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Abstract: As global climate change causes population declines across numerous taxa, it becomes
critical to understand the specific pathway by which climatic and anthropogenic factors influence
population size. Water availability is a key environmental condition that links climate and humans to
species response, especially for rare or threatened butterflies that are highly sensitive to changes in
climate and the surrounding landscape. We use the wetland-dependent endangered St. Francis’ satyr
butterfly (Neonympha mitchellii francisci) to test how changes in water availability affect population
size via changes in host plant growth. We show that long-term declines in water availability are
directly linked to a decline in host plant growth and contributed to a population decrease of 95% for
St. Francis’ satyrs in the past decade, threatening the persistence of the species. Recent restoration
work, which includes efforts to increase water availability via hardwood removal, has been successful
in increasing population numbers. Many butterflies are broadly dependent on water availability and
flow, and only by understanding the specific pathway that directly links water availability to species
response can we make effective conservation plans to prepare for the altered water conditions of
the future.

Keywords: Neonympha mitchellii francisci; population decline; precipitation; St. Francis’ satyr;
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1. Introduction

Global climate change has contributed to population declines across numerous taxa [1–4].
These declines are exacerbated by human modification of the landscape [5], particularly when that
modification alters or removes critical natural resources from the environment and limits options
for adaptation [6]. Although some mechanisms by which climate and humans interact to influence
ecosystem processes and species interactions have been identified [7,8], the pathway that leads to
quantifiable declines in population numbers remains unclear [3,9]. This is especially true for changes
to precipitation and water availability that can have the most extreme effects on populations of rare
species, as we show here.

Greater human pressure on the landscape magnifies climate conditions by exacerbating natural
resource scarcity, predominantly water availability [10,11]. Changes in precipitation patterns directly
impact both water availability and flow, which would have a large impact not only on wetland and
riparian species, but on many species generally sensitive to topography and microclimate around
water sources [12,13]. These effects could be exacerbated by increases in the local human population
and land use, for example via increased water consumption or greater fragmentation of riparian
ecosystems [14,15].

Changes in water availability can directly impact population size in multiple ways. For example,
plants that depend on natural stream flow regimes for seed dispersal may suffer from reduced rates
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of recruitment under less predictable conditions [16]. The pathway linking primary producers to
consumers may be interrupted by changes in water availability, resulting in a cascading effect across
multiple species [17,18]. Precipitation can have an added indirect effect on individuals in very simple
ways, such as limiting growth via too little rainfall or over-inundating minimally wet landscapes via
too much rainfall. Both direct and indirect links can fundamentally change the size of populations,
and therefore the likelihood of long-term population persistence.

Butterflies in particular are sensitive to conditions that alter normal patterns of temperature [19]
or precipitation [20], and there is evidence that lepidopteran populations around the globe have
declined as a direct result of climatic factors [21–23]. Rare and endangered butterflies, whose narrow
distributions make them more vulnerable to extinction under climate change [24–26], represent a
critical case for understanding how climate, humans, and population size are linked. For these
species, water availability may be the key environmental condition determining population persistence.
For example, in floodplain areas, changes in water inundation can have negative impacts on egg
survival [27] or larval survival [28,29], or impact local species composition [30]. Reduced water
availability may also impact butterflies indirectly by reducing host plant presence or quality [24,31].
Understanding the link between water availability and population response is then the key to
making informed management decisions about recovery goals and long-term conservation plans
for rare species.

In this paper, we show how water availability from stream discharge influences the population
size of a U.S. federally endangered butterfly, the St. Francis’ satyr (Neonympha mitchellii francisci).
The St. Francis’ satyr inhabits ephemeral wetlands and is restricted entirely to Fort Bragg Military
Installation in central North Carolina [32]. The population size of the St. Francis’s satyr has declined
dramatically in the past decade [33]; however, recent restoration work within local wetlands has shown
promise for supporting large populations again [34]. The host plants for adult St. Francis’ satyrs
are wetland-dependent, and therefore directly impacted by consistent water availability from local
streams. Linking water availability to population response appears key to understanding how factors
such as climate and human presence in the landscape may affect recovery goals for the species.

2. Materials and Methods

The St. Francis’ satyr is a U.S. federally listed endangered butterfly that is a subspecies of
Neonympha mitchellii [32]. The current population is estimated to consist of only a few thousand
individuals [33]. Extensive searching has determined that the St. Francis’ satyr is severely restricted in
its range and occurs only within about 10 ha of land on Fort Bragg Military Installation, located in
central North Carolina. Populations are found on Fort Bragg both within and outside of artillery impact
areas; due to military restrictions, only populations outside of artillery impact areas can be regularly
monitored. The St. Francis’ satyr is found exclusively in ephemeral wetlands that are created by
flooding from beavers and maintained by infrequent small fires that retard woody growth. Individuals
are capable of short dispersal along streams and depend on a closely spaced network of wetlands in
order to persist once individual sites dry out. Host plants for the St. Francis’ satyr are wetland sedges
in the Carex family, particularly Carex mitchelliana [32].

