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Climate change is a major challenge for managers of protected areas world-wide, and managers need information
about future climate conditions within protected areas. Prior studies of climate change effects in protected areas
have largely focused on average climatic conditions. However, extreme weather may have stronger effects on
wildlife populations and habitats than changes in averages. Our goal was to quantify future changes in the fre-
quency of extreme heat, drought, and false springs, during the avian breeding season, in 415 National Wildlife
Refuges in the conterminous United States. We analyzed spatially detailed data on extreme weather frequencies
during the historical period (1950-2005) and under different scenarios of future climate change by mid- and
late-21st century. We found that all wildlife refuges will likely experience substantial changes in the frequencies
of extreme weather, but the types of projected changes differed among refuges. Extreme heat is projected to in-
crease dramatically in all wildlife refuges, whereas changes in droughts and false springs are projected to increase
or decrease on a regional basis. Half of all wildlife refuges are projected to see increases in frequency (>20% higher
than the current rate) in at least two types of weather extremes by mid-century. Wildlife refuges in the South-
west and Pacific Southwest are projected to exhibit the fastest rates of change, and may deserve extra attention.
Climate change adaptation strategies in protected areas, such as the U.S. wildlife refuges, may need to seriously
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consider future changes in extreme weather, including the considerable spatial variation of these changes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Protected areas are a cornerstone for biodiversity conservation, and
climate change represents one of the major challenges for managers of
protected areas globally (Hole et al., 2009; Lawler, 2009). As climate
changes, conditions within protected areas are also expected to change,
potentially triggering shifts in species and changing ecosystem proper-
ties (Langdon and Lawler, 2015; Wiens et al., 2011). Conserving biodi-
versity into the future therefore, requires understanding future
climatic conditions in protected areas (Hannah, 2008).

Most studies assessing effects of climate change on biodiversity and
protected areas have focused on climate averages, e.g. changes in mean
temperature or precipitation, rather than potential changes in the fre-
quency of extreme weather such as prolonged droughts, extreme
heat, or unseasonable cold periods (Garcia et al., 2014; Loarie et al.,
2009; Scriven et al., 2015; Wiens et al., 2011). However, studying the
changes in extremes explicitly allows for better interpretation of the
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consequences for protected area managers, because extreme weather
events can pose stronger threats to species and ecosystems, and make
habitat management more challenging, than shifts in average condi-
tions (Reyer et al., 2013). Increased frequency or intensity of extreme
heat and droughts can facilitate plant invasions (Jiménez et al., 2011),
increase tree mortality (Allen et al., 2010), reduce avian breeding suc-
cess and survival (Jenouvrier, 2013), and trigger species movement
and range shifts, potentially changing community composition, re-
source availability, and ecosystem properties (Parmesan et al., 2000).
For example, the Dickcissel (Spiza americana), a grassland bird species
of the U.S. Midwest, exhibits strong abundance shifts at its range
edges during drought events compared to years of average precipitation
(Bateman et al., 2015). In Mediterranean forests, droughts can trigger
widespread tree defoliation that disrupts insect and fungal communities
and alters food webs (Carnicer et al., 2011). At times when managers
are trying to initiate a restoration, flood a wetland management unit,
or perform some other management action, droughts may prevent
implementing the desired management action at the most beneficial
time (Dale et al., 2001; Thurow and Taylor, 1999). In general, extreme
heat and drought are projected to become more frequent in some
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regions in the next decades (IPCC, 2012; Walsh et al., 2014) but future
patterns of these extremes in protected areas are largely unknown
(Monahan and Fisichelli, 2014).

In addition to extreme heat and drought, false springs can have large
ecological effects. False springs, which occur when leaf-out of plants is
followed by a hard freeze, typically cause severe vegetation damage
(Augspurger, 2013). False springs can occur when there is a combina-
tion of premature warm temperatures followed by late freezes. Wide-
spread vegetation damage from false springs has been observed in
both natural and agricultural systems, with negative consequences for
plant productivity, survival, and growth (Augspurger, 2011; Inouye,
2008). In turn, the effects from false springs can percolate through an
ecosystem, as reduced plant productivity negatively affects dependent
animal populations, interactions among species, and the provision of
ecosystem services (Hufkens et al., 2012; Nixon and McClain, 1969).
In 2010, for example, false springs reduced annual gross productivity
in forest ecosystems of the northeastern United States (U.S.) by 7-14%
(Hufkens et al., 2012). Projections of future climate change in places
such as the U.S. indicate that false springs may become more frequent
in certain regions (Allstadt et al., 2015), yet their effects on protected
areas are unknown.

