most (50%) were only dormant for one year at a time.

Table 2. Results of binary logistic regression of flowering in E. rosescens as a function of habitat and subpopulation gender (mixed vs. female) for
each census year. Wald statistic, p value, Nagelkerke R and 2 LL values are given. Percent flowering is shown for each habitat type. Bold indicates pairwise
significance between indicated habitats compared to rosemary scrub. Past. = Pasture, Scrub flat. = Scrubby flatwoods.

Year | Sig. predictor Wald p Nag R -2LL Rose-mary | Road-side | Disturb scrub | Past. | Scrub flat.
2005 | Gender® Habitat | 3.7437.400 0.053 0.025 0.060 461.756 5.0% 11.4% 17.2%

2006 Habitat 13.556 <0.004 0.038 769.065 13.2% 24.9% 28.4% 12.0%

2007 Habitat 15.326 <0.011 0.036 | 1004.672 14.1% 25.0% 29.2% 10.3% 22.8%
2008 Habitat 28.158 <0.001 0.071 960.226 10.8% 20.5% 23.9% 37.9% 7.2%
2009 Habitat 19.749 <0.030 0.090 935.212 12.4% 19.7% 28.9% 14.3% 5.6%
2010 Habitat 55.564 <0.007 0.103 | 1040.225 8.5% 5.0% 26.0% 69.0% 17.7%
2011 Habitat 19.455 <0.001 0.075 | 1046.072 11.3% 24.1% 29.0% 42.9% 12.1%
2012 | Gender°® Habitat | 6.034 23.715 | 0.014 <0.005 | 0.108 806.834 4.7% 15.5% 26.4% 12.8% 9.2%

°greater proportion of plants in female subpopulations flowering

doi:10.1371/journal.pone.0160014.t002
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Table 3. Summary of flowering between subpopulation genders for each census year; for comparing flowering between genders, chi-square sta-
tistics (x?) and significance (p) are presented.

Census year

2005
2006
2007
2008
2009
2010
2011
2012

2

% Flowering in mixed subpopulations % Flowering in female subpopulations X P
4.70% 14.20% 9.988 0.002
17.50% 24.30% 3.368 0.066
19.10% 25.40% 5.066 0.024
11.20% 20.60% 18.237 <0.001
9.20% 23.10% 38.326 <0.001
15.90% 22.70% 8.424 0.004
12.40% 25.70% 32.096 <0.001
5.10% 14.10% 34.647 <0.001

doi:10.1371/journal.pone.0160014.t003

The occurrence of annual dormancy (i.e. plant dormant in any year between 2005 and
2012) significantly decreased subsequent annualized survival among our study plants (median
of 95.0% versus 83.4% for plants experiencing annual dormancy (Mann-Whitney = 6.00,

p =0.05)). The number of annual dormancy episodes had no effect on annualized survival to
2012 (Kruskal-Wallis = 4.093, df = 6, p = 0.664; median annualized survival for one annual
dormant episode = 83.4%, two = 89.2%, three = 87.2%, four = 97.5%, five = 0%, six = 0%, and
seven = 45.9%), although plants experiencing fewer than four annual dormancy episodes had
greater annualized survival than plants with five to seven episodes (>80% vs. <46%).

Annual dormancy did not significantly affect subsequent fecundity. Occurrence of annual
dormancy had no significant effect on flowering (i.e., if plant ever flowered 2004-2012; 26.1%
for dormant plants vs. 31.9% for plants never experiencing annual dormancy; x* = 3.472,
df =1, p = 0.062) or number of flower events (i.e. number of times a plant flowered from 2004-
2012; x> = 15.086, df = 9, p = 0.089). Furthermore, the occurrence of annual dormancy was
similar across plant genders (male: 17.1%, female: 15.0%, functionally andromonoecious:
14.3%; %* = 0.322, df = 2, p = 0.851) and between subpopulation genders (17.9% for both
mixed and female subpopulations; XZ =0.002,df =1, p = 0.968).

Reproductive Output

Reproductive output (i.e., the number of cyathia, estimated by counting the remaining bracts
that subtend each cyathium) was modest and affected by habitat but not plant gender. The
total number of cyathia produced per plant averaged between six and 10. Reproductive output
did not differ between subpopulation genders for any year of this study (2005-2012 Mann-
Whitney U > 27, p > 0.181). However, in three of the five years (2008-2010), reproductive
output varied significantly among habitats (Kruskal-Wallis > 13.875, df = 4, p < 0.008). Gen-
erally, in all years except 2012, reproductive output was highest in the disturbed scrub habitat.
In pairwise tests, reproductive output was significantly greater in disturbed scrub compared to
pasture and roadside subpopulations in 2008 (p < 0.001), rosemary scrub subpopulations in
2009 (p = 0.008), and roadside subpopulations in 2010 (p = 0.004).