The disturbance-dependent nature of the ecosystem makes it particularly challenging to
manage [34], and exacerbates the sensitivity of St. Francis’ satyrs to the potential effects of
climate change. St. Francis’ satyr phenology is known to be sensitive to heat accumulation in
the environment [32,35], and precipitation levels influence water levels in the streams and creeks
where St. Francis’ satyrs are found. The two most dominant factors in creating a high quality
habitat—the presence of beavers and the absence of woody encroachment—are both influenced by
human modification of the landscape [33]. Since 2011, active restoration of wetland habitats in close
proximity to known occupied sites outside of artillery impact areas has been ongoing, with expected
dispersal between restored and non-restored sites. Restoration actions include inundation of sites with
artificial dams as well as hardwood removal from the canopy (for full description see Reference [34]).
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Six St. Francis’ satyr subpopulations from sites with no restoration were surveyed outside of
artillery impact areas from 2003–2017 using modified Pollard-Yates counts [36,37]. Daily surveys were
conducted along standard transects each summer during the second flight period, from mid-July
to mid-August. For each subpopulation, we calculated a Pollard-Yates (PY) index [38], which is a
standard index of population size and is highly correlated with mark-recapture estimates of population
size [37]. We estimated subpopulation size based on the PY index by using an equation modified from
Reference [32]. Data from each subpopulation were then aggregated to form an estimate of the total
population size for the species outside of artillery impact areas. Surveys were not conducted at known
populations within artillery impact areas due to heavy restrictions on access. We chose to focus on
population size rather than population growth rate, as unusually small estimates in recent years were
more likely to disproportionately affect calculations of lambda.

We conducted vegetation surveys in 2006 and from 2009–2012 during at least two years at five of
the six subpopulations where C. mitchelliana was present. Within each site we randomly placed one to
seven (an average of five) 3 m × 8 m plots adjacent to butterfly survey transects and calculated the
percent cover of C. mitchelliana [39]. Not all plots were surveyed at each site in each year.

We obtained mean daily discharge data from 1970–2017 from a USGS stream monitoring station
at Flat Creek, NC (USGS, 2016). Flat Creek supported St. Francis’ satyr populations at the start of our
study until 2009 and is in close proximity to streams where many St. Francis’ satyr populations are
currently found. Flat Creek provides a strong representative sample of water flow for the numerous
creeks that are found on Fort Bragg. We calculated the average water flow per water year (1 October–30
September) and conducted a linear regression to determine if water flow significantly changed
across years.

To assess the impact of water availability on butterfly and host plant populations, we conducted a
linear mixed effects regression using the site as a fixed effect. Since data for both the PY index and
percentage of C. mitchelliana were right-skewed, we log transformed values for PY index and logit
transformed values for percentage of C. mitchelliana [40]. We conducted models for both the PY index
and amount of C. mitchelliana using water, year, and their interaction as random effects, with year being
the repeated measures variable. Because there can be a lag time in species’ response to environmental
conditions [41], we conducted the analysis with water flow in the same year (t) as butterfly and host
plant surveys, and also with water flow in the year prior (t − 1) to butterfly and host plant surveys.
We also modelled the direct relationship between the PY index and amount of C. mitchelliana. The PY
index values of zero were eliminated from the analysis the year following population extinction at
a site, as water availability was no longer influential in St. Francis’ satyr population size once no
butterflies were present.

3. Results

The total St. Francis’ satyr population size outside artillery ranges was estimated to be
530 individuals in the second flight period of 2003, the first year that population size was quantified
(Figure 1). The population increased to a maximum of 1730 individuals in 2004 before dropping to
25 individuals in 2016 and only a few individuals in 2017. However, once individuals from restored
sites are included, the population estimate for 2017 was 560 individuals, with a peak of 790 individuals
seen in 2016. Estimates do not include individuals in artillery impact areas, where thousands of
individuals may persist.

Average water flow per year at Flat Creek significantly decreased by 0.11 m3/s, or 29%,
from 1970–2017 (slope = −0.002, p = 0.004, Figure 2a). Average water flow ranged from a low of
0.14 m3/s in 2002 to a high of 0.57 m3/s in 1973 (mean = 0.32, s.d. = 0.08).

