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ABSTRACT

Stevens, Sally M. Ph.D., Purdue University, December 2014. Population Differentiation,
Dispersal Limitation, and Local Adaptation in the Gametophytic Fern Vittaria
appalachiana. Major Professor: Nancy C. Emery.
Species’ distributions are driven by a variety of abiotic and biotic factors. As
these factors become altered by global climate change, species are believed to respond to
these projected environmental changes in four different ways. One response is the
shifting of the species’ geographic range to higher latitudes and elevations, which will be
unlikely for those species that have limited dispersal potential. Alternatively, organisms
may tolerate the change, which will be unlikely for those organisms that are not
phenotypically plastic. A third potential response is to adapt to the new environment via
rapid evolution, an unlikely response for those organisms that are isolate and genetically
depauperate. Therefore, those species that are characterized by limited dispersal potential
and populations that are differentially adapted may be especially sensitive to the
anticipated environmental changes associated with global climate change.
Here, we used a variety of field and common garden experiments to understand
how a fern species will respond to global climate change. Specifically, we tested for
dispersal limitation at the northern range boundary, population differentiation, and
phenotypic plasticity. Our focal species, Vittaria appalachiana, is an asexual,
gametophytic fern species that occupied patchily distributed, non-calcareous rock shelters







in the Appalachian Mountains of eastern North America. In each experiment, we used six
different populations that span the species’ geographic range. To test for dispersal
limitation, transplants were placed in a site beyond the northern range boundary that does
not contain any known V. appalachiana populations. Transplants from each of these
populations were also reciprocally transplanted amongst each population to test for local
adaptation. Finally, explants from each of the six source populations were exposed to
various temperature and humidity conditions, to test for phenotypic plasticity in response
to temperature and humidity.
Cumulative results from these three studies indicate that dispersal limitation
heavily influences the contemporary northern range boundary of V. appalachiana and
that populations are differentially adapted. However, this differentiation is not driven by
temperature or humidity. Additionally, our results also indicate that southern populations
may be locally adapted, while the most northern population is composed of robust
genotypes. Finally, it appears that the species as a whole prefers cooler temperatures and
lower humidity levels, suggesting that global climate change may negatively impact this
species. Broader implications of this study suggest that abiotic factors other than
temperature may drive species’ distribution patterns, and must therefore be included in
modeling efforts to understand species response to climate change. Additionally, these
results indicate that conservation efforts should consider population-level differences, as
they may exhibit different responses to the stressors associated with global climate
change.
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CHAPTER 1. DISPERSAL LIMITATION AND POPULATION DIFFERENTIATION
IN PERFORMANCE BEYOND A NORTHERN RANGE LIMIT

Abstract
A species’ distribution reflects its ecological niche when all of the habitats that
support population growth are occupied. However, organisms with limited dispersal
potential may not colonize all suitable habitats, and may consist of differentially adapted
populations that have different niche requirements. Here, we evaluate the factors
determining the northern range limit in a fern species that is endemic to a patchilydistributed habitat throughout its geographic range. Non-calcareous rock shelters
providing habitat for six seperate populations spanning throughout the geographic range
of Vittaria appalachiana, an asexual, gametophytic fern species, in the Appalachian
Mountains of eastern North America. We transplanted V. appalachiana gametophytes
from six different populations to a rock shelter habitat that exists 48 km beyond the
northern range boundary, and back into their home locations as experimental controls.
We compared the fitness of transplants at “home” vs. “beyond the range limit” to test if
the northern range boundary is defined by physiological limits or dispersal limitation.
Furthermore, we tested if transplant success beyond the northern range boundary varied
among individuals collected from different populations in the species range. Overall,
transplants performance was similar between the home locations and the site beyond the
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northern range limit. However, populations differed in their response to transplantation
beyond the northern range boundary, with individuals from the northernmost population
having higher fitness beyond the range limit than all other populations. We conclude that
the northern range limit of V. appalachiana is heavily influenced by dispersal limitation
because transplant performance was, on average, similar between home sites and beyond
the northern range limit. However, because populations varied in their relative
performance beyond the range limit, we also conclude that the ecological niches of these
populations are not equivalent.
Key words: geographic range limits, population differentiation, species distributions,
dispersal limitation, Appalachian Mountains, climate change, Pteridophyte, Appalachian
shoestring fern, Vittaria appalachiana
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1.1 Introduction
Ecologists and evolutionary biologists have long sought to understand the factors

that determine species’ distribution patterns and geographic range limits (MacArthur
1967; Holt and Keitt 2005). Species’ ranges are typically shaped by a variety of
interacting environmental factors, both abiotic and biotic, that vary at multiple spatial
scales. Abiotic factors such as climate and soil type are known to influence large-scale
distribution patterns (Hawkins, Field et al. 2003; Pearson and Dawson 2003), while biotic
factors such as competition and herbivory are thought to be most important at the local
scales over which organisms can interact (Ackerly 2003; Losos, Leal et al. 2003; Baselga,
Lobo et al. 2012). Because species’ distributions reflect responses to a suite of biotic and
abiotic factors that can vary across the landscape, these patterns are often considered to
be a spatial representation of a species’ ecological niche, with range boundaries
representing the ecological limits for population persistence (Phillips, Anderson et al.
2006; Warren 2012; McInerny and Etienne 2013; Warren 2013; Soberon 2014).
While species’ geographic range limits may reflect niche limits in many cases,
there are also many biological scenarios in which this may not be the case (Holt and Keitt
2000; Pulliam 2000; Holt 2003; Hargreaves, Samis et al. 2014). If environmental
conditions vary through time, the spatial position of the niche limits may fluctuate as
well, which could facilitate range expansion when conditions are favorable and
contractions when conditions are inhospitable. But if dispersal cannot keep pace with
these fluctuating conditions, suitable habitat may at times be unoccupied (i.e., the niche
limits exceed the range limits; Marsico and Hellman 2009). Alternatively, if dispersal
consistently occurs among populations occupying niche limits, “sink” populations may
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temporarily establish in habitats outside of the species’ niche (i.e. the distribution exceeds
niche limits) (Kirkpatrick and Barton 1997; Pulliam 2000; Holt 2009). Therefore, range
boundaries may be strongly influenced by the dispersal biology of an organism,
generating boundaries that are do not reflect niche limits (Sexton, McIntyre et al. 2009;
Hargreaves and Eckert 2013).
While contemporary ecological and microevolutionary processes constantly refine
species’ ranges, historical processes can leave a persistent signature on distribution
patterns, particularly in species with low dispersal potential (Normand, Ricklefs et al.
2011). Perhaps most notorious are the effects of historical climate variation in driving
dramatic shifts in species geographic ranges (Davis and Shaw 2001; Knowles 2001;
Schonswetter, Stehlik et al. 2005). For example, during the Pleistocene glaciations, many
species migrated to lower latitudes, while others retreated to refugia, and thus fragmented
a once relatively contiguous distributions into multiple patchily distributed populations
(Oberle and Schaal 2011). Conversely, elevated temperatures caused by global climate
change are driving many species to higher latitudes or elevations (Parmesan, Ryrholm et
al. 1999; Parmesan and Yohe 2003; Parmesan 2006). Certain life history characteristics
may limit the ability of some species to shift in response to changing climates. In sessile
organisms, the ability to track spatial and temporal variation in the environment is heavily
dependent upon the success of dispersed progeny. If these species rely upon habitat that
is patchy or fragmented, restricted dispersal may severely inhibit successful colonization
of suitable habitat patches or migration (Pearson and Dawson 2005). If this distance also
restricts gene flow, or if the species is predominantly self-fertilizing or asexual,
populations may become locally adapted (Sherman and Ayre 2008), which may further
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limit their ability to establish and recruit outside of current population boundaries. Over
time, populations or species that cannot disperse far enough and fast enough to keep pace
with climate change may not be able to tolerate the novel climate in their region and, as a
result, may be particularly vulnerable to extinction. Therefore, understanding the role of
climate and dispersal in defining species’ ranges has extended beyond a fundamental goal
in ecology and evolutionary biology to a critical issue in conservation biology.
Field transplant experiments can be used to test if species’ range limits are
congruent with their niche limits or shaped primarily by their dispersal potential (Angert
and Schemske 2005; Emery, Rice et al. 2011; Agren and Schemske 2012). Ideally, these
experiments are designed such that multiple “source” populations (i.e., populations from
distinct locations within the geographic range) are transplanted beyond a range boundary,
as well as back into their home populations to serve as experimental controls
(Hargreaves, Samis et al. 2014). The success of transplants beyond the range limit
(compared to their home locations) can reveal the relative importance of dispersal vs.
environmental factors in setting the range boundary: strong performance suggests that
dispersal limitation explains the range limit (i.e., the niche limit exceeds the range limit),
while poor performance suggests that the organism’s environmental tolerances (niche
requirements) limit range expansion (i.e., the niche limit and range limit are at
equilibrium). When making this comparison, it is biologically informative to include
individuals from marginal populations in the transplant design, since these individuals are
the most likely source of natural colonists (Hargreaves, Samis et al. 2014) and may be
most closely adapted to the conditions beyond the range limit. However, individuals from
marginal populations could also have particularly low tolerances to conditions beyond
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range boundaries if they are inbred or generally less vigorous (e.g., due higher levels of
environmental stress in the marginal environment). Under this scenario, populations that
occupy central locations within a species’ range could be larger and more vigorous, and
therefore more likely to successfully recruit beyond the range edge (Lenormand 2002).
Given these alternative outcomes, and the potential for populations to differentiate and
locally adapt within a species’ range (Etterson and Shaw 2001; Kelly, Sanford et al.
2012), it is important to include individuals from multiple source populations when
testing if dispersal limitation is responsible for setting geographic range boundaries.
In this study, we conducted a large-scale transplant experiment to evaluate the
role of dispersal limitation and thermal tolerances in driving the northern range boundary
of the fern species Vittaria appalachiana. Because this species is strictly asexual with
little potential for dispersal, we hypothesized that its current northern range limit is
largely driven by dispersal limitation, i.e., its geographic range limit does not reflect its
niche limit. We tested this hypothesis by transplanting individuals from six different
source populations, which collectively spanned the latitudinal extent of the species’
geographic range, beyond its known northern range limit. By evaluating the responses of
six different populations to transplantation beyond the northern range limit, we were able
to identify differences among populations in their ability to recruit beyond the range
boundary if dispersal were to occur.
1.2 Materials and Methods
1.2.1 Study system
The Appalachian shoestring fern, Vittaria appalachiana, is an asexual fern that is
restricted to the cool, moist back walls and crevices of non-calcareous rock shelters that
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are patchily distributed throughout the Appalachian mountains of eastern North America
(Fig. 1-1a, b) (Farrar 1978). Because V. appalachiana populations are strongly associated
with these rock shelters, it is relatively straightforward to identify suitable microhabitat
for this species, including sites beyond the current known northern range limit. These
rock shelters are also thought to buffer climate, providing warmer temperatures in winter
and cooler temperatures in summer, generating a unique microclimate in which these
ferns can be found (Farrar 1998). Vittaria appalachiana occurs strictly as an independent
gametophyte (haploid; Fig. 1-1c) (Farrar and Mickel 1991), and thus its dispersal
potential is substantially lower than most ferns because spores – which are the primary
mechanism for long-distance dispersal in ferns – are never produced. Instead, dispersal
in V. appalachiana only occurs through the release of asexual gemmae that are
continuously produced by gametophytes throughout their lifespan.
1.2.2 Source populations and transplant site selection
We identified and collected samples from six V. appalachiana populations that
collectively span the geographic range of the species (Fig. 2). Populations were identified
from published locality information (Farrar and Mickel 1991), personal communication
with state botanists, and the records of nonprofit natural heritage organizations in New
York and North Carolina. In addition, Little Rock City Park (Little Valley, New York), a
site located 48 km north of the northernmost V. appalachiana population on record, was
selected as a representative site that occurs just beyond the known northern range limit of
V. appalachiana. This site contains rock shelters with similar geology and flora to nearby
(more southern) sites within V. appalachiana’s range, but does not currently contain any
V. appalachiana individuals.
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1.2.3 Transplant experiment
Seventy (70) samples were collected from each of the six source populations over
an 8-day period in October of 2012. Gametophytes were detached from the rock surface
by scraping the substrate with a blade, and then trimmed to a standard size of 4.5 mm in
diameter (roughly 10-20 individual gametophytic thalli). Samples were collected from
randomly-chosen positions along a horizontal transect that bisected each population.
Each sample was placed on an agar-based nutrient media immediately after it was
removal. The media consisted of half-strength Murashige and Skoog Basal Salt Mixture
(Sigma M5524, St. Louis, MO) supplemented with 0.5mL/L plant vitamins and 1.0mL/L
Bennomyl, titrated to a pH of 6.5 using potassium hydroxide, and solidified with 0.65%
agar (Sigma A9915, St. Louis, MO).
Within six days after collection, each sample was attached to 2.5 cm x 1.25 cm x
0.5 cm piece of rockwool with a small amount of adhesive (Loctite Ultra Gel Control
Superglue; Henkel Corporation, Westlake, OH). Rockwool was moistened with liquid
nutrient media (prepared as described above, but without agar) and placed in a 100 x
25mm vented disposable petri dish (Thermo Fisher Scientific Inc., Waltham, MA).
Samples were then placed in a growth chamber to establish on the rockwool and
acclimate to fall temperatures. The chamber was programmed to gradually decrease in
temperature over the course of one week, starting at 20°C (considered to be ideal growing
temperature, based on preliminary trials) to 5.5°C (range-wide average fall temperatures).
In November of 2012, 35 samples from each source population were arranged
into blocks and transplanted beyond the northern range limit into a large rock shelter at
Little Rock City Park. A block consisted of one individual from each of the six source
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populations, for a total of 35 blocks and 210 individual samples. Each block was placed
in the crevices of the rock shelter to match the microhabitat that V. appalachiana
occupies within its range. The remaining 35 samples from each site were transplanted
back into their home population to serve as transplant controls (N=35 transplants per
site). In all sites, Thermochron   (Maxim Integrated™, San Jose, CA) were
placed adjacent to each block (beyond the northern range limit) or individual transplant
(within the six source sites) to measure and record air temperature at two-hour intervals
over the course of the experiment. Each  was coated with clear 
(Plasti Dip International, Blaine, MN) to prevent moisture damage prior to placing them
in the field (Roznik and Alford 2012).
Survival and growth data were collected from transplants at all seven sites (six
populations within the geographic range, and one site beyond the northern range
boundary) during five separate censuses over the course of one year (approximately every
3 months). During each census, any transplant containing photosynthetic tissue visible to
the naked eye was photographed and considered as “alive” for survival analyses. Mature,
living Vittaria appalachiana gametophytes continuously produce gemmae, so we
considered the length of time a transplant survived to be a proxy of fitness. Later, in the
lab, the photosynthetic area (PA) of each transplant was estimated from the digital
photographs. PA was calculated by first outlining the photosynthetic area of each
surviving individual using GIMP 2.0 (Peck 2008; Solomon 2009), and then calculating
the size of this area using ImageJ (Rasband W.S. 1997-2014; Schneider, Rasband et al.
2012). Changes in PA over time were calculated for each surviving transplant by dividing
the difference in PA (current PA subtracted from the initial PA) by the initial PA.
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Because the number of gemmae produced may also be proportional to the size of the
gametophyte (i.e., larger gametophytes can produce more gemmae), we considered the
measurement of PA to be a second proxy for fitness.
1.2.4 Statistical analyses
Statistical analyses were conducted using SAS v. 9.3 (SAS Institute 2011) and R
v. 2.15.2 (R Core Team 2014). For all analyses, “destination” refers to the location where
a transplant was placed, which was either back into their original location (“home”) or
beyond the northern range limit (hereafter “BNL”) in Little Rock City Park, NY (Fig. 2).
“Source” identifies the location from which the transplant was originally collected (AL,
NC, IN, OH, KY, or NY).
1.2.4.1 Temperature variation among sites
We compared the temperature regimes of all seven field sites (AL, NC, IN, OH,
KY, NY, and BNL) by testing for differences in four temperature parameters using
separate one-way, repeated measures ANOVAs. Temperature parameters were the
average daily mean, minimum, maximum, and standard deviation (to estimate variation),
measured by each data logger at each site. In each analysis, destination (home or BNL)
was the single independent variable, and one temperature parameter was the dependent
variable. A statistically significant effect of destination would indicate that the
temperature parameter of interest differed among sites. We tested for significant
differences in each temperature parameter between each source site and the BNL site
using contrast statements.
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1.2.4.2 Transplant survival
Survival curves comparing destination effects for each source were created using
Kaplan-Meier estimates, and tested for statistically significant differences between curves
using a log-rank analysis (“survival” package in R). Kaplan-Meier curves are “time-toevent” analyses, which can be used to model the probability of survival over time with
“time to death” as the modeled event (Kalbfleisch and Prentice 2002). This method for
evaluating survival patterns is robust to differences in exact sampling events, and thus is
appropriate for our survey data because different sites could not be sampled on the exact
same day. Kaplan-Meier analyses use censored data, so that individuals that survived to
the end of the experiment could be included even though the time-to-death event was not
known. Additionally, this approach does not require that parametric assumptions are met
(Allsion 1995). We formatted the survival data set as right-censored to model the length
of time a transplant survived (i.e., the time until death from transplant installation).
Transplants that survived until the end of the experiment were assigned a value of zero
(censored) for the last month of the experiment, while dead individuals were assigned a
value of one during the month in which their death was first recorded. Missing data
points, which included transplants that were lost due to vandalism or disturbance, were
not included in the analysis.
An additional set of survival analyses were conducted to test if source populations
responded differently to transplantation beyond the range edge, compared to their
performance in their respective “home” locations during each single census (i.e., to test
for source population × destination interaction during each census). To do this, we
conducted a separate generalized linear mixed model (PROC GLIMMIX in SAS v. 9.3)
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for each census period that evaluated transplant survival status (dead=0, surviving=1) as a
function of source population (i.e., one of the six populations), destination (home or
BNL) and the source × destination interaction. We specified a binary distribution with a
logit link function to account for the binary nature of the survival data. Because no
surviving individuals remained at the Kentucky and Indiana sites in the final census,
survival between “home” and BNL locations were not statistically analyzed for these
source populations in the final survey. We did, however, calculate least squared means
for these sites to qualitatively evaluate survival rates during the final census.
1.2.4.3 Changes in photosynthetic area
The change in the photosynthetic area (PA) of transplants over time was analyzed
using a mixed model repeated-measures ANOVA (PROC MIXED in SAS v. 9.2). We
specified a spatial power covariance structure (sppow) with census (one through five) as
the spatial factor. Source, destination and census were treated as fixed main effects. All
two-way interactions were included in the model, but the three-way interaction was
omitted because the model would not converge when this term was included. To test if
the destination effect varied among source populations, we evaluated the source ×
destination interaction, and further evaluated specific population responses using contrast
statements that compared the destination effect (home vs. BNL) for each source
population.
1.3 Results
1.3.1 Temperature variation among sites
The average daily mean, maximum, minimum, and standard deviation in
temperature varied significantly among the six different transplant destination sites
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(Table 1-1). Most temperature parameters (mean, minimum, maximum) were highest at
the most southern site (AL) and lowest at the most northern site within the geographic
range (NY), but the remaining sites did not conform to a simple latitudinal gradient (Fig.
1-3a-c). The average daily variability in temperature (measured as the mean of the daily
standard deviation in temperature) within rock shelters was highest at the most southern
site (AL), but lowest at the next nearest site (NC), and was relatively similar among all
sites further north (Fig. 1-3d). Although the temperature values at the BNL site were
significantly different from those measured throughout the range, they fell within the
range of values that were observed in the natural populations (Fig. 1-3a-d).
1.3.2 Transplant survival
Comparisons of the survival functions of each source population in its home and
BNL transplant destinations indicate that survival rates were generally comparable
between home sites and the site that occurred beyond the northern range limit (Fig. 1-4).
Furthermore, log rank analyses revealed that the only source population that exhibited
consistent differences in survival between transplant destinations was the northernmost
population from New York, and this population exhibited higher survival in the BNL site
than its home location (df =1, N=56, X2 = 7, P=0.008). For the remaining populations,
transplant survival was initially higher at the BNL site than in their respective home sites,
but this effect diminished during the onset of spring and summer (census 3) and was not
statistically significant overall.
Analyses of survival observed during each census (using generalized liner mixed
models) also indicated that survival was similar between destination sites for most
populations and censuses (Table 1-2, Fig. 1-5). The magnitude of the differences in
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survival between destination sites varied among populations and changed throughout the
duration of the experiment (Fig. 1-5). During the first census (February/March 2012),
some populations tended to have overall higher survival than others, and survival was on
average higher at the BNL site relative to source population locations (see marginally
significant destination and source population effects, Table 1-2). There was no evidence
that populations exhibited significantly different responses to being transplanted to the
BNL site, relative to their respective home sites (see nonsignificant destination × source
interaction, Table 1-2). However, marginal differences were observed between the home
and BNL destinations for two populations (NC and KY), with survival being higher at
home for North Carolina (F1,58= 3.14, P= 0.082), and at the BNL site for Kentucky
(F1,40= 3.11, P= 0.086). By the second census (May 2012), survival was higher at the
BNL site than at home (F1,288= 9.19, P= 0.003), and was generally similar among source
populations (see nonsignificant source and destination × source interaction for census 2,
Table 1-2). However, post-hoc comparisons indicated that the difference in survival
between each source site and the BNL was statistically significant only for transplants
from Indiana, with survival being higher at the BNL site (Fig. 5; F1,53= 5.19, P= 0.027).
During the third census (2012, late spring/early summer), overall survival was similar
among all source populations and destinations (Table 1-2, census 3); however,
individuals from New York were maintaining higher survival at the BNL site than their
home site at this point in time (F1,52= 4.47, P= 0.039). Results from all subsequent
censuses indicated non-significant differences in survival for all factors in the model
(destination, source, and destination × source), because the majority of transplants had
senesced by this point in the experiment (Table 1-2, Fig. 1-5).
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1.3.3 Changes in photosynthetic area
Photosynthetically active tissue (PA) declined over the course of the experiment,
yet the rate at which PA declined differed between destinations, with transplants beyond
the range limit exhibiting a slower reduction in PA than those transplanted to their home
site (mixed model ANOVA, census effect: F4,952= 58.35, P<0.001, destination effect: F1,
342=