Fruit production was negligible during the course of this study. No fruit maturation was
observed in any of our study subpopulations until 2011. From 2011 to 2012, we observed nine
mature fruits among four subpopulations (three rosemary scrub subpopulations 2, 5, 13, and
one scrubby flatwoods subpopulation 11).

Recruitment

Despite not adding new sites or quadrats since 2008, we observed annual recruitment within
all of our study subpopulations each year. Given low fruit production, these recruits were likely
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clonal recruits or plants emerging from annual dormancy. Although there was no significant
difference between number recruits/m” among years (Kruskal-Wallis = 7.00, df = 7, p = 0.429),
recruitment did decline from 4.63 recruits/m” in 2005 to only 1.58 recruits/m” in 2012. New
recruitment occurred mainly in the early spring, with most occurring in March (33.1%), fol-
lowed by February (20.1%) then April (19.1%). The number of new recruits significantly varied
among years (2005-2012; x> = 710.649, df = 7, p < 0.001), with the highest recruitment occur-
ring in 2006 and 2008.

Overall, the number of new recruits varied among subpopulations (x> = 89.707, df = 12,
p < 0.001) and habitat types (x* = 19.396, df = 4, p = 0.001). This trend was driven by pasture
subpopulation 10, which produced the highest rates of recruitment (57.1%) across all study
years. Subpopulations in disturbed scrub habitats had the lowest rates of recruitment (38.3%).

Fire effects

Across the five subpopulations that burned in 2010, 67.4% (291) of individuals were affected
by fire. Most affected individuals (62.2%) were consumed while 37.8% were scorched. Fire
severity significantly affected cumulative survival to 2012 (x> = 8.196, df = 2, p = 0.017), with
unburned plants having higher survival (81.2%), than scorched (79.4%) or consumed plants
(69.1%). Burn month (February versus July) did not significantly affect subsequent survival
(2010-2012; X2 =1.488,df =1, p = 0.223).

Annualized survival was unaffected by time-since-fire (Kruskal-Wallis = 19.278, df = 17,
p = 0.313). In nearly all time-since-fire categories (range 0-42 years), annualized survival was
>90% (Fig 5). Time-since-fire significantly affected flowering (Kruskal-Wallis = 30.404,
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Fig 5. Annualized survival in relation to time-since-fire (in years) across eight subpopulations of E. rosescens
for which fire history was known. Boxplots show mean (dashed line) and median (solid line). Black circles represent
outliers. Sample sizes are included above each bar.

doi:10.1371/journal.pone.0160014.g005
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Fig 6. Percent flowering in relation to time-since-fire (in years) for eight subpopulations of E. rosescens.
Boxplots show mean (dashed line) and median (solid line). Black circles represent outliers.

doi:10.1371/journal.pone.0160014.g006

df = 17, p = 0.024; Fig 6). Flowering was stimulated by fire, being markedly higher during the
year of fire than in subsequent years (50% of plants flowering vs. <20% in other time-since-fire
categories; Fig 6).

Discussion

E. rosescens is a long-lived perennial with stable subpopulation dynamics across years. Average
annual survival of most E. rosescens subpopulations was >90%; a high annual survival was
hypothesized and is typical of many resprouting scrub species [41, 42]. E. rosescens is a small
statured plant with extremely high root to shoot ratios; up to 49 times the amount of below-
ground biomass to aboveground biomass. This is more extreme, but similar to ratios up to 4:1
in long-lived clonal shrubs dominating Florida scrub [71, 72]. High root:shoot ratios may be
advantageous for survival in drought-prone and nutrient-poor environments [73] as well as for
dependable resprouting after annual dormancy. In Florida scrub, where soils are nutrient lim-
ited [74] and well drained, larger root systems may allow plants to tap directly into available
ground water resources [75] as well as provide for more efficient exploitation of nutrients
[76,77].

All subpopulations of E. rosescens followed a consistent cycle of seasonal dormancy, where
individuals were active aboveground during warmer months with seasonal rainfall, and dieback
in the fall and winter. However, a small proportion (18%) of individuals were also subject to
prolonged vegetative dormancy. Causes of vegetative dormancy have been linked to several
environmental factors, including nutrient limitation [18, 43], herbivory [78], and drought [79].
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Additionally, frequency and duration of vegetative dormancy has been linked to habitat, with
plants in xeric habitats showing a greater proportion of dormancy and over longer periods of
time compared to more mesic habitats [80]. Dormancy is not unprecedented among perennial
species in the genus Euphorbia [81, 82] Contrary to our hypothesis, E. rosescens’ annual dor-
mancy had limited effects on survival and no effect on subsequent fecundity. Such results have
been observed in previous studies, where Shefferson [43] found that vegetative dormancy in
long-lived species was independent of survival and varied more with climatic factors.