The average percentage of C. mitchelliana at a site ranged from 0.25% to 12.43% (mean = 3.61,
s.d. = 3.35). The amount of C. mitchelliana significantly increased with water flow of the previous water
year (slope = −2.307, p = 0.02, Figure 2b). The PY index ranged from 0 to 67 (mean = 10.0, s.d. = 11.8).
The PY index was not significantly influenced by water flow of the previous water year (slope = 3.112,
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p = 0.91, Figure 2c). The water flow of the current year did not significantly influence the amount of C.
mitchelliana (p = 0.24) or the PY index (p = 0.48). The year was significantly correlated with the PY index
for both the current water year (p < 0.001) and the previous water year (p < 0.001). Higher amounts of
C. mitchelliana were associated with higher PY index values (slope = 0.037, p = 0.32, Figure 2d).
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Figure 2. Effects of water availability on plants and butterflies. (a) Change in average annual water
flow from 1970–2017. (b) Average amount of C. mitchelliana present based on average annual water
flow of previous water year. (c) Pollard-Yates (PY) index of St. Francis’ satyrs based on average annual
water flow of previous water year. (d) Relationship between amount of C. mitchelliana and PY index
of St. Francis’ satyrs. Different symbols represent an individual site where butterfly or plant surveys
were conducted.
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4. Discussion

We have shown the direct link by which water availability influenced the amount of host plant
present for a rare butterfly species. Water availability in the Fort Bragg region has significantly
declined for several decades (Figure 2a), leading to lower amounts of C. mitchelliana in key wetland
habitats (Figure 2b). These altered environmental conditions have resulted in a large decrease in
the population size of St. Francis’ satyr. Only after active restoration of wetland habitats have we
observed a population increase (Figure 1). Population levels at sites outside of artillery impact areas
have dropped from a historic high of nearly 2000 individuals in 2004 to current estimates of less than
110 individuals each year since 2011, a decline of 95%. Five of the six subpopulations surveyed since
2003 have been extirpated due to low water levels in streams, including both populations that were
found on Flat Creek, the stream from which we collected our water data. This downward trend is
compounded by small-scale factors such as woody encroachment and beaver eradication that alter
hydrology within occupied sites. These changes can interact with large-scale, long-term changes,
such as climate and human activities, that will continue to influence St. Francis’ satyrs in the future.
Ongoing conservation efforts must consider the potentially devastating impact that the combination of
small-scale and large-scale mechanisms may have on species recovery goals.

Although the population size of St. Francis’ satyr is not directly impacted by water flow (Figure 2c),
there was a direct correlation between butterfly persistence and the presence of its host plant (Figure 2d).
In 2011, we began active restoration along two creek drainages that support St. Francis’ satyr
populations, with a focus on altering water conditions by mimicking the favorable environment created
by beavers. We combined artificial dam creation, which increased standing water to levels preferred
by Carex sedges, with widespread hardwood removal, which eliminated encroaching trees and shrubs
and decreased evapotranspiration rates [34]. The resulting increases in water availability directly
contributed to significant increases in amount of C. mitchelliana in restored sites [34,42]. Consequently,
populations of St. Francis’ satyr in restored sites have increased dramatically from 50 individuals in
2012 to a population of almost 800 by 2016 (Figure 1).

The implications of linking water availability to population declines extend beyond St. Francis’
satyrs. Other butterfly species that inhabit wetlands or riparian zones, or with host plants that require
saturated soils, may show a similar dependence on water availability that trumps environmental
conditions such as vegetation structure or composition [24,31]. In addition to butterflies, altered
water availability has also been linked to population declines for amphibians [43,44], birds [45,46],
and mammals [47,48]. The link between water and population size could be extended to numerous
plant and invertebrate species, which are often used as indicators for the status of rivers, streams,
and wetlands due to their sensitivity to water conditions.

The underlying causes of lowered water availability for St. Francis’ satyr are unknown,
but potentially have their origin in the synergistic effects of human activities and climate [1,49].
The human population of Cumberland County, which includes most of Fort Bragg and the adjacent
city of Fayetteville, increased by 24% from 1985 to 2015 [50], and public water withdrawals in the
county increased by 70% from 1985 to 2010 [51]. In addition, mean annual temperature at Fort Bragg
has significantly increased since 1960, and total annual precipitation has decreased in the same time
period [52]. When considered simultaneously, these factors can have a large, synergistic effect on
population response [53], and ultimately may elicit a broad response seen from the genetic level up to
the ecosystem level [4]. Additional factors outside the scope of climatic and anthropogenic influences
may contribute to reduced water flow, such as changes in landscape topography or shifts in species
composition within stream networks. Studies that more closely evaluate sources of water reduction
could help clarify the mechanism by which water availability is altered.

We have shown how water availability plays a critical role in mediating host plant growth and
thus contributes to population declines for St. Francis’ satyr. Future management actions aimed at
achieving species recovery goals must consider how water availability is likely to change in the future
and whether conservation plans are adequate to mitigate any potential negative effects. Short term
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planning should focus on maintaining access for beavers along wetland corridors that are in close
proximity to St. Francis’ satyrs, and on preventing the encroachment of woody shrubs and trees into
occupied sites. Over the long term, it is currently unknown whether temperature or precipitation is
ultimately more influential in determining how populations will respond, since the extent to which
precipitation cycles will be altered by climate change is still uncertain [54]. Only when we fully
understand the pathway by which threatened and endangered populations are influenced can we
make effective conservation and management plans to ensure species persistence under climate change.
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