4.04, P= 0.045, destination × census effect: F4,1260= 2.52, P= 0.040). Contrast

statements indicated that the destination-based differences were marginally significant for
transplants from Kentucky (F1,342= 3.62, P= 0.058), with transplants showing a greater
reduction in PA in their home site compared to the BNL site (Fig. 1-6). While not
significantly different, all remaining populations exhibited a greater reduction in PA in
their home site than the BNL site with the exception of Ohio (Fig. 1-6). These responses
were consistent among all source populations (source, source × destination, source ×
census were not statistically significantly different).
1.4 Discussion
Vittaria appalachiana transplants that were placed beyond the northern boundary
of the species’ geographic range had similar survivorship and senescence trajectories as
those that were returned to their home sites. In fact, most populations initially had higher
survival rates beyond the range limit, though this effect diminished over time as all
transplants senesced (Figs. 1-4, 1-5). Estimates of the reduction in photosynthetic area
were also statistically similar between destinations for the majority of populations, yet the
reduction tended to be slightly lower at the BNL site relative to each home site (Fig. 1-6).
Collectively, these results indicate that the northern range limit of V. appalachiana is
driven by the lack of dispersal beyond the current range edge, rather than the lack of
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suitable habitat and environmental conditions. Furthermore, the effects of translocation
beyond the range limit varied among populations, and even among fitness metrics,
indicating that the ecological niches of different populations are somewhat distinct,
causing them to exhibit population-specific responses to transplantation beyond the
northern range boundary.
Our evidence that the northern range boundary of V. appalachiana is set by
dispersal limitation rather than physiological tolerances to environmental factors,
specifically temperature, is two-fold: 1) individuals from all populations perform as well
or better at the BNL site relative to each respective home site, 2) all temperature
parameters within the rock shelter microhabitat at the BNL site were within the range of
conditions associated with rock shelters occupied by natural V. appalachiana
populations. The finding that temperature is not responsible for the delineation of the
northern range limit has also been observed in other species with limited dispersal
abilities (Hellmann, Pelini et al. 2008; Marsico and Hellmann 2009; Samis and Eckert
2009). The unique rock shelter microhabitats in which V. appalachiana inhabits may
buffer diurnal and seasonal temperature variation at each site, providing relatively
constant temperature regimes (Table 1-1) across relatively large geographic distances
(Fig. 1-2). This transplant experiment indicated that suitable microhabitat conditions exist
beyond the northern range limit, and therefore the absence of populations in these
northern locations is attributed to their failure to arrive and establish in the available rock
shelters. These results may also explain why multiple unoccupied rock shelters exist
within the boundaries of the current species range (personal observation).
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The role of dispersal limitation in shaping the geographic range limit of V.

appalachiana likely reflects the combined effects of this species’ life history traits and
the patchy distribution of the rock shelter microhabitat that it occupies. Previous research
has shown that asexually dispersed propagules are limited in the distances they can
successfully travel, and therefore asexual species may be more reliant on continuous
habitat for effective dispersal relative to their sexual congeners (Dassler and Farrar 2001;
Lobel and Rydin 2009; Devos, Renner et al. 2011). Because V. appalachiana does not
produce a sporophytic stage, the small airborne spores that give ferns their reputation for
being rapid colonizers (Page 2002) are not produced. Therefore, dispersal only occurs via
relatively large, photosynthetic gemmae produced along the margins of the gametophyte
thalli, which are unlikely to traverse substantial distances of unsuitable habitat to settle in
a new rock shelter.
Given the limited potential for V. appalachiana propagules to disperse long
distances between rock shelters, its distribution is likely out of equilibrium with the
geographic distribution of its niche space. Instead, its current distribution likely reflects
the effects of historical pressures on the distribution and abundance of what once may
have been a much more widespread range of the species (Davis 1989; Montoya,
Rodriguez et al. 2007; Svenning, Normand et al. 2008). It is hypothesized that the onset
of the Pleistocene glaciations forced populations into the rock shelter refugia, and that the
extreme change in climate exceeded the physiological tolerances associated with the
sporophytic generation of V. appalachiana (Farrar 1998). For many species, the
“footprint” of historical occurrences continues to influence current distribution patterns
(Knowles 2001; Schonswetter, Stehlik et al. 2005; Oberle and Schaal 2011). During
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periods of glacial advance, many species are believed to have sought refuge in the
protected areas of a heterogeneous landscape, generating a series of disconnected
populations (Trewick, Morgan-Richards et al. 2002; Schonswetter, Stehlik et al. 2005).
In these cases, it is possible that selection opposed long distance dispersal strategies, as
dispersing propagules were likely to arrive in an inhospitable area. Thus, these glacial
periods may have caused rapid ecological responses that changed species’ distributions,
while also imposing evolutionary pressures that influenced the long-term potential for
populations to re-colonize suitable habitat once it became available again.
Our results are consistent with other recent studies that found that transplants can
be successfully introduced beyond species’ northern range boundaries (Wethey 2002;
Marsico and Hellmann 2009; Poll, Naylor et al. 2009; McLane and Aitken 2012). But, in
contrast to our results, the majority of these studies found that performance beyond the
range boundary is reduced relative to performance at sites that are located within the
geographic range. In our experiment, V. appalachiana transplant performance was, on
average, equal to or better at sites beyond the northern range boundary relative to
locations within the current range. Similar trends of enhanced performance beyond the
northern range limit have only been reported in a few other systems (Sanford, Holzman et
al. 2006; Samis and Eckert 2009). The mixed support for transplant persistence beyond
existing range limits is likely due in part to species- and habitat-specific characteristics.
However, another explanation for these contrasting results may be the tendency for
populations within species ranges to differ in their responses to transplantation. When
transplant experiments across range edges use only a single source population, or pool
individuals from multiple populations, the outcome of the experiment may hinge
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critically on the specific population(s) under examination. The results of our experiment
highlight the need to evaluate the responses of multiple distinct populations beyond range
limits to tease apart population-specific responses to the novel conditions. To date, very
few studies have directly examined this population-level difference in performance
beyond the northern range boundary (e.g., Stanton-Geddes, Shaw et al. 2012).
In this experiment, we found strong evidence that populations of V. appalachiana
exhibit different responses to transplantation beyond the northern range boundary,
indicating the importance of including multiple populations in experiments at specieslevel range limits. Overall, we found that individuals from the southern-most site (AL)
performed best at the BNL site (relative to their home location) for much of the
experiment. In contrast, individuals from the four central populations (NC, KY, IN, OH)
varied in their responses to transplantation among the fitness measures examined, while
individuals from New York consistently performed better at the BNL site relative to
home. The New York site contains the northernmost population in the study, and thus the
environmental conditions at the New York home site are likely most similar to those that
occur just beyond the range limit at the BNL site. The relatively strong performance of
the New York population at the BNL site suggests that this population may be most the
most likely to establish and persist if it ever dispersed to that location. Because results
from studies such as this one are likely to inform species conservation and management
efforts, it is essential that population-level differences are taken in to consideration, so
that appropriate source populations are selected for restoration and assisted translocation
efforts.
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Given that the northern range limit of V. appalachiana is largely shaped by the

lack of dispersal into suitable habitat, it is highly unlikely that this species will track its
climatic niche in response to global climate change. While V. appalachiana may
represent the “worst case scenario” of a biological system that exhibits traits and habitat
preferences that would inhibit niche tracking, it may also represent a scenario for species
with distributions that have been heavily impacted by anthropogenic activities. Species
that have experienced substantial habitat loss and fragmentation may have limited
potential to colonize patches of suitable habitat if they are few and far between dispersal.
In turn, dispersal limitation can promote genetic divergence among populations by
limiting gene flow, which may also lead to locally adapted populations that will differ in
their response to human-assisted translocation (e.g., through restoration or assisted
migration efforts). Therefore, to have a more accurate understanding of how organisms
will respond to climate change, it is critical to consider an organisms’ biology, habitat,
and population-level differences as opposed to relying on species-level information in
predicting how organisms will respond to novel conditions, including as warmer
temperatures.
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Table 1-1. Results of one-way ANOVAs that tested for differences in four temperature
parameters among transplant destinations: average daily mean, average daily minimum,
average daily maximum, and average daily standard deviation. . All factors were
statistically significant at P<0.001.
Temperature

Numerator

Denominator

Parameter

Effect

DF

DF

F value

Average

Destination

6

54000

1262.06

Minimum

Destination

6

54000

1177.12

Maximum

Destination

6

54000

1291.44

Standard Deviation

Destination

6

54000

505.65
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Table 1-2. The results of two-way generalized linear mixed models that evaluated the
effects of transplant destination (home vs. way) and source population identity on the
survival (0 or 1) of transplants at each survey. * P<0.1, **P<0.05.

Census

Effect

Numerator DF

Denominator DF

F value

1

Destination

1

307

3.00*

(February)

Source

5

307

2.22*

Destination*Source

5

307

1.72

2

Destination

1

288

9.29**

(March)

Source

5

288

1.00

Destination*Source

5

288

0.40

3

Destination

1

272

0.08

(May)

Source

5

272

1.76

Destination*Source

5

272

1.34

4

Destination

1

250

0.00

(August)

Source

5

250

0.68

Destination*Source

5

250

0.04

5

Destination

1

148

0.00

(December )

Source

3

148

0.14

Destination*Source

3

148

0.02
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A

B

C

Figure 1-1. The study system that was investigated in this experiment. (A) Vittaria
appalachiana occupies crevices in non-calcareous rock shelters that are patchily
distributed throughout the Appalachian Mountains of eastern North America. (B) A
close-up of V. appalachiana gametophytes growing within a rock shelter. (C) Vittaria


appalachiana is only known to occur as an asexual gametophyte, as pictured here, and
forms dense mats along the cool, moist back walls and crevices of rock shelters. Photo
credits: A and B, S. Stevens; C, Robert Klips.
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25

Figure 1-2. The geographic locations of the field sites included in this experiment. Black
circles identify transplant destinations. The southern most six grey, circles occur within
the species’ natural geographic range and provided the transplant material and control
transplant destinations; the northernmost, black circle represents the transplant
destination that occurs beyond the northern range limit (BNL).
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Figure 1-3. Average daily mean, minimum, maximum and standard deviation in
temperature at each transplant destination (least squared means ± 1 SE). Transplant
destination sites are arranged on the x-axis in order of increasing latitude. Asterisks
identify statistically significant differences between each site and the BNL (beyond
northern limit) site. *P<0.001, **P<0.01.
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0.0
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4

Kentucky
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0.8

0
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0.8
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Figure 1-4. Kaplan-Meier curves illustrating the survival of transplants from each source
population in each destination (home vs. BNL). The x-axis represents the time (in
months) since transplants were placed into field sites. Solid black lines denote the
survival probability for transplants at the BNL site, while dashed gray lines identify the
survival probability for transplants within their respective source population (home).
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Figure 1-5. The proportion (LS means ± 1 SE) of surviving individuals from each source
population in their “home” vs. BNL transplant destinations, presented separately for each
census. Grey bars represent individuals transplanted into their original source (“home”)
site, and black bars represent individuals transplanted to the BNL site. Asterisks indicate
statistically significant differences in survival between the “home” and BNL sites for
each source population based on pair-wise comparisons with Tukey-Kremer corrections
for multiple comparisons. *P=0.05-0.09; **P=<0.05.
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Figure 1-6. Decrease in the area of photosynthetically active tissue of transplants in each
destination site, relative to the initial area that was measured on transplants at the
beginning of the experiment (LS means ± 1 SE). Grey bars represent source population
performance, and black bars represent performance at the BNL site. *P<0.1.
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CHAPTER 2. LOCAL ADAPTATION AND COUNTERGRADIENT VARIATION
THROUGHOUT THE GEOGRAPHIC RANGE OF THE FERN SPECIES VITTARIA
APPALACHIANA (PTERIDACEAE)