As we hypothesized, habitat disturbance showed positive (increased flowering, reproductive
output), negative (decreased annualized survival) and mixed (recruitment) effects on vital rates
of E. rosescens. Although, we have to acknowledge the limitation of these inferences due to low
samples sizes, such trends have been observed in other Florida scrub species, particularly her-
baceous species specializing in gaps, or open spaces in the shrub matrix. For example, roadside
populations of Hypericum cumulicola, a federally endangered herb, were found to have more
variable life spans, faster growth and flowering and higher fecundity than scrub populations
[44]. Populations of Paronychia chartacea ssp. chartacea, another federally listed endemic
herb, showed higher survival and seed production in scrub, but greater recruitment along road
edges [63]. Liatris ohlingerae, an herbaceous perennial, had higher survival and lower fecundity
along roadsides compared to plants located in Florida scrub [83]. In a separate study, Chamae-
crista fasciculata, an annual legume, showed greater population growth in degraded Florida
scrub compared to intact Florida scrub [84].

While E. rosescens exhibits a polygamodioecious breeding system, overall flowering is domi-
nated by female plants. In most years, floral output was similar between population genders
but differed among habitats. In any case, cyathia production was modest and fruit production
is intermittent. Although we do not know if E. rosescens is self-compatible, the genus Euphorbia
is mainly considered a self-compatible group [85]. However, geitonogamous crosses have led
to lower seed set in some species [85, 86], suggesting partial self-incompatibility. Self-incom-
patibility has been shown as the primary factor limiting fruit set in other rare long-lived Florida
upland species such as Ziziphus celata [87] and Prunus geniculata [88]. Furthermore, low rates
of flowering and fruit set have been documented in Crotalaria avonensis, an endangered herb
found in the Florida scrub [89].

Despite limited fruit set, there was consistent annual recruitment in E. rosescens. It is likely
that the appearance of new individuals is a result of older individuals cycling out of annual or
seasonal dormancy, as the number of newly recruiting individuals decreased with time since
quadrats were established. However, it is also possible that the primary reproductive strategy is
to produce new stems by clonal growth and fragmentation, as the initial rhizomes may break
down rapidly, a likelihood supported by documentation that individuals can reproduce
through root fragmentation [90] as well as a recent study on spatial genetic patterns [91].

Flowering plants may exhibit a diversity of strategies for achieving both sexual and asexual
reproduction. In the case of E. rosescens, clonal reproduction may provide several evolutionary
benefits, even increasing fitness in the absence of sexual reproduction by reducing mortality
and enabling expansion to new environments during times of environmental stress [92]. Fur-
thermore, if sexual reproduction provides little contribution to fitness in E. rosescens, the vesti-
gializaiton of sex may have occurred over a relatively short period of time, a process that has
been documented in geographically peripheral populations of Decodon verticillatus, a clonal
aquatic plant [93, 94]. However, clonal reproduction has its tradeoffs and may explain the
imbalance in gender ratios across subpopulations used in our study, as clonality has been
shown to disrupt morph ratios in dioecious species [95].

While the majority of E. rosescens plants resprouted post-fire, consumed plants had lower
survival than unburned or lightly scorched plants. Although this could reflect fire-caused
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damage, it could also be related to pre- or post-fire conditions. Annualized survival was inde-
pendent of time-since-fire. Flowering also showed no relation to time-since-fire except in the
year of fire, where flowering percentages nearly tripled. Short-term fire responses have been
observed among a variety of Florida scrub endemics [35, 37, 59, 61, 96] and may serve to pro-
mote delayed post-fire recruitment or replenish soil seed banks. Furthermore fire has positive
effects on other southeastern Euphorbia species, such as Euphorbia telephioides, in which stem
production was observed to increase post-fire [97].

Management Implications

Lower survival following fire suggests this species prefers less frequent fires and may be favored
by open gaps within Florida scrub habitats where fire effects are patchy, allowing plants to
experience less frequent fires than the surrounding shrub matrix. Supporting this, E. rosescens
was more likely to be found in open areas in a microhabitat study [98]. However, fire maintains
and expands gaps in the habitats E. rosescens occupies [57, 99, 100], enhances E. rosescens flow-
ering, and may ultimately increase fruit production in some subpopulations. For these reasons,
fire may be the key to managing this imperiled species. However, there are not enough data to
make specific reccommendations on preferred fire return intervals at this time.

E. rosescens should be considered a globally imperiled species. Although high survival and
stable subpopulation dynamics may compensate for low reproductive output, this narrowly
endemic species occurs in a rare habitat threatened by historical clearing and fire suppression.
Furthermore, only half of its extant populations have been confirmed within the past decade
[47]. More research on its biology has the promise of providing useful management approaches
to create viable populations.

Acknowledgments

We greatly appreciate reviews of earlier drafts of this paper by Edwin Bridges, Jennifer Jones,
Steve Orzell, Jennifer Schafer, and Richard Shefferson as well as the logistical support of Carl
Weekley, Marcia Rickey, and Gretel Clarke. Field work would not have been completed with-
out the assistance of Sarah Haller Crate, Brian Poirier, Stephen McAllister, Stephanie Koontz,
Rachel Burnett, Morgan Sherwood, Harrison Price, Alan Rivero, Whitney Hummel, Olivia
Bullock, Laura Patino, Kiarash Rahmanian, Toshia Simpson, Michelle LaFave, Sadie Watts,
Austin Ritenour, Amy Platt, and Forest Ritenour.