Abstract
Species’ geographic ranges are composed of populations that may or may not interact,
depending upon the distance separating populations, historical biogeographical processes,
and life history traits. Theory predicts that limited gene flow between populations will
promote locally adapted populations, while high levels of gene flow among populations
occupying different environments will favor the evolution of phenotypically plastic
individuals. Here, we tested the hypothesis that an asexual species with limited dispersal
is composed of patchily distributed populations containing genotypes that are highly
specialized to local climate conditions. Individuals of the fern Vittaria appalachiana were
reciprocally transplanted among six populations spanning the species geographic range.
Temperature, survival and changes in photosynthetic area were measured over one year.
Populations exhibited different fitness responses to transplantation across sites, consistent
with the hypothesis that populations have differentiated across the species’ range.
However, the patterns of differentiation were generally not consistent with local
adaptation. The most northern population outperformed most individuals in all sites,
suggesting that counter-gradient selection may have favored particularly robust plasticity,
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despite limited potential for dispersal among populations that span the species’ range.
These results challenge the expectation that low gene flow will favor specialization to
coarse-grained environmental variation in temperature, and could change existing
expectations about how patchily-distributed species may respond to global climate
change.
Key words: climate change; gametophyte; geographic range; local adaptation; population
differentiation; pteridophyte; reciprocal transplant; temperature; Vittaria appalachiana
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2.1 Introduction
Species distribution patterns have always intrigued ecologists and evolutionary

biologists that strive to understand how and why species develop unique ecological
niches (Darwin 1859; MacArthur 1967; Tryon 1985; Kirkpatrick and Barton 1997; Holt
2003). Abiotic factors, such as temperature, are thought to drive large-scale distribution
patterns associated with geographic ranges (Hawkins, Field et al. 2003; Pearson and
Dawson 2003), while various biotic factors, such as the presence or absence of
competitors, are expected to influence finer-scale distributions at the population level
(Ackerly 2003; Losos, Leal et al. 2003; Emery, Stanton et al. 2009). Species’ distribution
patterns across all scales are often considered geographic representations of the species’
realized niche (Pulliam 2000), such that organisms with larger ranges are expected to be
able to tolerate a broader range of environmental variation than those with smaller ranges.
However, the niche breadth of populations, and individuals composing these populations,
can be much narrower than the range of environmental conditions spanned by the species
as a whole (Etterson 2008). If populations are locally adapted to their home conditions, it
can be misleading to predict their tolerances to future environmental shifts based on the
species-level distribution patterns(Etterson and Shaw 2001; Etterson 2008).
The range of environments that organisms can tolerate can vary substantially
among populations due to patterns of adaptation and gene flow. Genotypes in relatively
isolated populations will rarely experience conditions outside of their local population
boundaries, and as a result selection will facilitate the evolution of local adaptation and
ecological specialization to conditions at the home site (Clausen, Keck et al. 1940;
Kawecki and Ebert 2004; Souther and McGraw 2011; Kelly, Sanford et al. 2012). In
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contrast, genotypes that regularly experience different environmental conditions, as with
populations that experience high levels of gene flow, experience selection for phenotypic
plasticity (Via, Gomulkiewicz et al. 1995). Additionally, asymmetric patterns of dispersal
can generate source-sink or “swamping” gene flow dynamics, where adaptation in
marginal populations is restricted by a constant influx of immigrants that are adapted to
non-local conditions (Lenormand 2002; Holt 2003; Sexton, McIntyre et al. 2009; Emery,
Rice et al. 2011). In other cases, non-local gene flow can assist marginal populations by
introducing genetic variation that promotes adaptation (Sexton, Strauss et al. 2011). All
of these scenarios highlight that the extent of connectivity among populations across a
species’ range will have critical implications for the species’ overall response to changing
environmental conditions, such as those associated with global climate change (Thuiller,
Albert et al. 2008; Hsu, Oostermeijer et al. 2014).
The spatial scale gene flow relative to the grain of environmental variation is
driven by biological attributes of the organism, such as dispersal and mating system
traits, and the distribution of its habitat and resource requirements throughout the
landscape (Davis and Shaw 2001; Hunt, Ansell et al. 2009; Mallet, Martos et al. 2014;
McIntyre and Strauss 2014). Gene flow among populations will be relatively restricted in
species that occupy patchily distributed or fragmented habitats (MacArthur 1967), and
species with predominantly asexual reproduction or self-fertilizing mating systems
(Mather 1943; Grapputo, Kumpulainen et al. 2005). Finally, patterns of gene flow will
evolve in response to the fitness consequences of dispersal in heterogeneous
environments. For example, selection can favor traits that reduce dispersal propensity in
species that occupy patchily-distributed or fragmented habitats, where dispersed
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propagules are particularly likely to arrive in unsuitable habitats (Cody and Overton
1996; Cheptou, Carrue et al. 2008), and favor increased dispersal at the colonizing front
of expanding species’ ranges (where suitable habitat is available beyond current range
boundaries; Phillips, Brown et al. 2010).
Reciprocal transplant experiments can be used to quantify the relative
contributions of local adaptation and phenotypic plasticity to the array of environments
spanned by species’ ranges. These experiments involve the translocation of individuals
from one or more populations into different locations within the species’ range, and
comparing the responses of transplants among transplant destinations (Etterson and Shaw
2001; Hellmann, Pelini et al. 2008; Leimu and Fischer 2008; Blanquart, Kaltz et al.
2013). Ideally, multiple populations throughout the range are examined, including
marginal populations at range limits that may be either locally adapted to the
environmental extremes or “sink” populations that persist outside of the species’ niche by
immigration alone (Pulliam 2000; Vergeer and Kunin 2013; Hargreaves, Samis et al.
2014). When all populations are transplanted into their home location, in addition to the
“away” locations, it is possible to detect potentially complex patterns of population
differentiation, local adaptation, and ecological specialization across the species’ range.
“Local vs. foreign” comparisons evaluate the fitness of individuals raised in their home
location (local) relative to the fitness of individuals that originated from other populations
(foreign) in the same transplant destination. Here, populations are considered to be
locally adapted if the local individuals have higher fitness than foreign individuals; this is
the primary test for strict local adaptation (Kawecki and Ebert 2004),. Alternatively,
“home vs. away” comparisons, which evaluate the performance of individuals from one
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population at their original location (home) to their performance at the other locations
(away), provides important information about the extent to which populations are locally
adapted versus plastic across a range of conditions. This comparison is particularly
relevant for predicting population-level responses to future environmental change, such
as changing climate. Finally, countergradient variation can be detected when populations
that occupy the most extreme environments (such as those that likely occur at range
margins) have the highest fitness of all populations across all conditions. This pattern
results when selective forces acting on genotypes in different environments oppose the
environmental effects of the gradient being examined (Conover and Present 1990;
Conover and Schultz 1995). For example, organisms may exhibit lower growth rates in
cold environments (because the colder temperatures directly lower growth rates), but
simultaneously experience stronger selection for increased growth rate compared to other
populations that occur in milder conditions within the species’ range (Conover and
Schultz 1995). A reciprocal transplant experiment would reveal this process, because
individuals from the colder environment would exhibit higher growth rates than other
populations in all transplant destinations. Thus, the effects of countergradient selection on
transplant fitness would be consistent with local adaptation using the “local vs. foreign”
comparison, but not the “home vs. away” comparison, as the population may perform
better at some “away” sites where the selective forces are not as strong.
The goal of this study was to test the hypothesis that species ranges experiencing
little gene flow among populations will be composed of a suite of populations that exhibit
distinct responses to the environmental conditions that occur within the geographic range.
Specifically, we predict that marginal populations will be relatively locally adapted,
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while more central populations will exhibit higher levels of phenotypic plasticity.
Additionally, we predict that countergradient selection should lead to an overall higher
fitness of marginal populations across all environments, compared to the fitness of nonmarginal populations in the same environments. We tested this hypothesis using a
reciprocal transplant experiment among six populations that collectively span the species’
geographic range of the fern Vittaria appalachiana, an asexual fern species of the
Appalachian Mountains and Plateau. The species’ geographic range spans approximately
nine degrees in latitude, from northern Alabama to southwestern New York. Populations
of V. appalachiana are restricted to the cool, moist, back walls and deep crevices of noncalcareous rock outcroppings, commonly referred to as rock shelters, that are patchily
distributed throughout the species range (Farrar 1978). These rock shelters are known to
buffer seasonal variation in temperature within populations (Farrar 1998), but
temperature can vary among populations across the species’ range. Thus, we expected
populations to differ in there responses to the thermal environment of each site.
2.2 Materials and Methods
2.2.1 Study system
Vittaria appalachiana is believed to a tropical relict that once occupied a broad,
continuous geographic range when the climate of North America resembled that of the
contemporary neotropics, and retreated into patchily distributed, non-calcareous rock
outcroppings along the Appalachian Mountains with the onset of the Pleistocene
glaciations (Farrar 1998). The glacial period is thought to have selected against the
development of the sporophytic generation in V. appalachiana (Farrar 1990); therefore,
the species is currently only found as an asexually reproducing gametophyte.
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2.2.2 Microclimate in V. appalachiana populations and rock shelters
We quantified the temperature regime within and around rock shelters containing
V. appalachiana populations to define the thermal conditions associated with this
species’ microhabitat (i.e., inside rock shelters), and the extent to which rock shelters
modify the temperatures that more broadly characterize the region of each population.
Specifically, we measured the temperatures within existing V. appalachiana populations,
at population edges, and outside each rock shelter in five of the six sites that were also the
focus of the reciprocal transplant experiment (see below; all sites but the Indiana location
were included). We recorded fine-scale variation in air temperature at each site at 2-hour
intervals over three years using Thermochron   (Maxim Integrated™, San Jose,
CA), starting in the fall of 2010 and ending when the transplant experiment was
harvested in the fall 2013.
2.2.3 Source populations and transplant experimental design
We identified six populations of V. appalachiana in locations that collectively
span the species’ geographic range using locality information that was obtained from the
published literature (Farrar and Mickel 1991), nonprofit organization records (New York
Natural Heritage, North Carolina Natural Heritage Program), and personal
communications with state botanists. In October 2012, we collected 210 individual
samples from each site (Fig. 2-1). Each sample was 4.5mm in diameter and contained
between 10-20 individual gametophytic thalli. Samples were collected by carefully
detaching the rhizoids from the substrate (if growing on sand) or removing the thalli with
a blade (if attached to rock) from randomly selected positions along a horizontal transect
that bisected each population. After removal, each sample was immediately placed in a
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petri dish that contained an agar-based nutrient media consisting of half-strength
Murashige and Skoog Basal Salt Mixture (Sigma M5524, St. Louis, MO) supplemented
with 0.5mL/L plant vitamins and 1.0mL/L Bennomyl, titrated to a pH of 6.5 using
potassium hydroxide, and solidified with 0.65% agar (Sigma A9915, St. Louis, MO).
Samples were collected from all sites over a period of 8 days in October of 2012.
No more than six days after collection, each sample was attached to 2.5 cm  1.25
cm  0.5 cm piece of rockwool using a small amount of adhesive (Loctite Ultra Gel
Control Superglue; Henkel Corporation, Westlake, OH) to maintain contact with the
rockwool substrate while rhizoids established. The rockwool was moistened with liquid
nutrient media (prepared as described above, but without agar) and placed in a
Fisherbrand 100 mm  25 mm vented disposable petri dish (Thermo Fisher Scientific
Inc., Waltham, MA). Samples were then placed in a growth chamber that was
programmed to gradually decrease the temperature over one week, starting at 20°C
(considered to be ideal growing temperature for V. appalachiana explants, based on
preliminary trials) to 5.5°C (the three-year microclimatic average experienced by
populations at all field sites during the fall season), so that samples could establish on the
rockwool and acclimate to fall temperatures.
In November of 2012, 35 samples from each of the six populations were
reciprocally transplanted among all sites (N=210 transplants per destination). Transplants
were organized into blocks, with a single block consisting of one individual from each of
the six source populations (for a total of 35 blocks in each destination site). The
placement of each block within each rock house was determined by randomly selecting
coordinates from a grid placed over the naturally-occurring V. appalachiana population
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at each site. Because transplants were placed directly into existing populations, we
removed all plants growing within 2 cm of each transplanted block immediately before
and after the experiment to avoid the unintentional encroachment of transplant material
into the existing natural populations. A single iButton was placed immediately adjacent
to each block to record temperature at 2-hour intervals for the duration of the experiment.
Each iButton was coated with clear  (Plasti Dip International, Blaine, MN) to
prevent moisture from infiltrating and damaging the instrument (Roznik and Alford
2012).
Survival and growth data were collected from all sites at five time points that
were spread over one year (approximately every 3 months). In each census, we classified
a transplant as “alive” if it had green, photosynthetically active tissue that could be
observed with the naked eye, and “dead” if this was not the case. All samples that were
classified to be “alive” were digitally photographed so that the photosynthetic area (PA)
could be estimated from the images. This was accomplished by first outlining the PA
using the GIMP 2.0 (Peck 2008; Solomon 2009) and then calculating the area of the
outlined region in ImageJ (Rasband W.S. 1997-2014; Schneider, Rasband et al. 2012).
The change in PA was calculated for each surviving transplant by dividing the difference
in PA (initial PA - current PA) by the initial PA.
2.2.4. Statistical analysis
2.2.4.1 Temperature variation in V. appalachiana populations and rock shelters
We examined fine-scale variation in daily temperature conditions within and
surrounding rock shelters using a series of one-way repeated-measure ANOVAs (PROC
MIXED in SAS v. 9.3; SAS Institute 2011). First, we collapsed the temperature data from
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each iButton, which were collected at 2-hour intervals over 3 consecutive years, into four
parameters at each position: daily mean, minimum, maximum, and standard deviation in
temperature. Each parameter was analyzed as a response variable in separate ANOVAs
with site, iButton position (i.e., within the population, at the population edge and inside
the rock shelter, outside of the population and inside the rock shelter, at the edge of the
rock shelter, and outside of the rock shelter) nested within state, as independent variables.
We specified an autoregressive covariance structure to account for covariance among
temperatures measured over time on the same data logger, and specified data logger as
the unit of replication. In this analysis, a significant effect of position would indicate that
temperature variability differs with respect to the location within and around rock
shelters, while a significant effect of site would indicate that the temperature parameters
measured differed among all sites. Significant results were further examined using
contrast statements to directly compare microclimate parameters experienced within the
population to all other positions within each site.
2.2.4.2 Temperature variation among sites
To test for temperature differences experienced specifically by transplants during
the single year field study we compared temperature regimes among transplant
destination sites using a series of one-way repeated measures ANOVAs. Each ANOVA
evaluated the effects of site on a different temperature parameter and specified data
logger nested within each state as the unit of replication (PROC MIXED in SAS v. 9.3).
The temperature parameters were the average daily mean, minimum, maximum, and
standard deviation in temperature measured on each data logger over the course of the
experiment. We evaluated the significance of the destination effect to test if each
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temperature parameter differed among sites; when sites significantly differed, we
compared specific sites using post-hoc pairwise comparisons with the Tukey-Kremer
adjustment for multiple comparisons.
2.2.4.3 Transplant survival
An additional analysis was conducted to directly test if transplant performance at
different destinations depended on the source of origin (i.e., to test for a significant
source population × destination interaction). Using separate generalized linear mixed
models for each census (PROC GLIMMIX in SAS v. 9.3), we evaluated transplant
survival as a function of source population and the destination site, and included the
source × destination interaction in the model. We specified a logit link function to
account for the binary nature of the survival data. Patterns of local adaptation were
examined by testing for significant interactions between “source population” and
“destination” transplant sites, and evaluating the rank order of source population survival
in each destination. Higher transplant survival rates of “local” genotypes compared to
“foreign” genotypes within sites (Kawecki and Ebert 2004), and higher transplant
survival rates at their “home” destinations relative to the “away” destinations (Blanquart,
Kaltz et al. 2013) would be consistent with local adaptation.
2.2.4.4 Transplant survival in response to temperature
We examined the effects of each temperature parameter on transplant survival at
each destination site, and tested for differences in transplant performance among all
destinations (i.e., the source population × destination interaction), using a generalized
linear mixed model (PROC GLIMMIX in SAS v. 9.3). Using separate ANOVAs for each
temperature parameter, transplant survival was modeled as a function of the average of
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each temperature parameter for each source population, destination site, and the
temperature parameters associated with the blocks at each destination site. All possible
two-way interactions were included in the model, but the model failed to converge when
incorporating the three-way interaction so it could not be included in the analysis. To link
transplant survival with the specific temperatures each transplant experienced up to a
given census, site-level temperature parameters at each destination were calculated for
each experimental block and averaged from the beginning of the experiment to the date
of each census (i.e., summarizing the cumulative temperature conditions up until each
census). We specified a logit link function to account for the binary nature of the survival
data. To account for the repeated nature of the data in a generalized linear mixed model
framework census was treated as a random variable, with the subject factor specified as
the interaction between source and block nested within destination, and we specified a
spatial power covariance structure (sppow) with “census” as the spatial factor. We
evaluated the overall effect of source population to determine if some populations had
consistently higher fitness than others across all sites and census dates; if these
populations originated from the range edges, this effect would be consistent with countergradient selection favoring overall more robust genotypes in marginal environments.
Patterns of local adaptation were examined as a factor of differences in temperature by
testing for significant interactions between “source population temperature” and
“destination site temperature”, and evaluating the rank order of source population fitness
in each destination. As with the survival analysis above, higher transplant survival rates
of “local” genotypes compared to “foreign” genotypes within sites (Kawecki and Ebert
2004) and higher transplant survival rates at their “home” destinations relative to the
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“away” destinations would local adaptation (Blanquart, Kaltz et al. 2013). A significant
effect of destination temperature would indicate that transplant survival differs among
destination sites because of the temperatures experienced there. Additionally, significant
interactions between the destination temperature and source temperature would indicate
that the mismatch between temperatures experienced at the source site (“local” and
“home”) and those experienced in all destination sites (“foreign” and “away”) influences
survival rates.
Any significant interactions between destination temperature and source
temperature were further examined separately for each source population. In these
analyses, survival was modeled as a function of the difference in temperature between the
source and destination sites (year-long, average source temperature – census period,
average block temperature at the destination site). As with the full model, we specified a
logit link function, treated visit as a random variable, and specified the subject factor as
the interaction between source and block nested within destination, using a spatial power
covariance structure (sppow) with visit as the spatial factor. This analysis tested if the
survival responses of each source population depended on the difference between the
temperature at its home site and the temperature of the destination site, thus specifically
testing for local adaptation to temperature conditions.
2.2.4.5 Changes in photosynthetic area
The change in transplant photosynthetic area (PA) was analyzed using a mixed
model repeated-measures ANOVA (PROC MIXED in SAS v. 9.3). We specified a
spatial power covariance structure (sppow) with census (1-5) defined as the spatial
(repeated) factor. Source, destination and census were treated as fixed main effects, and
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all two-way interactions were included in the model. A model that contained the source 
destination  census would not converge, so the three-way interaction could not be
included in the analysis. Block was treated as a random factor because each transplant
was randomly placed in each destination site. We evaluated the source × destination
interaction to determine if the change in PA depended on their population of origin and
transplant destination site. To test if this interaction was consistent with local adaptation,
in which each transplant has higher performance at its home site than all other transplants
at that site(Kawecki and Ebert 2004), we conducted post-hoc contrasts that compared the
performance of each source population within each destination site (local vs. foreign
comparison), and the performance of each source population at each of the different
destination sites (home vs. away comparison).
2.3 Results
2.3.1 Temperature variation in V. appalachiana populations and rock shelters
Across all sites, the daily temperature minimum, maximum, and variation (i.e.,
daily standard deviation) differed significantly among positions within rock shelters
(minimum: F18,22= 2.35, P=0.0290; maximum: F18,22= 9.22, P<0.0001; standard
deviation: F18,22= 530.96, P<0.0001). In contrast, the daily mean temperature did not
differ among positions (F18,22= 0.94, P=0.5443). Daily temperature was the most stable at
positions within existing V. appalachiana populations, and generally became more
variable with increasing distances from the population, with maximum daily fluctuations
in temperature occurring outside the rock shelters (Fig. 2-2). For all results from the
analysis of each temperature parameter see the appendix for this chapter (Appendix A;
Table 2-1).
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2.3.2 Temperature variation among sites
During the one-year period associated with the transplant experiment, the daily
mean, maximum, minimum, and standard deviation in temperature varied significantly
among populations in different sites (Fig. 2-3 a-d). On average, the most southern
location (AL) was warmer than more northern sites, and the most northern site (NY) was
cooler than all other sites (Fig. 2-3 a-c). However, the daily mean temperature of the
remaining sites did not consistently decrease with increasing latitude: for example, the
Indiana site was the second warmest and Kentucky was the second coolest (Fig. 2-3 a-c).
Temperature variation (i.e., the average daily standard deviation in temperature) was
greatest at the most southern site (AL) but lowest at the next site to the north (NC; Fig. 23d).
2.3.3 Transplant survival
Analysis of survival data per census period using generalized linear mixed models
indicated that source populations varied in their responses to different destinations (Figs.
2-4a,b). These population-based differences varied among censuses over the course of the
experiment (Figs. 2-4a,b). During the first and second censuses (first visit: March of
2012, second visit: May of 2012), destination, source and the destination × source
interaction were significant (Census 1: destination F5,941= 22.22, P<0.0001, source F5,941=
4.59, P=0.0004, destination × source F25,941= 2.20, P=0.0007; Census 2: destination
F5,910= 6.58, P<0.0001, source F5,910= 4.85, P=0.0002, destination × source F25,910= 2.20,
P=0.0006), but these factors were not significant for the final three censuses (Table 2-2).
In general, transplants from New York maintained relatively high survival rates across all
destination sites (Fig. 2-4a), and all transplants had highest overall survival in North
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Carolina (Fig. 2-4b). While Alabama shows higher performance at home relative to all
other transplants, these differences were not statistically significant according to a TukeyKremer test.
2.3.4 Transplant survival in response to temperature
Transplant survival in relation to temperature varied significantly among
destinations (see “Destination” effect for all temperature parameters in Table 2-2).
Survival rates also depended on the temperature conditions experienced at individual
block locations within destinations, as indicated by significant overall effects of the
average, maximum, and minimum temperatures of destination blocks on survival (see
“Destination temperature” effect for all temperature parameters in Table 2-2). While
there were no overall differences in survival among source populations based on their
home temperature alone (“Source temperature” effect, Table 2-2), the differences in
survival among transplants at individual destinations were partially explained by the
climate experienced at their home sites (see “Source Temperature x Destination” effects,
Table 2-2). Finally, transplant survival differed among sources in relation to the
difference in minimum temperature between the home site and destination site (“Source
Temperature x Destination Temperature” for the minimum temperature parameter, Table
2-2; also see Fig. 2-5). This interaction appeared to be largely driven by the New York
population (which originated from the coldest source site) outperforming most of the
other populations in each transplant destination (Fig. 2-5).
2.3.5 Changes in photosynthetic area
The PA of the experimental transplants declined over the course of the
experiment, resulting in an overall reduction in surface area, but the rate of change varied
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among destinations and source populations. Results from a mixed model analysis
indicated that all main effects (source, destination and census; Table 2-4) and all two-way
interactions (source × destination, source × census, and census × destination; Table 2-4)
significantly influenced the observed changes in PA. In general, PA decreased the least
for transplants from any population in the North Carolina site (Figs. 2-6a,b), while
individuals from the New York population maintained higher PA than individuals from
other source populations in many of the destination sites (Fig. 2-6a). Although not
statistically supported, individuals from Alabama were the only ones that had lower rates
of PA decline in their home site (“local”) compared to transplants from other populations
(“foreign”; Fig. 2-6a), and individuals from North Carolina had lower rates of decrease in
PA at their home site (“home”) relative to all other destination sites (“away”; Fig. 2-6b).
2.4 Discussion
The results of this field experiment indicate that even though V. appalachiana
populations are highly differentiated, they are not locally adapted or ecologically
specialized to their home locations. Individuals from North Carolina showed trends
towards local adaptation using the “home” vs. “away” criterion for the change in PA, but
this pattern was not statistically significant among all destination site comparisons (Fig.
2-6b). In addition, the southernmost site (AL) showed slight trends for local adaptation
to its home site using the “local vs. foreign” criterion for PA, but this pattern was not
statistically significant among any comparisons (Fig. 2-6a). In contrast, individuals from
the northern range limit (NY) generally showed a smaller reduction in PA than
transplants from other populations in many of the destination sites (Fig. 2-6a), suggesting
that countergradient selection may have favored more robust genotypes at the northern
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extreme of the species’ range. Consistent with this hypothesis, transplants from New
York generally showed greater survival than other transplants in many of the destination
sites (Fig. 2-4a). In addition, we found that the difference in minimum temperature
between source and destination sites had a significant impact on transplant survival,
which could be primarily driven by the superior survival and retention of PA among
individuals from New York (Table 2-2, Figs. 2-5, 2-6a).
Countergradient selection can lead to genotypes from the most marginal
environments having relatively higher fitness than other genotypes when grown under
common benign conditions (Yamahira and Conover 2002; Sanford, Holzman et al. 2006).
In our study, we found evidence for countergradient variation in survival (Figs. 2-4a, 2-5)
and PA (Fig. 2-6a), as transplants that originated from the northern range limit (NY) had
higher fitness than transplants from other populations at a number of destination sites.
The increase in survival of all transplants in locations with higher minimum temperatures
(Fig. 2-5) indicates that low minimum temperatures are generally stressful for this
species, which is the sole temperate lineage of a tropical clade (Farrar and Mickel 1991).
This pattern of countergradient variation, where populations from more stressful
environments outperform populations from more benign environments, has been
observed in a number of other organisms (Conover and Present 1990; Yamahira and
Conover 2002; Sanford, Holzman et al. 2006). As with this study, these experiments also
examined the impact of natural variation associated with the latitudinal gradient that the
geographic range spans, specifically examining the impacts of temperature and length of
growing seasons. In relation to this study, countergradient variation has likely arisen due
to strong selection for robust phenotypes that can survive the minimum temperatures of



55

higher latitudes, coupled with little gene flow between this population and those to the
south. Even though these genotypes have relatively high fitness at lower latitudes, the
patchy distribution, asexual reproductive strategy, and limited dispersal potential of V.
appalachiana has prevented these adaptations from spreading into central and southern
populations. If colder temperatures generally select for more robust genotypes to generate
counter-gradient variation in fitness, and restricted gene flow prevents these adaptations
from becoming distributed across the species’ range, we would generally expect
populations from northern latitudes to consistently outperform individuals from southern
locations under all conditions. This pattern was weakly apparent in the southernmost site
(AL and NC), where the southernmost genotypes had, on average, lower survival rates
than all transplants from the most northern site (Fig. 2-5a); however, this pattern broke
down at the transplant destinations in more central portions of the species’ range.
Another source of stress for V. appalachiana may be the extent of temperature
variation that it experiences, as these populations are restricted to microhabitats that
clearly buffer against fluctuations in temperature (Fig. 2-2). Consistent with this
hypothesis, all species had highest fitness in the site that exhibited the least amount of
temperature variation (NC; Figs. 2-3d, 2-4b, 2-5 and 2-6b). This pattern was consistent
across all sources, suggesting that populations have not diverged in their ability to
tolerate daily fluctuations in temperature. While this is not entirely surprising, given the
low levels of temperature variation experienced within the rock shelters (Fig. 2-3d), it is
not clear how such high levels of phenotypic plasticity are maintained within populations
that enable most populations to survive (at least to some extent) when transplanted across
the species’ entire geographic range (Fig. 2-4). It is possible that this plasticity is driven
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by different rates of senescence among transplants at the beginning of the experiment, as
evidence for this plasticity, and differences in transplant survival from all sources at all
destination sites, disappeared after the second census (Table 2-3). Furthermore, by the
second census period, transplants would have experienced winter conditions at each
destination site, generating very low minimum temperatures at some sites, potentially
explaining the significant impact of minimum temperature on transplant survival (Table
2-3 and Figs 2-5a,b).
Given the levels of population differentiation and countergradient variation
observed among V. appalachiana transplants, it is possible that populations will exhibit
different responses to global climate change. If adaptation to low minimum temperatures
reduces a genotypes’ ability to withstand warmer temperatures, the northernmost
population could face extinction as temperatures rise. Importantly, the survival advantage
of the local population in this site disappeared when minimum temperatures exceeded
roughly 14ºC, at which point a population from the range center (KY) maintained higher
overall survival in sites where the minimum temperature exceeded 14ºC at some blocks
(Fig. 2-4). In addition, although individuals from the most southern location (AL) may be
expected to be most tolerant of warming temperatures, this population showed slight
trends toward local adaptation (Figs. 2-4a, 2-5a). Therefore, it is possible that the
elevated temperatures this population will experience in the future may fall outside of the
range of conditions it can physiologically tolerate. Overall, these patterns suggest that
substantial variation for temperature tolerances exists within V. appalachiana, but
restricted gene flow among populations are likely to limit the ability of temperature
adaptations to spread across the species’ range, and particularly at range margins.
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In this experiment, we found evidence for population-level differentiation in

response to various environmental conditions experienced throughout the geographic
range (Tables 2-1, 2-2 and 2-3, Figs. 2-4, 2-5). Although most populations had highest
fitness when transplanted to one site near the center of the species’ range (NC), to our
surprise the specific responses of individual populations varied markedly among
destinations (Figs. 2-4b, 2-5a). Interestingly, this survival variation could only partially
be explained by temperature differences between source and destination sites (i.e., the
lack of significance for the source temperature × destination temperature for the average,
maximum, and standard deviation parameters in Table 2-3). Even when temperature
parameters associated with transplant blocks were included in survival analyses, overall
“Destination” and “Source temperature × Destination” effects remained significant
(Table 2-3), suggesting that factors other than temperature influence transplant fitness
(and fitness differences among populations) across sites. The North Carolina site, where
overall survival was highest across all population, was different from other destination
sites because of the close presence of running water virtually year round (S. Stevens,
personal observation). While all destination sites were characterized by high levels of
relative humidity (between 85% and 95% relative humidity, personal observation), the
consistent presence of seeping water near this site may have enhanced transplant survival
if water availability is a critical predictor of establishment success and subsequent
survival.
To date, species distribution models (SDM’s) have provided influential
predictions for how species’ distributions will shift with global climate change (Pearson
and Dawson 2003; Araujo, Pearson et al. 2005). These models typically use the climatic
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conditions experienced across a species’ geographic range, known as the bioclimatic
envelope, to predict its potential responses to global climate change, thereby essentially
averaging across populations that may be differentially adapted (Pearson and Dawson
2003). While these models provide useful insights into possible species-level responses
for organisms with continuous distributions and high dispersal rates, such predictions will
be inaccurate for species whose range consists of multiple distinct populations with
unique temperature tolerances. A recent study examining the accuracy of species
distribution models using climate and edaphic factors revealed that the distributions of
small, herbaceous species are more heavily influenced by edaphic factors than climate
(Beauregard and de Blois 2014). Consistent with this, our results indicate that the
species-level distribution climate envelope does not provide an adequate surrogate for the
likely responses of individual V. appalachiana populations to climate change.
Populations varied in their responses to the temperatures at transplant destination sites in
complex and sometimes unpredictable ways. Furthermore, a large amount of variation in
transplant fitness is likely due to environmental differences among sites that are not
related to temperature. For example, edaphic factors also vary among sites, and may also
influence patterns of population differentiation. Although all populations occupy noncalcareous rock shelters, the mineral composition of each rock shelter may differ; for
example, rock shelters in New York are generally formed out of a mixture of sandstone
and conglomerate rock, while those in southern portions of the range are predominately
sandstone (Parks and Farrar 1984; Farrar and Mickel 1991). The specific role of
temperature in shaping fitness differences among populations can only be evaluated in
manipulative experiments that explicitly manipulate temperature parameters while
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holding other variables constant; such experiments are necessary to accurately predict
how individual populations will respond to global climate change.
Currently, very little research has directly examined the potential impacts of
global climate change on ferns, or even patterns of local adaptation in pteridophytes (but
see; Testo and Watkins 2013; Hsu, Oostermeijer et al. 2014). It is important to further
explore these species because they will likely exhibit different responses than
angiosperms based on important differences in their physiology, life history, and
reproductive biology. It is known that gametophytes can tolerate a wider range of
environmental conditions than their respective sporophytes (Farrar 1978; Rumsey, Vogel
et al. 1999), but recent studies have shown that gametophytes in some species may be
negatively impacted by elevated temperatures (Testo and Watkins 2013). These studies,
along with the results here indicate that we need more explicit attention on nonangiosperm groups to develop a generalized understanding of the diversity – and
complexity – of responses that species may exhibit to changing environmental conditions.