Author Contributions

Conceived and designed the experiments: SAS ESM. Performed the experiments: SAS ESM.
Analyzed the data: SAS. Wrote the paper: SAS ESM.

References

1. Schemske DW, Husband BC, Ruckelshaus MH, Goodwillie C, Parker IM, Bishop JG. Evaluating
approaches to the conservation of rare and endangered plants. Ecology. 1994 Apr; 75(3):584—-606.

2. Lande R. 1998. Anthropogenic, ecological, and genetic factors in extinction and colonization.
Research in Population Ecology 40:259-269.

3. Groom MJ. Allee effects limit population viability of an annual plant. American Naturalist. 1998 Jun;
151(6):487-96. doi: 10.1086/286135 PMID: 18811371

4. Matthies D, Brauer I, Malborn W, Tschamtke T. Population size and the risk of local extinction: empiri-
cal evidence from rare plants. Oikos. 2004 Jun 1; 105(3):481-8.

5. Lavergne S, Thuiller W, Molina J, Debussche M. Environmental and human factors influencing rare
plant local occurrence, extinction, and persistence: a 115-year study in the Mediterranean region.
Journal of Biogeography. 2005 May 1; 32(5):799-811.

PLOS ONE | DOI:10.1371/journal.pone.0160014  July 25,2016 15/19


http://dx.doi.org/10.1086/286135
http://www.ncbi.nlm.nih.gov/pubmed/18811371

@’PLOS ‘ ONE

Euphorbia Life History in Florida Scrub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Menges ES. Population viability analysis in plants: challenges and opportunities. Trends in Ecology
and Evolution. 2000 Feb 1; 15(2):51-6. PMID: 10652555

Brigham CA, Schwartz MW. Population viability in plants: conservation management, and modeling
of rare plants. Springer Science & Business Media; 2003 Mar 24.

Morris WF, Pfister CA, Tuljapurkar S, Haridas CV, Boggs C, Boyce M, et al. Longevity can buffer plant
and animal populations against changing climatic variability. Ecology. 2008 Jan; 89(1):19-25. PMID:
18376542

Salguero-Gémez R, Jones OR, Jongejans E, Blomberg SP, Hodgson DJ, Mbeau-Ache C et al. Fast—
slow continuum and reproductive strategies structure plant life-history variation worldwide. Proceed-
ings of the National Academy of Sciences. 2016 Jan 5; 113(1):230-5.

Menges ES, Quintana-Ascencio PF. Modeling the effects of disturbance, spatial variation and envi-
ronmental heterogeneity on population viability of plants. In Population viability in plants 2003 Jan 1
(pp. 289-311). Springer-Berlin Heidelberg.

Keith DA, Akcakaya HR, Thuiller W, Midgley GF, Pearson RG, Phillips S.J., Regan HM, Araujo MB,
Rebelo TG. Predicting extinction risks under climate change: coupling stochastic population models
with dynamic bioclimatic habitat models. Biology Letters. 2008 Oct 23; 4(5): 560-3. doi: 10.1098/rsbl.
2008.0049 PMID: 18664424

Wiegand K, Jeltsch F, Ward D. Minimum recruitment frequency in plants with episodic recruitment.
Oecologia. 2004 Oct 1; 141(2):363—72. PMID: 14666416

Willems JH, Melser C. Population dynamics and life-history of Coeloglossum viride (L.) Hartm.: an
endangered orchid species in The Netherlands. Botanical Journal of the Linnean Society. 1998 Jan 1;
126(1-2):83-93.

Brook BW, Sodhi NS, Bradshaw CJ. Synergies among extinction drivers under global change. Trends
in Ecology & Evolution. 2008 Aug 31; 23(8):453—-60.25.

Lesica P, Steele BM. Prolonged dormancy in vascular plants and implications for monitoring studies.
Natural Areas Journal. 1994; 14(3):209-12.

Shefferson RP, Sandercock BK, Proper J, Beissinger SR. Estimating dormancy and survival of a rare
herbaceous perennial using mark-recapture models. Ecology. 2001 Jan; 82(1):145-56.

Shefferson RP, Proper J, Beissinger SR, Simms EL. Life history trade-offs in a rare orchid: the costs
of flowering, dormancy, and sprouting. Ecology. 2003 May; 84(5):1199-206.

Shefferson RP, Kull T, Tali K. Adult whole-plant dormancy induced by stress in long-lived orchids.
Ecology. 2005 Nov; 86(11):3099-104.