60

Table 2-2. Results of generalized linear mixed model ANOVA examining cumulative
changes in transplant survival separately for each census period over the course of the
experiment.
Census
1

2

3

4

5

Effect

F value

P value

Destination

22.22 5,941

<0.0001

Source

4.59 5,941

0.0004

Destination*Source

2.20 25,941

0.0007

Destination

6.58 5,910

<0.0001

Source

4.85 5,910

0.0002

Destination*Source

2.20 25,910

0.0006

Destination

1.43 5,729

0.2114

Source

0.00 5,729

1.0000

Destination*Source

0.87 25,729

0.6427

Destination

0.00 5,660

1.0000

Source

0.00 5,660

1.0000

Destination*Source

0.07 25,660

1.0000

Destination

0.00 5,567

1.0000

Source

0.00 5,567

1.0000

Destination*Source

0. 00 25,567

1.0000
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Table 2-3. Effect of different temperature parameters on transplant survival as a function of destination, the temperature of a given
block at each destination site (up to the census date), and the source temperature experienced over the duration of the experiment.
Temperature Parameter
Average

Maximum

Effect

F Value

P Value

Source Temperature

2.44 1, 2765

0.1181

Destination

2.97 5, 1452

0.0114

Destination Temperature

6.42 1, 2949

0.0113

Source Temperature * Destination

2.27 5, 1292

0.0459

Source Temperature * Destination Temperature

1.05 1, 2956

0.3055

Destination * Destination Temperature

4.89 5, 2787

0.0002

Source Temperature

0.85 1, 2875

0.3577

Destination

4.35 5, 1415

0.0006

Destination Temperature

4.12 1, 2934

0.0425

Source Temperature * Destination

3.32 5, 1283

0.0055

Source Temperature * Destination Temperature

0.50 1, 2939

0.4785

Destination * Destination Temperature

6.07 5, 2818

<0.0001
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Minimum

Standard Deviation

Source Temperature

0.85 1, 2531

0.6812

Destination

5.58 5, 2109

<0.0001

Destination Temperature

5.58 1, 2837

<0.0001

Source Temperature * Destination

2.58 5, 1297

0.0246

Destination Temperature * Source Temperature

4.56 1, 2955

0.0329

Destination Temperature * Destination

4.85 5, 2772

0.0002

Source Temperature

0.04 1, 2188

0.8497

Destination

3.45 5, 1321

0.0042

Destination Temperature

1.54 1, 2662

0.2150

Source Temperature * Destination

0.55 5, 1054

0.7401

Destination Temperature * Source Temperature

0.74 1, 2650

0.3893

Destination Temperature * Destination

15.37 5, 2793

<.0001
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Table 2-4. Results of mixed model repeated-measures ANOVA examining cumulative
changes in transplant photosynthetic area over the course of the experiment. The source
location and destination of each transplant were fixed main effects, and census was
treated as a repeated factor.

Effect

F value

P value

Source

6.35 5,3569

<0.0001

Destination

10.93 5,183

<0.0001

170.60 4,3569

<0.0001

Source*Destination

2.79 25,3569

<0.0001

Source*Census

2.80 20,3569

<0.0001

Destination*Census

14.13 20,3569

<0.0001

Census
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A)

AL
NC
KY
IN
OH
NY

B)

Site Locations
34° 37.27N 87° 47.88W
35° 11.44N 82° 42.88W
37° 04.54N 87° 39.95W
38° 16.38N 86° 32.20W
39° 24.49N 82° 34.60W
42° 04.79N 78° 28.62W

C)

Figure 2-1. The study system that was investigated in this experiment. (A) The
geographic locations of all field sites included in the transplant experiment; latitude and


longitude data are provided in the table inset. (B) Vittaria appalachiana occupies
crevices in non-calcareous rock shelters that are patchily distributed throughout the
Appalachian Mountains of eastern North America. (C) A close-up of V. appalachiana
gametophytes growing within a rock shelter. Photo credits: A, L. LaRue; B, S. Stevens;
C, R. Klips.
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Figure 2-2. Daily variation in microclimate (least squared means ± 1 SE) in rock shelter
locations within each transplantation site spanning a three-year period. Rock shelter
location, in order of increasing distance away from a population, is indicated on the xaxis. Data loggers were lost for one location at two different sites (AL, NC), so only
comparisons among the four remaining locations are shown. Asterisks indicate
statistically significant (P<0.0001) pairwise comparisons between the “in population”
location to all other locations.
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Figure 2-3. Geographic variation in the average daily mean (A), minimum (B), maximum
(C), and standard deviation (D) in temperature at each transplant destination over the
course of the field experiment (least squared means ± 1 SE). Transplant destination sites
are arranged on the x-axis in order of increasing latitude. Differing letters indicate
significant differences among sites based on pairwise comparisons with Tukey-Kremer
corrections for multiple comparisons.
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Figure 2-4. (A) Population differences in proportion of surviving individuals in response to transplantation among six different
V. appalachiana populations that collectively span the species’ range (least squared means, standard errors not shown due to
the complexity of the graph). Each panel represents a separate destination site and the lines represent the survival of transplants
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from each of the six source populations. Black lines indicate sources within their home destination. (B) Population differences
in proportion of surviving individuals in response to transplantation among six different V. appalachiana populations that
collectively span the species’ range (least squared means, standard errors not shown due to the complexity of the graph). Each
panel represents a separate source and the lines represent transplant survival in each destination site. Black lines indicate
sources within their home destination.
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Figure 2-5. Transplant survival with respect to the deviation between the minimum
temperature experienced at each destination site and the minimum temperature that
characterizes the “home” site for each source population. Each panel shows the survival
of each source population (as separate lines) in each destination as a function of the
difference between the minimum temperature at each block and the minimum
temperature measured in that population’s home site during the field experiment.
Changes in survival were calculated using the linear equation generated from destinationspecific ANOVAs that examined survival in response to the difference between
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minimum temperatures at the source site and destination sites. The x-axis represents the
average temperature of each block at each destination site.
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Figure 2-6. (A) Change in photosynthetic area (PA) for transplants from each source site (bars) in one destination site (separate bar
graphs; least squared means ± 1 SE). Black bars represent “local” transplants, while white bars represent “foreign” transplants
within each site. Single asterisks represent significant differences between “local” transplants and the respective “foreign”
transplants within a single destination site. (B) Relative reduction in photosynthetic area for transplants from one source site (bars)
in each destination site (separate bar graphs; least squared means ± 1 SE). Black bars represent “home” transplants, while white
bars represent “away” transplants. Single asterisks represent significant differences between transplants from a single source at
their “home” destination site and a respective “away” destination site
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2.6 Appendix A

Table 2-1. Additional results of repeated measures ANOVAs separately analyzing the
effect of location within and around a rock shelter, along with state, on four temperature
parameters. Bold P-values indicate significance.
Main Effect
Mean

State
Alabama

Kentucky

N. Carolina

New York

Ohio



Location Comparison

F value

P value

In Population vs.

Population Edge

0.01 1,22

0.9069

In Population vs.

Outside Population

−

−

In Population vs.

Shelter Edge

0.82 1,22

0.3759

In Population vs.

Outside Shelter

0.01 1,22

0.9225

In Population vs.

Population Edge

1.58 1,22

0.2216

In Population vs.

Outside Population

0.16 1,22

0.6947

In Population vs.

Shelter Edge

0.38 1,22

0.5425

In Population vs.

Outside Shelter

0.41 1,22

0.5299

In Population vs.

Population Edge

0.70 1,22

0.4130

In Population vs.

Outside Population

−

−

In Population vs.

Shelter Edge

1.25 1,22

0.2760

In Population vs.

Outside Shelter

0.01 1,22

0.9146

In Population vs.

Population Edge

2.22 1,22

0.1509

In Population vs.

Outside Population

7.81 1,22

0.0106

In Population vs.

Shelter Edge

0.08 1,22

0.7761

In Population vs.

Outside Shelter

0.08 1,22

0.7843

In Population vs.

Population Edge

0.29 1,22

0.5980

In Population vs.

Outside Population

0.06 1,22

0.8132

In Population vs.

Shelter Edge

0.07 1,22

0.7986
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Alabama

Kentucky

N. Carolina

New York

Ohio

Minimum



Alabama

In Population vs.

Outside Shelter

0.24 1,22

0.6305

In Population vs.

Population Edge

0.36 1,22

0.5549

In Population vs.

Outside Population

−

−

In Population vs.

Shelter Edge

4.73 1,22

0.0408

In Population vs.

Outside Shelter

17.19 1,22

0.0004

In Population vs.

Population Edge

0.23 1,22

0.6358

In Population vs.

Outside Population

5.01 1,22

0.0356

In Population vs.

Shelter Edge

0.68 1,22

0.4179

In Population vs.

Outside Shelter

18.34 1,22

0.0003

In Population vs.

Population Edge

0.92 1,22

0.3480

In Population vs.

Outside Population

−

−

In Population vs.

Shelter Edge

2.59 1,22

0.1217

In Population vs.

Outside Shelter

7.78 1,22

0.0107

In Population vs.

Population Edge

2.64 1,22

0.1184

In Population vs.

Outside Population

11.12 1,22

0.0030

In Population vs.

Shelter Edge

0.13 1,22

0.7195

In Population vs.

Outside Shelter

22.63 1,22

<.0001

In Population vs.

Population Edge

2.59 1,22

0.1220

In Population vs.

Outside Population

7.37 1,22

0.0066

In Population vs.

Shelter Edge

2.14 1,22

0.1575

In Population vs.

Outside Shelter

37.14 1,22

<.0001

In Population vs.

Population Edge

0.01 1,22

0.9414

In Population vs.

Outside Population

−

−

In Population vs.

Shelter Edge

0.71 1,22

0.4082
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Kentucky

N. Carolina

New York

Ohio



In Population vs.

Outside Shelter

3.23 1,22

0.0861

In Population vs.

Population Edge

3.54 1,22

0.0732

In Population vs.

Outside Population

0.16 1,22

0.6945

In Population vs.

Shelter Edge

1.69 1,22

0.2074

In Population vs.

Outside Shelter

11.26 1,22

0.0029

In Population vs.

Population Edge

1.07 1,22

0.3128

In Population vs.

Outside Population

−

−

In Population vs.

Shelter Edge

1.33 1,22

0.2618

In Population vs.

Outside Shelter

1.46 1,22

0.2403

In Population vs.

Population Edge

3.18 1,22

0.0883

In Population vs.

Outside Population

11.84 1,22

0.0023

In Population vs.

Shelter Edge

0.21 1,22

0.6525

In Population vs.

Outside Shelter

3.36 1,22

0.0805

In Population vs.

Population Edge

0.02 1,22

0.8902

In Population vs.

Outside Population

0.01 1,22

0.9051

In Population vs.

Shelter Edge

0.16 1,22

0.6889

In Population vs.

Outside Shelter

4.79 1,22

0.0395
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CHAPTER 3. POPULATION LEVEL VARIATION IN RESPONSE TO VARIOUS
TEMPERATURE AND HUMIDITY CONDITIONS IN THE FERN VITTARIA
APPALACHIANA

Abstract
A species’ response to environmental variation will depend on the collective
responses of is constituent populations, and the degree to which these populations are
environmentally specialized or plastic. Manipulative experiments in a common-garden
setting can be used to examine population-level specialization or plasticity in response to
isolated environmental factors, and are invaluable in examining the potential response of
a species to climate change conditions. To date, very little is known regarding the
response of non-flowering, non-seed bearing plants to global climate change, which may
exhibit very different responses than highly studied angiosperms. Here, we tested the
hypothesis that geographically distinct populations of a dispersal-limited, patchilydistributed, fern species, will exhibit different responses to manipulated climatic
conditions. We subjected individual explants from six populations spanning the species’
geographic range to ten temperature and five humidity treatments. Explant survival,
lifespan, and the change in photosynthetic area were all analyzed as a function of
temperature, humidity, source population and all possible interactions. Overall, explants
performed better at lower temperature and humidity levels. Interestingly, explant fitness
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did not differ among source populations. Knowing that populations respond differently
when transplanted in the field, these results suggest that temperature and humidity are not
the drivers behind this population differentiation. This suggests that modeling efforts
aimed at predicting species responses to climate change need to include other
environmental factors experienced by a species through its range in addition to climate.
Furthermore, the preference of this species for cooler temperature conditions, along with
its inability to disperse to northern latitudes or adapt in situ, suggests that the elevated
temperatures projected by the end of this century may push this species, and those with
similar characteristics, to extinction.
Key words: climate change, common garden, gametophyte, geographic range, humidity,
manipulative experiment, population differentiation, pteridophytes, temperature
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3.1 Introduction

A species’ response to the environmental variation throughout its range will
depend on the collective responses of is constituent populations. In turn, the tolerances of
each population will depend on the spatial scale of gene flow relative to the grain of
environmental heterogeneity. High rates of gene flow among populations occupying
different environments should favor the evolution of high levels of phenotypic plasticity
within each while asexual reproduction and restricted dispersal will favor specialization
to local conditions (Sultan and Spencer 2002; Kawecki and Ebert 2004; Sherman and
Ayre 2008; but see Gray and Goddard 2012; Blanquart, Kaltz et al. 2013; Sexton,
Hangartner et al. 2014). Population connectivity can be heavily influenced by the spatial
distribution of the species’ habitat across its geographic range, as populations that are
restricted to patchily distributed or fragmented habitats will experience less interpopulation gene flow (Primack and Miao 1992; Thomas 2000). Furthermore, over
evolutionary time, patchy habitat structure may favor localized dispersal strategies due to
the fitness consequences of dispersing propagules that land in unsuitable conditions
between habitats, generating a feedback between the evolution of specialization and
localized dispersal (Cody and Overton 1996; Cheptou, Carrue et al. 2008; Schenk 2013).
The extent of local specialization and phenotypic plasticity within individual
populations has substantial implications for species’ responses to global climate change.
Under circumstances where populations have become specialized to specific
environmental conditions, the species’ geographic range as a whole would reflect a
broader range of environmental conditions than each individual population can tolerate.
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Species with limited dispersal potential are particularly likely to exhibit population
differentiation and local adaptation (Kisdi 2002; Orsini, Vanoverbeke et al. 2013), and
will also have low potential for “tracking” their climatic niche fast enough to keep pace
with rapidly changing climate. If individual populations are small in addition to being
isolated, they will also experience high levels of genetic drift and become genetically
depauperate, with limited ability to adapt quickly to changing climate(Keever, Puritz et
al. 2013). Therefore, species that are characterized by limited dispersal ability and patchy
distribution patterns may be some of the most sensitive organisms to climate change, and
can serve as early indicators for the effects of global climate change on extinction rates,
as population extirpation and species-level extinction may occur almost simultaneously.
Global climate change is already causing substantial changes to species
distributions (Parmesan and Yohe 2003; Parmesan 2006). Through the use of
manipulative experiments and modeling exercises, ecologists seek to develop a predictive
framework for determining how individual species and entire communities will respond
to climate change. Multiple techniques have been used to manipulate temperature, carbon
dioxide, and precipitation both in the field and in controlled environments (Lawlor and
Mitchell 1991; Norby, Wullschleger et al. 1999; Charles and Dukes 2009), ranging from
reciprocal transplant experiments that move populations into different climate zones
(Marsico and Hellmann 2009; Samis and Eckert 2009; Agren and Schemske 2012;
Vergeer and Kunin 2013), to common-garden experiments that manipulate the
conditions experienced by different populations in the same location (Marion, Henry et
al. 1997; McLeod and Long 1999; Grime, Brown et al. 2000; Charles and Dukes 2009).
While field experiments are essential for understanding the complex responses of
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populations to novel environmental conditions (as is likely to be the case when
populations migrate to track changing climate conditions), common-garden experiments
make it possible to isolate specific environmental variables that are hypothesized to drive
population-level differences. Thus, common-garden, controlled-environment experiments
can identify population-specific physiological limits to individual niche axes (e.g.,
temperature), which may explain past adaptive divergence among populations as well as
their potential to persist if that specific environmental condition changes in the future.
Reaction norms provide a powerful approach for quantifying the effects of an
environmental factor (e.g., temperature) on the phenotype (e.g., plant size) of individuals
from a given population. The reaction norms for different populations can be compared
using a range of techniques, from simple comparisons between the slopes and intercepts
of the lines for two or more environmental levels(Schmitt 1993; Dorn, Pyle et al. 2000),
to more complex, multivariate approaches that consider the shape of reaction norms
curves across at least 3 environmental levels (Izem and Kingsolver 2005; Stinchcombe,
Kirkpatrick et al. 2012). In principle, the fitness and phenotypic responses of multiple
populations can be measured over multiple levels of an environmental axis to identify
differences among populations in their tolerances to the full range of conditions spanned
within the species’ geographic range.
To date, the majority of experimental research that has evaluated plant responses
to climate change has focused on angiosperms, with comparatively less attention directed
toward other major land plant lineages, many of which may be more sensitive to
environmental change (Gignac 2001; Page 2002) and therefor may respond differently to
climate change than angiosperms. Pteridophytes, the oldest vascular Plants, are a highly
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diverse, yet relatively understudied group of plants that can have large impacts on their
local communities (George and Bazzaz 1999) and are often considered to be ecological
indicators of habitat quality and environmental change (Page 2002; Bassler, Muller et al.
2010; Bergeron and Pellerin 2014). Within the pteridophytes, the leptosporangiate ferns
are the largest lineage of extant ferns (~ 9,000 extant species) and the second largest
lineage of vascular land plants (Schuettpelz and Pryer 2009). As with angiosperms, the
leptosporangiate ferns are ecologically diverse and occur in epiphytic, desert, temperate,
and tropical habitats (Moran 2008; Ranker and Haufler 2008). But there are numerous
life history differences between ferns and angiosperms (see Banks 1999 for a thorough
review) that are likely to influence their respective responses to climate change. First, the
alternating generations in leptosporangiate ferns are characterized by distinct and
independent sporophytic and gametophytic stages, whereas angiosperms have a highly
reduced gametophyte that is dependent upon the sporophyte for nutrition and
development. The primary form of dispersal in most terrestrial fern species occurs when
the sporophyte produces a large number of spores that can rapidly colonize new areas and
travel vast distances (Tryon 1985; Wolf, Schneider et al. 2001); however, many of the
tropical fern epiphytes have long-lived gametophytes that reproduce asexually through
small, muticelluar propagules (“gemmae”) that likely remain very close to the parent
gametophyte (Atkinson and Stokey 1964; Nayar and Kaur 1971; Dassler and Farrar
2001). In ferns that can reproduce sexually, this occurs at the gametophyte stage and
requires water for fertilization to take place. While sporophytes are relatively large,
vascularized plants, the gametophytes are small, non-vascular structures that are only a
single cell layer thick. Their distinct morphology and physiology causes fern





88

gametophytes and sporophytes to have very different climatic tolerances, with the
gametophytic stage being able to tolerate a wider range of environmental conditions than
the respective sporophyte (Farrar 1978; Sato and Sakai 1981).
Although North American ferns are commonly associated with the shaded forest
floors of the eastern deciduous forest, large rock outcroppings found scattered throughout
the Appalachian Mountains and Appalachian Plateau also provide habitat for a number of
fern species (Farrar 1967; Farrar 1998; Watkins and Farrar 2002; Watkins and Farrar
2005; Testo and Watkins 2011). Appalachian rock shelters support a diverse vegetative
community, including a number of of endemic species, some of which are ferns (Walck,
Baskin et al. 1996; Walck, Baskin et al. 1997; Oberle and Schaal 2011), possibly because
they provide a buffered thermal environment with little seasonal and daily temperature
variation, high humidity levels, and persistent heavy shade (Walck, Baskin et al. 1996;
Stevens and Emery 2014b). A handful of these endemics are temperate fern species that
are phylogenetically nested within tropical clades and may have retreated to these rock
shelters during past glaciation events (Farrar 1990). A few of these of these rock shelterendemic fern taxa are known only to exist in the gametophytic stage (Farrar 1967; Farrar
1985), and thus disperse exclusively through the production of gemmae that are produced
along the margin of the thallus throughout the life of the gametophyte.
The goal of this study was to test the hypothesis that geographically distinct
populations of dispersal-limited, patchily-distributed species will exhibit different
responses to climatic variation. We tested this hypothesis in Vittaria appalachiana, a
gametophytic fern species that is endemic to rock shelters in the Appalachian Mountains
and the Appalachian Plateau. Given the large latitudinal range of this species, we
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predicted that populations would be differentiated with respect to their climatic tolerances
because the localized dispersal of the fern gametophyte and the naturally patchy
distribution of rock shelters would promote population divergence. We also predicted that
individual populations would exhibit little phenotypic plasticity in response variation in
climate, because V. appalachiana is restricted to rock shelters that create climatically
stable microhabitats, and thus individual populations do not experience selective
pressures to tolerate substantial variation in daily or seasonal temperatures. We tested our
predictions by measuring the responses of six populations, collected from different
positions within the species’ geographic range, across a factorial combination of ten
temperature and five humidity treatments in a growth chamber environment. The
temperature and humidity treatments represented the range of conditions that are
naturally experienced in the sampled populations as well as those that are projected by
climate change models to be experienced by these populations by the end of the 21st
century (IPCC 2007).
3.2 Materials and Methods
3.2.1 Study system
Vittaria appalachiana is a fern species found in the Appalachian Mountains of
eastern North America. The species’ geographic range extends from southwestern New
York to northern Alabama (Farrar and Mickel 1991). Within its geographic range,
populations are patchily distributed in deep crevices and along the cool, moist back walls
of non-calcareous rock outcroppings (i.e., rock shelters). Unlike most other fern species,
V. appalachiana never produces a viable sporophyte, and thus exists only as a
gametophyte. These gametophytes continuously produce asexual propagules (gemmae)
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along the margin of the thalli, so that larger, longer-living individuals produce more
gemmae than small, short-lived individuals. Therefore, vegetative growth by gemmae
may lead to dense mats of clonal individuals within rock shelters (Farrar 1967; Farrar
1978), and the time until death and size of each thalli provide the number of gemmae
they will produce, and thus provides a proxy for fitness. Our previous field experiments
have shown that the northern range boundary of this species is defined by dispersal
limitation, and that counter-gradient selection has favored northern populations that are
more vigorous and robust across a range of environments than the populations in other
parts of the species’ range (Stevens and Emery, unpublished data).
3.2.2 Sample collection
We located six populations spanning the geographic range of V. appalachiana
using occurrence information obtained from nonprofit organizations (New York Natural
Heritage Program and North Carolina Natural Heritage Program), communications with
state botanists, and previously published locality data (Farrar and Mickel 1991).
Populations included in this study were selected based on accessibility and our ability to
secure permission to collect samples from the resident populations. In October of 2012,
150 gametophyte samples were collected from each of the six source populations over an
8-day period (N=900; supplementary materials Table 3-1). Samples were collected from
random positions along a horizontal transect that spanned the length of the population. A
blade was used to gently detach samples that were directly attached to rock surfaces or
remove samples from sandy substrates within rock shelters. After removal, each sample
was trimmed to a standardized circle with a 4.5 mm diameter, which consisted of 10-20
individual thalli, and placed on an agar medium containing half-strength Murashige and
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Skoog Basal Salt Mixture (Sigma M5524, St. Louis, MO, USA) supplemented with
0.5mL/L plant vitamins, 1.0mL/L Bennomyl, solidified with 0.65% agar (Sigma A9915,
St. Louis, MO, USA), and titrated to a pH of 6.5 using potassium hydroxide. After
samples were collected from all populations, each explant was transferred to a fresh agar
plate to minimize growth of contaminants that were inadvertently picked up during field
collections. The newly plated samples were then placed in a growth chamber for seven
months to establish on the agar medium and recover from any stressors associated with
collection.
3.2.3 Temperature and humidity treatments
We measured the responses of each population to different temperature and
humidity levels in a 22-week growth chamber experiment using a split-plot experimental
design with temperature as the whole plot factor and humidity as the sub-plot factor. The
temperature treatments consisted of 10 different levels: 6, 9, 12, 15, 18, 21, 24, 26, 27,
30°C. These temperatures span the average and maximum temperatures that we measured
in each of the sampled populations over a three-year period prior to this experiment
(between 2010 and 2013), as well as the elevated temperature levels projected to occur by
the end of the 21st century due to global climate change (IPCC 2007; Table 3-2a). The
lowest temperature (6 °C), which was 3°C warmer than the average minimum
temperature measured across all populations between 2010 and 2013, was the minimum
temperature that the experimental growth chambers could reliably achieve.
In May of 2013, each explant was transferred from agar medium to a
2.5×1.25×0.5 cm piece of rockwool and placed on wire mesh trays. Rockwool is an
effective substrate for propagating V. appalachiana because its properties resemble the
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porous sandstone that is the natural substrate of most V. appalachiana populations. The
rockwool was moistened with liquid nutrient medium (created as above without agar; see
“Sample Collection”) prior to placing the explant on its surface to facilitate
establishment. One explant from each population was placed as a block within each
humidity treatment, and one replicate of each humidity treatment was assigned to each
temperature treatment within a growth chamber. All treatment combinations were
replicated among three different growth chambers, for a total of 720 individual explants
in the entire experiment.
The temperatures of each sub-plot factor (humidity) and block (consisting of one
explant from each of the six populations) were manipulated using seedling heat mats that
increased the temperature experienced by explants above the baseline chamber
temperature of 6˚C (Hydrofarm, Inc., Petaluma, CA, USA). A heat mat producing the
designated temperature was located inside of the tray for temperature treatments 21, 24,
26, 27, 30˚C (Fig. 3-1). Temperatures 9, 12, 15, and 18˚C were imposed by placing a heat
mat set to 20˚C (the coolest temperature the heat mats could achieve) outside of the tray
and elevating it 5, 3, 1, and 0 cm above the heat mat, respectively. Finally, the lowest
temperature treatment, 6˚C, was imposed by placing the tray on a heat mat that was
turned off. Each seedling tray was covered with a humidity dome to further limit airflow
from reaching explants. Insulation boxes composed of extruded polystyrene insulation
sheets were constructed around each seedling tray, with the exception of the 6˚C
treatment, to help maintain consistent temperatures within each temperature treatment
(Fig. 3-1).
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Within each temperature treatment, humidity was manipulated as a sub-plot factor

using salts that maintain known relative humidity levels (Fig. 3-1; Greenspan 1977). Five
different levels of humidity were applied using MgClΨ= -150 MPa; 33% relative
humidity), NH4NO3 Ψ= -57.5 MPa; 65% relative humidity), NaCl Ψ= -38.4 MPa;
75.3% relative humidity), KNO3 Ψ= -8.4 MPa; 94% relative humidity), or no salt (water
only; 99.9% relative humidity) as a control. Salts were placed in 17.1 ×8.9 ×2.5cm
polystyrene containers (Fig. 3-1; Ted Pella Inc., Redding, CA, USA) and activated with a
small amount of water (Table 3-2b). Each humidity level was replicated among each
temperature level within each growth chamber; therefore, all humidity temperature
combinations were replicated three times. The explants (on rockwool) were placed over
each solution on a wire mesh platform that prevented the samples from coming into direct
contact with the salts or water (Fig. 3-1). Each polystyrene container was wrapped with
parafilm to maintain the intended relative humidity within each treatment, and the salts
were replaced every two weeks throughout the experiment. Samples assigned to humidity
treatments <99.9% received 500ul of DI water, applied directly to the rockwool substrate,
every two weeks for the duration of the experiment. By monitoring the amount of
evaporation experienced during the beginning of the experiment, we found that rockwool
would begin to dry out at the end of two weeks among the humidity treatments, and
determined that this amount of water generating excess water that could change the
intended humidity treatment. The control samples, which were subjected to 99.9%
humidity, received 1000ul of DI water on an as-need basis to ensure that its humidity
treatment was maintained. Prior to beginning the experiment, we confirmed that all
intended temperature and humidity treatments were successfully established by
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monitoring the humidity and temperature using Hygrochron   (Maxim
Integrated™, San Jose, CA).
We measured transplant fitness as (1) the survival and time until death for each
sample, and (2) the area of visible photosynthetically active tissue at multiple time points
during the experiment, both of which are expected to be correlated with the number of
asexual gemmae produced by the gametophyte. We monitored the survival of each
transplant every 2-3 days for the first six weeks of the experiment, and once per week for
the final 16 weeks. In each census, a transplant was recorded to be “alive” if any
photosynthetically active (green) tissue was visible with the naked eye. The amount of
surface area occupied by photosynthetically active tissue was determined from digital
photographs that were taken of each transplant mid-way (at week 9) and at the end (week
22) of the experiment. Photographs were taken with a Cannon PowerShot ® SX130IS
that was placed atop a ProMaster ® 7050 tripod to ensure a consistent pixel ratio among
images for growth rate analyses. Using these photographs, we calculated photosynthetic
area (PA) using the freeware GIMP 2.0 (Peck 2008; Solomon 2009) and ImageJ
(Rasband W.S. 1997-2014; Schneider, Rasband et al. 2012). Specifically, PA from each
image was outlined using GIMP, and the area was calculated using ImageJ. Changes in
PA over time were calculated for each surviving transplant by dividing the difference in
PA (current PA subtracted from the initial PA) by the initial PA.
3.2.4 Statistical analysis
3.2.4.1 Explant survival
We tested if patterns of survival of V. appalachiana experimental explants
differed among populations, temperature treatments, humidity treatments, or the
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interactions of these variables using a generalized linear model (PROC GENMOD) that
accounts for correlations within the data set (due to the split-plot design and repeated
measurement of each individual) and the binary nature of survival data (Liang and Zeger
1986; Ziegler, Kastner et al. 1998); PROC GENMOD in SAS v. 9.4). We applied an
autoregressive correlation structure to account for correlations among subsequent
censuses and the logic link function to account for the binary response variable (dead=0,
alive =1). Temperature, humidity, and census were treated as continuous predictor
variables, source population was treated as a fixed categorical predictor variable, and all
interactions were included in the model. Because this model did not accommodate
random variables, we did not include growth chamber as a factor. Separate analyses that
explicitly tested for growth chamber effects found no evidence that overall survival rates
varied among individuals from different chambers.
The time it took for samples to die from different populations under the different
temperature and humidity conditions were evaluated in a mixed-model ANCOVA
(PROC MIXED in SAS v. 9.4). The length of time (in days) that V. appalachiana
explants survived was the response variable, population was a fixed effect, and
temperature and humidity treatments were continuous predictor variables. All interactions
among the three main effects were included in the analysis, and growth chamber was
included as a random effect.
3.2.4.2 Changes in photosynthetic area
The change in transplant photosynthetic area (PA) was analyzed using a mixed
model repeated-measures ANCOVA (PROC MIXED in SAS v. 9.4). We specified a
compound symmetry covariance structure with source population as a fixed main effect,
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and temperature, humidity, and time as covariates. Growth chamber was specified as a
random factor, and time was included as a repeated factor because PA was calculated
during weeks 11 and 26. We included all interactions between population, temperature,
humidity treatments and time in the model.
3.3 Results
3.3.1 Explant survival
The proportion of individuals that were alive declined through time for all
populations and treatment combinations as thalli senesced(census: df =1, N=16376, X2=
56.80, P<0.0001), but did not differ significantly among any remaining factors included
in the model. While not significant, survival rates tended to decline with increasing
temperatures (Fig. 3-2a; temperature: df =1, N=16376, X2= 0.05 P=0.8308) and,
surprisingly, with increasing humidity levels (Fig. 3-2b; humidity: df =1, N=16376, X2=
0.56, P=0.4527). Overall survival rates did not differ significantly among the populations
examined (Fig. 3-2c; source population: df =5, N=16376, X2= 6.19, P=0.2883), and
populations did not respond differently to the various temperature or humidity treatments
(Table 3-3). All remaining interactions did not significantly impact survival rates (Table
3-3).
On average, explants included in this study survived approximately 73 days. The
time it took for explants to die differed significantly among the temperature (F1,694=
11.28, P=0.0008) and humidity treatments (F1,694= 36.82, P<0.0001). Generally, the
number of days that explants survived decreased with increasing temperature and
humidity conditions (Fig. 3-3), and the temperature × humidity interaction was not
statistically significant (F1,694= 1.74, P=0.1880). In addition, the length of time that