Shefferson RP, Taylor DL, Wei3 M, Garnica S, McCormick MK, Adams S, et al. The evolutionary his-
tory of mycorrhizal specificity among lady's slipper orchids. Evolution. 2007 Jun 1; 61(6):1380—90.
PMID: 17542847

Shefferson RP. The evolutionary ecology of vegetative dormancy in mature herbaceous perennial
plants. Journal of Ecology. 2009 Sep 1; 97(5):1000-9.

Gremer JR, Sala A, Crone EE. Disappearing plants: why they hide and how they return. Ecology.
2010 Nov; 91(11):3407-13. PMID: 21141201

Lesica P, Crone EE. Causes and consequences of prolonged dormancy for an iteroparous geophyte,
Silene spaldingii. Journal of Ecology. 2007 Nov1; 95(6):1360-9.

Anderson GJ, Symon DE. Functional dioecy and andromonoecy in Solanum. Evolution. 1989 Jan
1:204-19.

Barrett SC. Evolution of sex: the evolution of plant sexual diversity. Nature Reviews Genetics. 2002
Apr 1; 3(4):274-84.

Barrett SC. The evolution of mating strategies in flowering plants. Trends in Plant Science. 1998 Sept
1; 3(9):335-41.

Jong TD, Shmida A, Thuijsman F. Sex allocation in plants and the evolution of monoecy. Evolutionary
Ecology Research. 2008; 10(8):1087—109.

Maron JL, Kauffman MJ. Habitat specific impacts of multiple consumers on plant population dynam-
ics. Ecology. 2006 Jan; 87(1):113—-124. PMID: 16634302

Doust LL. Population dynamics and local specialization in a clonal perennial (Ranunculus repens): I.
The dynamics of ramets in contrasting habitats. Journal of Ecology. 1981 Nov 1:743-55.

Oostermeijer JG, Luijten SH, Krenova ZV, Den Nijs H. Relationships between population and habitat
characteristics and reproduction of the rare Gentiana pneumonanthe L. Conservation Biology. 1998
Oct 5; 12(5):1042-583.

Schupp EW. Seed-seedling conflicts, habitat choice, and patterns of plant recruitment. American
Journal of Botany. 1995 Mar 1:399-409.

PLOS ONE | DOI:10.1371/journal.pone.0160014  July 25,2016 16/19


http://www.ncbi.nlm.nih.gov/pubmed/10652555
http://www.ncbi.nlm.nih.gov/pubmed/18376542
http://dx.doi.org/10.1098/rsbl.2008.0049
http://dx.doi.org/10.1098/rsbl.2008.0049
http://www.ncbi.nlm.nih.gov/pubmed/18664424
http://www.ncbi.nlm.nih.gov/pubmed/14666416
http://www.ncbi.nlm.nih.gov/pubmed/17542847
http://www.ncbi.nlm.nih.gov/pubmed/21141201
http://www.ncbi.nlm.nih.gov/pubmed/16634302

@’PLOS ‘ ONE

Euphorbia Life History in Florida Scrub

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Brokaw NV, Pickett ST. White PS. The ecology of natural disturbance and patch dynamics. The ecol-
ogy of natural disturbance and patch dynamics. 1985.

Bond WJ, Keeley JE. Fire as the global ‘herbivore’: the ecology and evolution of flammable ecosys-
tems. Trends in Ecology and Evolution. 2005 Jul 31; 20(7):387-94. PMID: 16701401

Lesica P. Effects of fire on the demography of the endangered, geophytic herb Silene spaldingii (Caro-
phyllaceae). American Journal of Botany. 1999 Jul 1; 86(7):996—1002. PMID: 10406723

Kirkman LK, Drew MB, Edwards D. Effects of experimental fire regimes on the population dynamics of
Schwalbea americana L. Plant Ecology. 1998 Jul 1; 137(1):115-37.

Slapcinsky JL, Gordon DR, Menges ES. Responses of rare plant species to fire in Florida's pyrogenic
communities. Natural Areas Journal. 2010 Jan; 30(1):4—19.

Morrison DA, Cary GJ, Pengelly SM, Ross DG, Mullins BJ, Thomas CR, et al. Effects of fire frequency
on plant species composition of sandstone communities in the Sydney region: Inter-fire interval and
time-since-fire. Australian Journal of Ecology. 1995 Jun1; 20(2):239-47.

Quintana-Ascencio PF, Morales-Hernandez M. Fire-mediated effects of shrubs, lichens and herbs on
the demography of Hypericum cumulicola in patchy Florida scrub. Oecologia. 1997 Oct 1; 112
(2):263-71.

Menges ES. Ecology and conservation of Florida scrub. The savanna, barren, and rock outcrop plant
communities of North America. 1999:7-22.

Estill JC, Cruzan MB. Phytogeography of rare plant species endemic to the southeastern United
States. Castanea. 2001 Mar 1:3-23.

Turner WR, Wilcove DS, Swain HM. State of the scrub: conservation progress, management respon-
sibilities, and land acquisition priorities for imperiled species of Florida’s Lake Wales Ridge. Archbold
Biological Station, Lake Placid, Florida. 2006; 2.

Takahashi MK, Horner LM, Kubota T, Keller NA, Abrahamson WG. Extensive clonal spread and
extreme longevity in saw palmetto, a foundation clonal plant. Molecular Ecology. 2011 Sep 1; 20
(18):3730—42. doi: 10.1111/j.1365-294X.2011.05212.x PMID: 21848843

Herndon AK. Life history of Liatris ohlingerae (Asteraceae), an endangered plant endemic to the Lake
Wales Ridge, Florida. Florida Fish and Wildlife Conservation Commission, Tallahassee, FL.

Shefferson RP. Survival costs of adult dormancy and the confounding influence of size in lady's slip-
per orchids, genus Cypripedium. Oikos. 2006 Nov 1; 115(2):253-62.

Quintana-Ascencio PF, Weekley CW, Menges ES. Comparative demography of a rare species in
Florida scrub and road habitats. Biological Conservation. 2007 Jun 30; 137(2):263-70.

Weakley AS. Flora of the Southern and mid-atlantic states. University of North Carolina Herbarium,
North Carolina Botanical Garden, University of North Carolina Chapel Hill, N.C. Working draft of 21.
2015 May:1-1320.

Wunderlin RP, Hansen BF. Atlas of Florida Vascular plants. [updated 2016 Jan 29; cited 2016 Jan 29]
Institute for Systematic Botany, University of South Florida, Tampa. Available from: http:/florida.
plantatlas.usf.edu/

Bridges EL, Orzell SL. Euphorbia (Euphorbiaceae) Section Tithymalus Subsection Inundatae in the
Southeastern United States. Lundellia. 2002(5: ):59-78.

Simon MF, Pennington T. Evidence for adaptation to fire regimes in the tropical savannas of the Bra-
zilian Cerrado. International Journal of Plant Sciences. 2012 Jul; 173(6):711-23.

Simon MF, Grether R, de Queiroz LP, Skema C, Pennington RT, Hughes CE. Recent assembly of the
Cerrado, a neotropical plant diversity hotspot, by in situ evolution of adaptations to fire. Proceedings
of the National Academy of Sciences. 2009 Dec 1; 106(48):20359—64.

Narbona E, Ortiz PL, Arista M. Functional andromonoecy in Euphorbia (Euphorbiaceae). Annals of
Botany. 2002 May 1; 89(5):571-7. PMID: 12099531

Myers RL, Ewel JJ. Ecosystems of Florida. Orlando: University of Central Florida Press; 1990.

Menges ES. Integrating demography and fire management: an example from Florida scrub. Australian
Journal of Botany. 2007 Jun 8; 55(3):261-72.

Abrahamson WG, Johnson AF, Layne JL, and Peroni PA. Vegetation of the Archbold Biological Sta-
tion, Florida: An example of the southern Lake Wales Ridge. Florida Scientist. 1984; 47:209-50.

Menges ES. Kohfeldt N. Life history strategies of Florida scrub plants in relation to fire. Bulletin of the
Torrey Botanical Club. 1995 Oct 1:282-97.

Maguire AJ, Menges ES. Post-fire growth strategies of resprouting Florida scrub vegetation. Fire Ecol-
ogy. 2011; 7(3):12-25.

PLOS ONE | DOI:10.1371/journal.pone.0160014  July 25,2016 17/19


http://www.ncbi.nlm.nih.gov/pubmed/16701401
http://www.ncbi.nlm.nih.gov/pubmed/10406723
http://dx.doi.org/10.1111/j.1365-294X.2011.05212.x
http://www.ncbi.nlm.nih.gov/pubmed/21848843
http://florida.plantatlas.usf.edu/
http://florida.plantatlas.usf.edu/
http://www.ncbi.nlm.nih.gov/pubmed/12099531

@’PLOS ‘ ONE

Euphorbia Life History in Florida Scrub

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Petri M, Menges ES. Seedling establishment in natural and experimental Florida scrub gaps. Journal
of the Torrey Botanical Society. 2003 Apr 1:89-100.

Menges ES, Craddock A, Salo J, Zinthefer R, Weekley CW. Gap ecology in Florida scrub: Species
occurrence, diversity and gap properties. Journal of Vegetation Science. 2008 Aug 1; 19(4):503—14.

Hartnett DC, Richardson DR. Population biology of Bonamia grandiflora (Convolvulaceae): Effects of
fire on plant and seed bank dynamics. American Journal of Botany. 1989 Mar 1:361-9.

Ostertag R, Menges ES. Patterns of reproductive effort with time since last fire in Florida scrub plants.
Journal of Vegetation Science. 1994 Jun 1; 5(3):303-10.

Carrington ME. Post-fire seedling establishment in Florida sand pine scrub. Journal of Vegetation Sci-
ence. 1999 Jun 1:403-12.