97

explants remained alive did not vary among populations (F5,694= 1.03, P=0.3991; Fig. 33). All remaining interactions did not significantly impact explant longevity (Table 3-3).
3.3.2 Changes in photosynthetic area
As expected, explant PA declined over the course of the experiment as thalli
senesced (F1,1371= 10.80, P=0.0010); however, the total reduction in PA differed
significantly among humidity treatments (F1,1371= 8.85, P=0.0030). The PA did not
significantly vary with any other experimental factors or interactions (temperature,
source, temperature× source, temperature × humidity, and humidity × source). Plants
experiencing lower humidity levels maintained overall higher PA, while the greatest
reduction in PA was observed in individuals that were assigned to the highest relative
humidity treatment (Fig. 3-4b). Although only marginally significant, there was a trend
for the reduction in PA to be lower at cooler temperatures (F1,1371= 3.36, P=0.0671), and
higher at warmer temperatures (Fig. 3-4a). However, the lowest reduction in PA was
observed at 18°C (although highly variable), and did not fit the trend observed among
other temperature treatments, suggesting that this temperature treatment may be an outlier
(Fig. 3-4a). Source populations did not differ significantly in their relative reduction in
PA (F5,1371= 0.44, P=0.8198), nor in response to temperature (F5,1371= 0.05, P=0.9984),
or humidity (F5,1371= 0.25, P=0.9376).
3.4 Discussion
We hypothesized that the patchily-distributed, geographically distinct, dispersallimited, populations of V. appalachiana would exhibit different responses across climatic
gradients, and would be locally adapted to those climatic conditions that most closely
resemble their home climates. As expected, the slow growth of V. appalachiana explants
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led to relatively short longevities and low average survival rates by the end of the 22week experiment; these patterns are consistent with previous studies by D. Farrar (1978)
that documented particularly slow growth rates among V. appalachiana gametophytes,
even compared to to gametophytes of other Vittaria species. However, the V.
appalachiana populations examined in this experiment exhibited similar senescence
patterns and responses to the temperature and humidity treatments that span (and exceed)
the gradients they experience across the species’ geographic range (Figs. 3-2c, 3-3c, 34c). In response to the temperature and humidity conditions tested here, V. appalachiana
explants had overall highest fitness at the coolest temperatures and lowest humidity
levels. Collectively, these results indicate that populations have similar climatic responses
despite being from geographically isolated populations that collectively span a broad
latitudinal gradient.
The similar responses of all populations across temperature or humidity gradients
suggests that populations are not locally adapted to climate and also exhibit relatively low
plasticity across temperature and humidity gradients (Table 3-3); however, several trends
in explant performance show some overall differences among populations. Explants from
Ohio tended to have the lowest survival rates and remained alive the shortest period of
time of all source populations, while explants from Kentucky and New York maintained
average higher survival rates (Fig. 3-2c), and tended to live the longest (Fig 3-3c). While
not significant, there was a slight tendency for Ohio explants to display the greatest
relative reduction in PA, while those from New York and Indiana maintained a relatively
larger proportion of initial PA than the samples from the other populations. The strong
performance of explants from New York is consistent with conclusions from our field
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experiment that found evidence that countergradient selection has lead to relatively
higher fitness in genotypes from northern populations (Stevens and Emery, unpublished
data); this pattern has been observed in northern genotypes in other systems as well
(Conover and Present 1990; Yamahira and Conover 2002). However, it is rarely tested if
this pattern is driven by heterogeneous selection due to variation in climatic conditions or
other environmental factors experienced by the northern genotypes. Here, our results
suggest that countergradient variation in V. appalachiana is due to selection by factors
other than temperature and humidity, as source populations had similar responses to
gradients in these conditions when they were evaluated in isolation from other factors.
Explant survival and longevity generally increased with decreasing temperatures.
Specifically, explant survival and longevity was highest among temperatures at or below
12°C (Figs. 3-2a, 3-3a). Similarly, the relative reduction in PA was lowest at cooler
temperatures; however the smallest (and most variable) relative reduction in PA was
observed in the 18°C temperature treatment (Fig. 3-4a). Previous studies (Farrar 1978)
have indicated that V. appalachiana explants are capable of tolerating cool temperatures,
and our study suggest the explants actually prefer cooler temperatures. Although
populations may be exposed to temperatures that range much higher and lower than these
reported averages (see “average extremes” in Table 3-2), explants do not tolerate these
elevated temperatures well. Although the temperatures at which explants perform best is
well within the natural range of conditions they experience in the field, it is interesting
that this member of a tropical genus is generally adapted to cool temperatures. This may
support the hypothesis that V. appalachiana occupied North America prior to the
Pleistocene glaciations (Farrar 1990; Farrar 1998).
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Lower humidity levels led to higher survival, longer lifespans, and a greater

retention of PA among V. appalachiana explants (Figs 3-2b, 3-3b, 3-4b). Explant
performance decreased as humidity levels increased, with poorest performance at the
highest humidity levels. This result was unexpected because the natural habitat in which
V. appalachiana populations are located is typically very humid (between 85% and 95%
relative humidity was documented in field measurements; S. Stevens, personal
observation), so we expected populations to show relatively higher levels of stress at
lower humidity levels. The discrepancy between their performance in the growth
chamber experience and their associations with humid rock shelters in the field suggests
that other ecological pressures may be partially responsible for their habitat preferences
in the field. For instance, it could be that populations differ in response to temperature
variation, (which differs significantly among natural populations; Stevens and Emery
2014b) and would not have detected in this experiment, as temperatures were held
constant. Additionally, it could be that environmental factors other than temperature and
humidity differences among sites drive population level differentiation, such as light, or
edaphic features associated with each specific rock shelter. Previous research conducted
by D. Farrar (1978) indicated that explants were the healthiest when maintained on their
natural substrates, suggesting that the edaphic conditions are quite important to the
success of V. appalachiana populations. Additionally, the small stature and slow growth
of V. appalachaiana likely makes it a poor competitor for light and other resources, and
thus it may be excluded to rock shelters by competitively dominant species that cannot
tolerate the rock shelter conditions.
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An alternative explanation for V. appalachiana’s high performance at low

humidity and (and temperature) levels may be that these responses are the artifact of
strong selection for cold tolerance imposed during the Pleistocene, as cold air holds less
moisture than warmer air. This would also support the observed trend for improved
explant performance at lower temperatures, something that is also somewhat unintuitive
given the tropical nature of the genus Vittaria. Furthermore, recent research has shown
that many tropical fern gametophytes (Watkins, Mack et al. 2007), and the gametophytes
of a few other temperate ferns native to rock outcroppings (Testo and Watkins 2013), are
capable of high levels of desiccation tolerance. This may also be the case for V.
appalachiana, as individuals have sometimes been able to recover from dehydrated agar
when placed on new media in the lab (S. Stevens, personal observations). Additionally, a
small pilot experiment examining the desiccation tolerance of V. appalachiana
gametophytes from five of the six source populations included in this study found that
many populations were capable of rehydrating after a twelve-hour period of desiccation
(S. Stevens and J. Watkins, unpublished data). This pilot experiment also provided
evidence of countergradient variation among populations that span the species’
geographic range, as northern genotypes exhibited greater desiccation tolerance than
southern populations (S. Stevens and J. Watkins, unpublished data). Given the asexual
life cycle and low dispersal potential of V. appalachiana, adaptive evolution within
populations will occur by lineage sorting alone, which could be particularly slow in this
asexual, slow-growing species. As a result, it is possible that these populations still
harbor their adaptations to the cold, dry environment of the Pleistocene, because those
adaptations may not be particularly costly in their current environment or because genetic
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variation that would enhance fitness at warmer temperatures has not yet risen in
populations. Molecular analyses of the patterns of genetic variation among populations
would shed some insight into the rates of evolution in this species and the extent of
divergence among species, and thus would help develop some bounds on the expected
rates of adaptive evolutionary change in this species.
Many of these tropical epiphytic ferns are known for having long-lived
gametophytes (Dassler and Farrar 2001) that respond poorly to environmental
disturbances such as branch falls, and insect and animal damage (Watkins, Mack et al.
2007). Given the relatively low survival of the explants evaluated in this experiment, it is
possible that our experimental design inadvertently exposed V. appalachiana explants to
a higher degree of environmental disturbance and stress than they can tolerate. The need
to open each polystyrene container repeatedly throughout the experiment to exchange
salts, take photographs, and monitor survival may have introduced variation in the
relative humidity and temperatures experienced among treatments. Given the stable
environmental conditions within each rock shelter, it is possible that these fluctuations
introduced unintentional stress on the explants, thus generating the low survival rates and
PA among all treatments. Considering the relative humidity in a given room where the
data collection was occurring (~65%), it is possible that humidity fluctuations were most
extreme for transplants that were assigned to the high humidity treatments, and most
stable for the two lowest humidity treatments. If V. appalachiana is more sensitive to
fluctuations in humidity levels as opposed to the average humidity level per se, our
techniques for collecting data would have inadvertently imposed a stress gradient that
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runs opposite to the humidity gradient, and could at least partially explain the species’
unexpected responses across this gradient.
Although there is likely little gene flow among populations of V. appalachiana,
this experiment did not any population-level differentiation. It is possible that the
variation present within populations obscured our ability to detect variation among
populations, and given the results of previous field studies, we still suggest that future
experiments consider some degree of population variation in this species. These results
also support the idea that species distribution models need to include other abiotic factors,
such as edaphic conditions, in addition to climate, to predict species responses to global
climate change (Beauregard and de Blois 2014). Given the slow growing nature of V.
appalachiana and its preference for cooler temperatures it is possible that the rapid
increases in temperature as projected to occur with global climate change (Loarie, Duffy
et al. 2009) will push many of these populations beyond their physiological tolerance
limits. Thus it is highly likely that V. appalachiana populations will be negatively
affected by the changing environmental conditions, and it is possible that the species will
not be able to keep pace with the rapidly changing environmental conditions caused by
global climate change.
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Table 3-3. Results of all statistical analyses conducted in this experiment.
   
  


    

 

  

     

   

    

    
      



 

  

 

 

  
   

       

        

Factor

Test Statistic Value

P value

Temperature

0.05 1

0.8308

Humidity

0.56 1

0.4527

Source

6.19 5

0.2883

Census

56.80 1

<0.0001

Temperature*Humidity

0.35 1

0.5524

Temperature*Source

3.71 5

0.5918

Temperature*Census

0.84 1

0.3590

Humidity*Census

0.66 1

0.4155

Census*Source

3.96 5

0.5551

Temperature*Humidity*Source

6.61 5

0.2511

Temperature*Census*Source

3.70 5

0.5936

Humidity*Census*Source

7.73 5

0.1718

Temperature*Humidity*Census*Source

6.12 5

0.2948

Survival

Time To Death
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Temperature

11.28 1,694

0.0008

Humidity

35.82 1,694

<0.0001

Source

1.03 5,694

0.3991

0.92

0.1775

Temperature*Humidity

1.74 1,694

0.1880

Temperature*Source

1.10 5,694

0.3592

Humidity*Source

0.80 5,694

0.5474

Temperature*Humidity*Source

1.10 5,694

0.3578

Temperature

3.36 1,1371

0.0671

Humidity

8.85 1,1371

0.0030

Source

0.44 5,1371

0.8198

Time

10.80 1,1371

0.0010

0.8500

0.1967

Temperature*Humidity

1.10 1,1371

0.2946

Temperature*Source

0.05 5,1371

0.9984

Temperature*Time

1.26 1,1371

0.2628

Humidity*Source

0.25 5,1371

0.9376

Humidity*Time

4.21 1,1371

0.0403

Temperature*Humidity*Source

0.04 5,1371

0.9993

Source*Time

0.61 5,1371

0.6916

Temperature*Source*Time

0.11 5,1371

0.9898

Growth Chamber

Photosynthetic Area

Growth Chamber
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Humidity*Temperature*Time

0.25 1,1371

0.6159

Humidity*Source*Time

0.41 5,1371

0.8386

Humidity*Temperature*Source*Time

0.09 5,1371

0.9943
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Figure 3-1. Schematic of the experimental design for treatments in which temperatures exceeded 20°C. Vittaria explant
samples were placed on rockwool and arranged on a wire mesh tray. Both the explants and the wire mesh were placed in a







108

polystyrene container, which contained one of the four salt treatments or water to generate a specified humidity level. Each
polystyrene box (five total, one for each of the four salts and one containing only water) was placed on top of a seedling heat
mat that was programmed to a specified temperature. This heat mat was located within a seedling tray and covered with a
humidity dome (not depicted in the schematic) in an effort to further limit the amount of airflow reaching explants. Each
seedling tray, containing one temperature treatment and all five humidity treatments, was placed in a polystyrene box to
insulate the seedling tray so that temperature constant conditions could be maintained. Because the coolest temperature the
seedling heat mats could be programed to reach was 20°C, temperatures 9, 12, 15, and 18˚C were imposed by placing a heat
mat set to 20˚C (the coolest temperature the heat mats could achieve) outside of the seedling tray and elevating the tray 5, 3, 1,
and 0 cm above the heat mat, respectively. Finally, the lowest temperature treatment, 6˚C, was imposed by placing the tray on
a heat mat that was turned off.
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A) Temperature (°C); P=0.8308
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Figure 3-2. (A) Proportion of individuals surviving at each census period in each
temperature treatment averaged across all humidity treatments and source populations.
Black lines denote the “cooler” temperature treatments imposed in the experiment (6, 9,
12, 15, 18ºC), while grey lines denote “warmer” temperatures (21, 24, 26, 27, 30ºC).
Data shown are raw means and standard errors are provided in Supplementary Table 4.
(B) Proportion of individuals surviving at each census period in each humidity treatment
averaged across all temperature treatments and source populations. Data shown are raw
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means and standard errors are provided in Supplementary Table 5. (C) Proportion of
individuals surviving at each census period for each source population averaged across all
temperatures and humidity treatments. Black lines with black markers denote more
southern populations, while grey lines with white markers denote more northern
populations. Data shown are raw means and standard errors are provided in
Supplementary Table 6.
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Figure 3-3. (A) Average number of days that explants remained alive in each temperature
treatment averaged across all humidity treatments and source populations (raw means ± 1
SE). (B) Average number of days that explants remained alive in each humidity treatment
averaged across all temperatures and source populations (raw means ± 1 SE). (C)


Average number of days that explants from each source population remained alive
averaged across all temperature and humidity treatments (raw means ± 1 SE).
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Figure 3-4. (A) Average relative reduction in photosynthetic area for each temperature
treatment averaged across all temperatures and source populations (raw means ± 1 SE).
(B) Average relative reduction in photosynthetic area for each humidity treatment
averaged across all temperatures and source populations (raw means ± 1 SE). (C)


Average relative reduction in photosynthetic area for each source population averaged
across all temperatures and humidity treatments (raw means ± 1 SE). For all panels, a
smaller reduction indicates a greater amount of photosynthetic area remaining.
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3.6 Appendix B

Table 3-1. Locality information for source population field sites.
Proposed Collection Site
Cane Creek Nature Preserve (AL)

Latitude/Longitude

Southern

34 37.27N

87 47.88W

Jones Property (NC)

Eastern

35 11.44N

82 42.88W

Pennyrile State Park (KY)

Western

37 04.54N

87 39.95W

Hemlock Cliffs (IN)

Central

38 16.38N

86 32.20W

Deep Woods (OH)

Central

39 24.49N

82 34.60W

Northern

42 04.79N

78 28.62W

Rock City Park (NY)



Range Location
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Table 3-2. Details associated with the temperature and humidity treatments. Temperature
treatments were designed to span the range of daily temperatures experienced by natural
populations that were measured over three years in the field at five of the six populations
that were examined in this study (A), as well as higher temperatures that are expected by
2100 under climate change projections. Humidity was manipulated using different salts
that adjusted the relative humidity within the containers in which explants were growing.
The mass of the salt that was used to generate these conditions is listed in (B).
A) Site Name

Average (°C) Minimum (°C) Maximum (°C)

Alabama

15.38

14.06

16.77

North Carolina

12.40

11.08

14.17

Kentucky

14.77

13.61

15.99

Ohio

11.51

10.20

12.78

New York

7.74

6.92

8.70

Grand Average

11.97

10.81

13.25

––

-3.70

27.60

Average Extremes

B) Salt



Relative Humidity Weight (g)

Magnesium chloride

33%

3

Ammonium nitrate

65%

6.5

Sodium chloride

75.3%

10

Potassium nitrate

94%

12
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Table 3-4. Survival of V. appalachiana explants in this experiment at each temperature level for each census period. Data
represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this table
correspond to the values that are illustrated in Figure 2a.
6°C

9°C

12°C

15°C

18°C

21°C

1

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

2

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

3

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

4

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

5

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

6

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

7

0.97 ± 0.02

0.99 ± 0.01

1.00 ± 0.00

0.94 ± 0.03

0.99 ± 0.01

0.96 ± 0.02

8

0.94 ± 0.03

0.99 ± 0.01

0.99 ± 0.01

0.90 ± 0.04

0.93 ± 0.03

0.93 ± 0.03

9

0.94 ± 0.03

0.99 ± 0.01

0.96 ± 0.02

0.90 ± 0.04

0.90 ± 0.04

0.92 ± 0.03

10

0.93 ± 0.03

0.99 ± 0.01

0.96 ± 0.02

0.89 ± 0.04

0.88 ± 0.04

0.92 ± 0.03

11

0.92 ± 0.03

0.97 ± 0.02

0.94 ± 0.03

0.78 ± 0.05

0.83 ± 0.04

0.90 ± 0.04

12

0.92 ± 0.03

0.97 ± 0.02

0.90 ± 0.04

0.76 ± 0.05

0.82 ± 0.05

0.90 ± 0.04





Census
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Table 3-4 (cont’d). Survival of V. appalachiana explants in this experiment at each temperature level for each census period.
Data represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this
table correspond to the values that are illustrated in Figure 2a.
6°C