McConnell K, Menges ES. Effects of fire and treatments that mimic fire on the Florida endemic Scrub
Buckwheat (Eriogonum longifolium Nutt. var. gnaphalifolium Gand.). Natural Areas Journal. 2002 Jul;
22(3):194-202.

Lindon HL, Menges ES. Scientific note: Effects of smoke on seed germination of twenty species of
fire-prone habitats in Florida. Castanea. 2008 Jun; 73(2):106—10.

Schafer JL, Sullivan LL, Weekley CW, Menges ES. Effects of habitat and time-since-fire on recruit-
ment, survival, and reproduction of Paronychia chartacea ssp. chartacea, a short-lived Florida scrub
endemic herb 1. The Journal of the Torrey Botanical Society. 2013 Apr; 140(2):181-95.

Menges ES, Quintana-Ascencio PF. Population viability with fire in Eryngium cuneifolium: deciphering
a decade of demographic data. Ecological Monographs. 2004 Jan; 74(1):79-99.

Menges ES, Quintana-Ascencio PF, Weekley CW, Gaoue OG. Population viability analysis and fire
return intervals for and endemic Florida scrub plant. Biological Conservation. 2006 Jan 31; 127
(1):115-27.

Evans ME, Holsinger KE, Menges ES. Modeling the effect of fire on the demography of Dicerandra
frutescens ssp. frutescens (Lamiaceae), an endangered plant endemic to Florida scrub. Population
Ecology. 2008 Jan 1; 50(1):53-62.

Dobson AP, Rodriguez JP, Roberts WM, Wilcove DS. Geographic distribution of endangered species
in the United States. Science. 1997 Jan 24; 275(5299):550-3. PMID: 8999803

Weekley CW, Menges ES, Pickert RL. An ecological map of Florida's Lake Wales Ridge: a new
boundary delineation and an assessment of post-Columbian habitat loss. Florida Scientist. 2008; 71
(1):45.

Christman SP, Judd WS. Notes on plants endemic to Florida scrub. Florida Scientist (USA). 1990.

Swain H. Archbold biological station and the MacArthur agro-ecology research center. Bulletin of the
Ecological Society of America. 1998 Jan 1:114-20.

Johnson AF, Abrahamson WG, McCrea KD. Comparison of biomass recovery after fire of a seeder
(Ceratiola ericoides) and a sprouter (Quercus inopina) species from south-central Florida. American
Midland Naturalist. 1986 Oct 1:423-8.

Saha S, Catenazzi A, Menges ES. Does time since fire explain plant biomass allocation in the Florida,
USA, scrub ecosystem. Fire Ecology. 2010 Jan 1; 6(2):13-25.

Davidson RL. Effects of soil nutrients and moisture on root/shoot ratios in Lolium perenne L. and Trifo-
lium repens L. Annals of Botany. 1969 Jun 1; 33(3):571-7.

Schafer JL, Mack MC. Effects of time-since-fire on soil nutrient dynamics in Florida scrubby flatwoods.
Florida Sci. 2013 Jun 1; 76:417-35.

Dawson TE, Pate JS. Seasonal water uptake and movement in root systems of Australian phraeato-
phytic plants of dimorphic root morphology: a stable isotope investigation. Oecologia 1996 Mar 1; 107
(1):13-20.

McCulley RL, Jobbagy EG, Pockman WT, Jackson RB. Nutrient uptake as a contributing explanation
for deep rooting in arid and semi-arid ecosystems. Oecologia. 2004 Dec 1; 141(4):620-8. PMID:
15322902

McKinley DC, Romero JC, Hungate BA, Drake BG, Megonigal JP. Does deep soil N availability sus-
tain long-term ecosystem responses to elevated CO,?. Global Change Biology. 2009 Aug 1; 15
(8):2035-48.

Morrow PA, Olfelt JP. Phoenix clones: recovery after long-term defoliation-induced dormancy. Ecol-
ogy Letters. 2003 Feb 1; 6(2):119-25.

Miller MT, Allen GA, Antos JA. Dormancy and flowering in two mariposa lilies (Calochortus) with con-
trasting distribution patterns. Canadian Journal of Botany. 2004 Dec 1; 82(12):1790-9.

Reintal M, Tali K, Haldna M, Kull T. Habitat preferences as related to the prolonged dormancy of
perennial herbs and ferns. Plant ecology. 2010 Sep 1;210(1):111-23.

PLOS ONE | DOI:10.1371/journal.pone.0160014  July 25,2016 18/19


http://www.ncbi.nlm.nih.gov/pubmed/8999803
http://www.ncbi.nlm.nih.gov/pubmed/15322902

@’PLOS ‘ ONE

Euphorbia Life History in Florida Scrub

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Horvath DP, Chao WS, Suttle JC, Thimmapuram J, Anderson JV. Transcriptome analysis identifies
novel responses and potential regulatory genes involved in seasonal dormancy transitions of leaf
spurge (Euphorbia esula L.). BMC genomics. 2008 Nov 12; 9(1):536.

Pfab MF, Witkowski ET. A simple population viability analysis of the critically endangered Euphorbia
clivicola RA Dyer under four management scenarios. Biological Conservation. 2000 Dec 31; 96
(3):263-70.

Tye MR, Menges ES, Weekley CW, Quintana-Ascencio PF, Salguero-Gomez R. Interactions
between disturbances drive population dynamics of a rare endemic plant. Journal of Ecology. In
review.

Stephens EL, Tye MR, Quintana-Ascencio PF. Habitat and microsite influence demography of two
herbs in intact and degraded scrub. Population ecology. 2014 Jul 1; 56(3):447-61.

Narbona E, Ortiz PL, Arista M. Linking self-incompatibility, dichogamy, and flowering synchrony in two
Euphorbia species: Alternative mechanisms for avoiding self-fertilization. PloS one. 2011 Jun 1; 6(6):
€20668. doi: 10.1371/journal.pone.0020668 PMID: 21674062

Schirch S, Pfunder M, Roy A. Effects of ants on the reproductive success of Euphorbia cyparissias
and associated pathogenic rust fungi. Oikos. 2000 Jan 1:6-12.

Weekley CW, Race T. The breeding system of Ziziphus celata Judd and DW Hall (Rhamnaceae), a
rare endemic plant of the Lake Wales Ridge, Florida, USA: implications for recovery. Biological Con-
servation. 2001 Aug 31; 100(2):207-13.

Weekley CW, Zaya DN, Menges ES, Faivre AE. Multiple causes of seedling rarity in scrub plum, Pru-
nus geniculata (Rosaceae), an endangered shrub of the Florida scrub. American journal of botany.
2010; 97(1):144-55. doi: 10.3732/ajb.0900106 PMID: 21622375

Menges ES, Pace-Aldana B, Haller SJ, Smith SA. Ecology and conservation of the endangered
legume Crotalaria avonensis in Florida scrub. Southeastern Naturalist. Submitted.

Menges ES, Weekley CW, Rickey MA, Clarke GL. Further demographic research on five state-listed
Lake Wales Ridge endemic plants. Final report to the Florida Division of Plant Industry’s Endangered
and Threatened Plant Conservation Grants Program. 2006 Jul.

Menges ES, Smith SA, Koontz SM. Conservation Research on State-listed plants endemic to the
Lake Wales Ridge. Final report to the Florida Division of Plant Industry’s Endangered and Threatened
Plant Conservation Grants Program. 2015 Jul.

Barrett SC. Influences of clonality on plant sexual reproduction. Proceedings of the National Academy
of Sciences. 2015 Jul 21; 112(29):8859-66.

Dorken ME, Eckert CG. Severely reduced sexual reproduction in northern populations of a clonal
plant, Decodonverticillatus (Lythraceae). Journal of Ecology. 2001 Jun 1; 89(3):339-50.

Dorken ME, Neville KJ, Eckert CG. Evolutionary vestigialization of sex in a clonal plant: selection ver-
sus neutral mutation in geographically peripheral populations. Proceedings of the Royal Society of
London B: Biological Sciences. 2004 Nov 22; 271(1555):2375-80.

Field DL, Pickup M, Barrett SC. Comparative analyses of sex-ratio variation in dioecious flowering
plants. Evolution. 2013 Mar 1; 67(3):661-72. doi: 10.1111/evo.12001 PMID: 23461317

Weekley CW, Menges ES. Burning creates contrasting demographic patterns in Polygala lewtonii
(Polygalaceae): a cradle-to-grave analysis of multiple cohorts in a perennial herb. Australian Journal
of Botany. 2012 Jul 16; 60(4):347-57.

US Fish and Wildlife Service. Euphorbia telephioides (Telephus spurge) 5-Year review: summary and
evaluation. Southeast Region Panama City Field Office, Panama City, Florida. 2008 Mar.

Jones J, Smith SA, Menges ES. A microhabitat and microclimate study of Euphorbia rosescens. Flor-
ida Scientist. Submitted.

Dee JR, Menges ES. Gap ecology in the Florida scrubby flatwoods: effects of time-since-fire, gap
area, gap aggregation and microhabitat on gap species diversity. Journal of Vegetation Science.
2014 Sept 1; 25(5):1235-46.

Menges ES, Crate SJ, Quintana-Ascencio P. Dynamics of gaps, vegetation, and plant species with
and without fire. In preperation.

PLOS ONE | DOI:10.1371/journal.pone.0160014  July 25,2016 19/19


http://dx.doi.org/10.1371/journal.pone.0020668
http://www.ncbi.nlm.nih.gov/pubmed/21674062
http://dx.doi.org/10.3732/ajb.0900106
http://www.ncbi.nlm.nih.gov/pubmed/21622375
http://dx.doi.org/10.1111/evo.12001
http://www.ncbi.nlm.nih.gov/pubmed/23461317