9°C

12°C

15°C

18°C

21°C

13

0.92 ± 0.03

0.97 ± 0.02

0.89 ± 0.04

0.74 ± 0.05

0.82 ± 0.05

0.89 ± 0.04

14

0.85 ± 0.04

0.96 ± 0.02

0.89 ± 0.04

0.74 ± 0.05

0.81 ± 0.05

0.88 ± 0.04

15

0.83 ± 0.04

0.92 ± 0.03

0.89 ± 0.04

0.72 ± 0.05

0.74 ± 0.05

0.85 ± 0.04

16

0.78 ± 0.05

0.90 ± 0.04

0.89 ± 0.04

0.67 ± 0.06

0.72 ± 0.05

0.81 ± 0.05

17

0.75 ± 0.05

0.86 ± 0.04

0.83 ± 0.04

0.63 ± 0.06

0.68 ± 0.06

0.76 ± 0.05

18

0.72 ± 0.05

0.72 ± 0.05

0.76 ± 0.05

0.56 ± 0.06

0.54 ± 0.06

0.64 ± 0.06

19

0.65 ± 0.06

0.69 ± 0.06

0.71 ± 0.05

0.53 ± 0.06

0.51 ± 0.06

0.53 ± 0.06

20

0.62 ± 0.06

0.61 ± 0.06

0.64 ± 0.06

0.44 ± 0.06

0.47 ± 0.06

0.44 ± 0.06

21

0.59 ± 0.06

0.57 ± 0.06

0.57 ± 0.06

0.42 ± 0.06

0.40 ± 0.06

0.42 ± 0.06

22

0.59 ± 0.06

0.57 ± 0.06

0.51 ± 0.06

0.39 ± 0.06

0.40 ± 0.06

0.29 ± 0.05

24

0.49 ± 0.06

0.49 ± 0.06

0.43 ± 0.06

0.31 ± 0.06

0.35 ± 0.06

0.25 ± 0.05

25

0.45 ± 0.06

0.35 ± 0.06

0.33 ± 0.06

0.18 ± 0.05

0.21 ± 0.05

0.15 ± 0.04





Census
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Table 3-4 (cont’d). Survival of V. appalachiana explants in this experiment at each temperature level for each census period.
Data represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this
table correspond to the values that are illustrated in Figure 2a.
Census

6°C

9°C

12°C

15°C

18°C

21°C

26

0.30 ± 0.06

0.17 ± 0.04

0.21 ± 0.05

0.10 ± 0.04

0.18 ± 0.05

0.11 ± 0.04


24°C

26°C

27°C

30°C

1

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

2

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

3

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

4

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

5

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

6

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

7

0.99 ± 0.01

0.96 ± 0.02

0.93 ± 0.03

0.93 ± 0.03

8

0.92 ± 0.03

0.94 ± 0.03

0.93 ± 0.03

0.90 ± 0.04

9

0.90 ± 0.04

0.92 ± 0.03

0.93 ± 0.03

0.86 ± 0.04





Census
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Table 3-4 (cont’d). Survival of V. appalachiana explants in this experiment at each temperature level for each census period.
Data represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this
table correspond to the values that are illustrated in Figure 2a.
24°C

26°C

27°C

30°C

10

0.90 ± 0.04

0.89 ± 0.04

0.89 ± 0.04

0.83 ± 0.04

11

0.88 ± 0.04

0.86 ± 0.04

0.83 ± 0.04

0.76 ± 0.05

12

0.83 ± 0.04

0.83 ± 0.04

0.76 ± 0.05

0.74 ± 0.05

13

0.83 ± 0.04

0.82 ± 0.05

0.76 ± 0.05

0.72 ± 0.05

14

0.76 ± 0.05

0.81 ± 0.05

0.74 ± 0.05

0.71 ± 0.05

15

0.71 ± 0.05

0.76 ± 0.05

0.69 ± 0.06

0.64 ± 0.06

16

0.65 ± 0.06

0.72 ± 0.05

0.68 ± 0.06

0.61 ± 0.06

17

0.60 ± 0.06

0.67 ± 0.06

0.64 ± 0.06

0.58 ± 0.06

18

0.60 ± 0.06

0.64 ± 0.06

0.60 ± 0.06

0.54 ± 0.06

19

0.58 ± 0.06

0.54 ± 0.06

0.56 ± 0.06

0.47 ± 0.06

20

0.49 ± 0.06

0.46 ± 0.06

0.47 ± 0.06

0.38 ± 0.06





Census
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Table 3-4 (cont’d). Survival of V. appalachiana explants in this experiment at each temperature level for each census period.
Data represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this
table correspond to the values that are illustrated in Figure 2a.
24°C

26°C

27°C

30°C

21

0.42 ± 0.06

0.42 ± 0.06

0.44 ± 0.06

0.36 ± 0.06

22

0.40 ± 0.06

0.39 ± 0.06

0.43 ± 0.06

0.29 ± 0.05

24

0.32 ± 0.06

0.28 ± 0.05

0.17 ± 0.04

0.19 ± 0.05

25

0.21 ± 0.05

0.18 ± 0.05

0.15 ± 0.04

0.15 ± 0.04

26

0.14 ± 0.04

0.11 ± 0.04

0.14 ± 0.04

0.11 ± 0.04





Census
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Table 3-5. Survival of V. appalachiana explants in this experiment at each humidity level for each census period. Data
represents raw means of the proportion of individuals alive in each treatment at each census (± 1 SE). The means in this table
correspond to the values that are illustrated in Figure 2b.
33% RH

75.3% RH

94% RH

99.9% RH

1

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

2

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

3

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

4

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

5

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

6

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

7

0.98 ± 0.01

0.98 ± 0.01

0.98 ± 0.01

0.92 ± 0.02

8

0.96 ± 0.02

0.96 ± 0.02

0.97 ± 0.01

0.87 ± 0.03

9

0.96 ± 0.02

0.94 ± 0.02

0.95 ± 0.02

0.84 ± 0.03

10

0.96 ± 0.02

0.94 ± 0.02

0.92 ± 0.02

0.82 ± 0.03

11

0.95 ± 0.02

0.91 ± 0.02

0.88 ± 0.02

0.73 ± 0.03

12

0.95 ± 0.02

0.89 ± 0.02

0.87 ± 0.03

0.67 ± 0.04





Census
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Table 3-5 (cont’d). Survival of V. appalachiana explants in this experiment at each humidity level for each census period. Data
represents raw means of the proportion of individuals alive in each treatment at each census (± 1 SE). The means in this table
correspond to the values that are illustrated in Figure 2b.
33% RH

75.3% RH

94% RH

99.9% RH

13

0.95 ± 0.02

0.88 ± 0.02

0.86 ± 0.03

0.66 ± 0.04

14

0.94 ± 0.02

0.87 ± 0.03

0.82 ± 0.03

0.62 ± 0.04

15

0.92 ± 0.02

0.85 ± 0.03

0.78 ± 0.03

0.56 ± 0.04

16

0.88 ± 0.02

0.82 ± 0.03

0.73 ± 0.03

0.54 ± 0.04

17

0.85 ± 0.03

0.79 ± 0.03

0.68 ± 0.04

0.47 ± 0.04

18

0.82 ± 0.03

0.74 ± 0.03

0.61 ± 0.04

0.36 ± 0.04

19

0.78 ± 0.03

0.70 ± 0.03

0.56 ± 0.04

0.27 ± 0.03

20

0.68 ± 0.04

0.64 ± 0.04

0.47 ± 0.04

0.21 ± 0.03

21

0.64 ± 0.04

0.61 ± 0.04

0.42 ± 0.04

0.17 ± 0.03

22

0.62 ± 0.04

0.58 ± 0.04

0.39 ± 0.04

0.12 ± 0.02

24

0.54 ± 0.04

0.45 ± 0.04

0.26 ± 0.03

0.06 ± 0.02

25

0.46 ± 0.04

0.35 ± 0.04

0.12 ± 0.02

0.02 ± 0.01





Census
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Table 3-5 (cont’d). Survival of V. appalachiana explants in this experiment at each humidity level for each census period. Data
represents raw means of the proportion of individuals alive in each treatment at each census (± 1 SE). The means in this table
correspond to the values that are illustrated in Figure 2b.
33% RH

75.3% RH

94% RH

99.9% RH

26

0.34 ± 0.04

0.19 ± 0.03

0.08 ± 0.02

0.01 ± 0.01





Census



132

Table 3-6. Survival of V. appalachiana explants in this experiment at each source population for each census period. Data
represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this table
correspond to the values that are illustrated in Figure 2c.
Alabama

North Carolina

Kentucky

Indiana

Ohio

New York

1

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

2

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

3

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

4

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

5

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

6

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

1.00±0.00

7

0.95±0.02

0.96±0.02

0.99±0.01

1.00±0.00

0.91±0.03

0.98±0.01

8

0.92±0.03

0.93±0.02

0.98±0.01

0.98±0.01

0.85±0.03

0.98±0.01

9

0.88±0.03

0.91±0.03

0.97±0.02

0.98±0.01

0.82±0.04

0.98±0.01

10

0.88±0.03

0.91±0.03

0.97±0.02

0.98±0.01

0.75±0.04

0.97±0.02

11

0.86±0.03

0.88±0.03

0.93±0.02

0.93±0.02

0.66±0.04

0.95±0.02

12

0.83±0.03

0.83±0.04

0.93±0.02

0.90±0.03

0.65±0.04

0.93±0.02





Census



133

Table 3-6 (cont’d). Survival of V. appalachiana explants in this experiment at each source population for each census period.
Data represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this
table correspond to the values that are illustrated in Figure 2c.
Alabama

North Carolina

Kentucky

Indiana

Ohio

New York

13

0.83±0.04

0.81±0.04

0.92±0.03

0.88±0.03

0.65±0.04

0.93±0.02

14

0.79±0.04

0.78±0.04

0.90±0.03

0.88±0.03

0.61±0.05

0.92±0.03

15

0.75±0.04

0.73±0.04

0.85±0.03

0.87±0.03

0.58±0.05

0.88±0.03

16

0.72±0.04

0.68±0.04

0.83±0.04

0.84±0.03

0.54±0.05

0.85±0.03

17

0.65±0.04

0.64±0.04

0.78±0.04

0.79±0.04

0.51±0.05

0.83±0.04

18

0.60±0.05

0.58±0.05

0.74±0.04

0.69±0.04

0.44±0.05

0.73±0.04

19

0.57±0.05

0.52±0.05

0.69±0.04

0.62±0.05

0.38±0.05

0.69±0.04

20

0.49±0.05

0.43±0.05

0.64±0.04

0.53±0.05

0.29±0.04

0.63±0.04

21

0.45±0.05

0.37±0.04

0.61±0.05

0.51±0.05

0.25±0.04

0.58±0.05

22

0.44±0.05

0.33±0.04

0.57±0.05

0.47±0.05

0.24±0.04

0.52±0.05

24

0.34±0.04

0.20±0.04

0.48±0.05

0.34±0.04

0.19±0.04

0.42±0.05

25

0.25±0.04

0.14±0.03

0.36±0.04

0.25±0.04

0.14±0.03

0.28±0.04





Census
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Table 3-6 (cont’d). Survival of V. appalachiana explants in this experiment at each source population for each census period.
Data represents raw means of the proportion of individuals alive in each treatment at each census ± 1 SE. The means in this
table correspond to the values that are illustrated in Figure 2c.
Alabama

North Carolina

Kentucky

Indiana

Ohio

New York

26

0.16±0.03

0.08±0.03

0.25±0.04

0.18±0.04

0.08±0.03

0.18±0.04





Census
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Consequences of Climate Change in Vittaria appalachiana” Botany and Plant
Pathology Graduate Student Poster Session, Purdue University. West Lafayette,
Indiana.







Chambers SM, Emery NC, Zanis MJ. November, 2009. “Competition and coevolution
among three free-floating aquatic species: Lemna minor, Azolla caroliniana, and
Wolfiella gladiata” Botany and Plant Pathology Graduate Student Poster Session,
Purdue University. West Lafayette, Indiana.
Professional Experience & Development
American Fern Society Publicity Committee
2014
Duties: Design materials to raise awareness and promote membership for the
American Fern Society
BioBlitz Botanical Field Assistant, Purdue University
2013
Duties: Assist in the identification and confirmation of plant species,
specifically ferns, on the J. Frederick Hoffman Memorial Easement.
College of Agriculture Curriculum and Student Relations Committee,
2012-2013
Purdue University
Duties: Serve as the College of Agriculture graduate student representative
to address curriculum concerns, with a particular focus on designing a core
curriculum, for the College of Agriculture.
College of Agriculture Awards Committee, Purdue University
2012-2014
Duties: Review nominations and choose one individual to receive the Outstanding
Graduate Educator and Service to Student awards.
Preparing Future Faculty, Purdue University
2012
Duties: Learn and explore the various positions available to faculty members
within the academic setting and what is expected in each position; a basic
teaching portfolio was also developed.
College of Agriculture Advisory Council of Graduate Student,
2012- 2014
Purdue University
Duties: Serve as the Botany and Plant Pathology and mentoring
representative to determine and resolve issues common to all
graduate students throughout the College of Agriculture.
Plant Ecology BioOlympiad Assistant, Purdue University
2011, 2013
Duties: Assist in leading a field activity in which the top 20 high
school students in the United States learn how to identify plants using
a dichotomous key, perform ecological sampling, and analyze percent
cover and presence/absence data.
Master Naturalist Botanical Educator, Cope Environmental Center
2011
Duties: Teach individuals outside of the scientific community about basic
botanical and ecological concepts and concerns to assist in the completion
of a master naturalist program.
Graduate Student Government Advancement Committee Co-Chair,
2009 – 2011
Purdue University
Duties: Organize activities uniting the graduate student body while
providing services to the greater community.







Graduate Student Government Department Senator,
2009 – 2010
Purdue University
Duties: Determining needs and concerns of gradate students and
discussing ways to meet these needs.
Natural Resource and Conservation Management Steering Committee
2009
Student Representative, University of Kentucky
Duties: Interacting with faculty and staff to improve the core curriculum
of the Natural Resource and Conservation Management degree.
Horticulture Intern, Missouri Botanical Garden
2008
Duties: Performing basic horticultural duties throughout the garden,
learning breeding techniques, prairie restoration, designing a project to
benefit the gardens, and interacting with both staff and numerous volunteers.
Professional Organizations
Society for the Study of Evolution
Indiana Academy of Science
Botanical Society of America
American Fern Society

2010 – Present
2012 – Present
2012 – Present
2012 – Present

Teaching Experience
Instructor and Course Designer: Bio 19500-Ecology of Plant Reproduction
2013
Department of Biology, Purdue University
West Lafayette, IN
Responsibilities: Perform all duties necessary of a faculty
member to design and instruct a course that gives first year students
a hands on research experience, while teaching them tools necessary
to be successful in a plant ecology and general biology laboratory.
Outreach Instructor: Beech Grove High School Summer Course
2013
Department of Botany and Plant Pathology, Purdue University
West Lafayette, IN
Responsibilities: Teach high school students about the
evolution of land plants by introducing them to evolutionary concepts,
generating laboratory activities that allow for interaction with the major
groups of land plants, and teach them about the different life-cycle
strategies exhibited by each of the major groups of land plants.
Guest Lecturer: Introduction to Plant Science
2012, 2013
Department of Botany and Plant Pathology, Purdue University
West Lafayette, IN
Responsibilities: Introducing undergraduate students to the
concept of plant reproduction during 50-minute lectures. Alternation
of generations and its evolutionary significance were taught for both
bryophytes and pteridophytes.
Graduate Teaching Assistant: Introduction to Plant Science
2011, 2013, 2014
Department of Botany and Plant Pathology, Purdue University
West Lafayette, IN
Responsibilities: Teaching four introductory botany lab
sections covering basic botanical and biological concepts.







Outreach Instructor: Hoosier Agribusiness and Science Academy
2012
Department of Botany and Plant Pathology, Purdue University
West Lafayette, IN
Responsibilities: Design and implement an activity that
teaches minority students how environmental stressors can impact
the various stages of the fern life cycle.
Outreach Instructor: USA Biology Olympiad
2011, 2013
Department of Biology, Purdue University
West Lafayette, IN
Responsibilities: Teach the top 20 high school students from
across the nation about ecological concepts, specifically species
richness and diversity, by assisting them in the performance of
ecological data collection and analysis.
Graduate Teaching Assistant: Field Ecology
2010
Department of Botany and Plant Pathology, Purdue University
West Lafayette, IN
Responsibilities: Assist in undergraduate student research
experimental design, sampling procedures, and statistical methods.
Undergraduate Teaching Assistant: Fundamentals of Soil Science
2008
Department of Plant and Soil Science, University of Kentucky
Lexington, KY
Responsibilities: Assist a graduate teaching assisting in teaching
and grading one lab section covering intermediate plant and soil
properties; lead one laboratory section without the assistance of the
graduate teaching assistant.