Assessing how droughts, extreme heat, and false springs may change
across protected area networks as a result of future climate changes can
provide important information about potential challenges that species
and managers may face. In particular, evaluating future changes in ex-
treme weather during the spring season can be of major importance, be-
cause plant and animal populations can be especially sensitive to
extremes during those months (Bolger et al., 2005; Both and Visser,
2001; Drever et al., 2012), when many wildlife species are breeding,
and plants are growing and blooming (Jenouvrier, 2013; Filewod and
Thomas, 2014). Furthermore, when assessing the exposure of protected
areas to different types of extreme weather, it is important to evaluate
their exposure to each extreme individually, as well as to all types of ex-
tremes combined, because the interactions among multiple environ-
mental stressors can exacerbate ecosystem responses (Albright et al.,
2010; Breitburg et al., 1998). While the ultimate response of the biota
will depend on other factors as well, including individual species' toler-
ances and interactions within and among trophic levels (Parmesan et
al., 2000; Walther, 2010), knowing their exposure to future changes is
a critical first step.

Patterns of climate change vary, however, especially at regional and
continental scales, and that variability matters when prioritizing man-
agement actions across protected area networks (Monahan and
Fisichelli, 2014). For protected area managers and governmental agen-
cies, knowing which protected areas will be affected by multiple
stressors is of major importance because those protected areas can be
considered under potentially increasing threat due to climate changes,
and thus may require particular attention. Furthermore, individual
protected areas are typically embedded within larger administrative re-
gions. Assessments of future climate change in protected areas are
therefore more useful if they can inform both managers of individual
protected areas as well as higher-level administrators, yet such assess-
ments are rare. Finally, because of the uncertainty in predictions of fu-
ture climate conditions, it is important to evaluate multiple models
and scenarios of climate change (Lawler, 2009).

The goal of our study was to quantify future changes in the frequen-
cy of extreme weather events during the spring breeding season in
protected areas, focusing on the National Wildlife Refuge System
(NWRS) in the conterminous United States. The NWRS is one of the
world's largest protected area networks designated to protect wildlife
and plants, and information about future climate conditions is needed
for the NWRS' climate change adaptation plans (Czech et al., 2014;
Griffith et al., 2009). Our specific objectives were to: i) quantify future
changes in the frequency of extreme heat, droughts, and false springs
for each administrative region under different climate change scenarios,
and ii) map future changes in extreme heat, droughts, and false springs

at the level of individual wildlife refuges across the nation. We also iden-
tified which refuges are projected to see increases in multiple types of
extremes, our main indicator of increasing threat due to future climate
changes.

2. Materials and methods
2.1. Data

2.1.1. Wildlife refuges

In the conterminous U.S. alone, there are over 460 wildlife refuges
aggregated in seven Fish and Wildlife Service (FWS) administrative re-
gions. We focused on the conterminous U.S., and excluded NWRS lands
not directly managed by the FWS (namely, cooperatively managed
lands) or not specifically designated as refuges, as in previous studies
(Hamilton et al., 2013). In addition, because the weather data used in
this study are best suited for analyzing changes on continental lands,
we did not consider wildlife refuges and wildlife refuge's portions in
the oceans and the Great Lakes, but included river refuges. As a result,
the final number of wildlife refuges that we assessed was 415, with 42
to 99 wildlife refuges in each of the seven FWS administrative regions
(Fig. 1a). Wildlife refuges are relatively small in size (the median size
was 2754 ha), typically embedded in a matrix of developed lands, and
situated at low elevations and on productive soils (Griffith et al.,
2009). Wetlands are common in the NWRS.

2.1.2. Extreme weather data

We derived focal weather variables (extreme heat, droughts, and
false springs) based on daily records from the Coupled Model Intercom-
parison Project 5 (CMIP5) multi-model ensemble General Circulation
Models (GCM) dataset. Specifically, we used data spanning from 1950
to 2100 that have been statistically downscaled to approximately 12-
km resolution from the coarse-scale GCM using the Bias-Corrected Con-
structed Analog (BCCA) technique (Maurer et al., 2007; Reclamation,
2014). The main reason for going back to 1950 was to obtain a large
sample size, which is important for analysis of extreme events. We an-
alyzed data for 19 GCMs (Table A.1), and present here the multi-
model median values, and in some cases the 25th and 75th percentile
values to represent variation among GCMs. We considered two emis-
sions scenarios that were available for each of the 19 GCMs, including
the Representative Concentration Pathway 4.5, or RCP4.5 (medium-
low emissions) and the RCP8.5 (high emissions). Our study variables
were summarized into simulated historical (1950-2005), mid-century
(2041-2070), and end of the century (2071-2100) time periods, and
were based on spring season only (March, April, May), which is when
birds make their settling decisions in the northern states, and in the
southern U.S,, includes the early breeding season. Spring precipitation,
or the lack thereof, strongly affects resource availability and water levels
during the avian breeding season.

2.1.2.1. Droughts. We quantified changes in spring drought by compar-
ing the frequency of droughts with a 20-year recurrence interval ob-
served during the simulated historical period, with the frequency of
droughts of similar magnitude in the future. For example, for a certain
pixel, a 20-year drought during the historical period might occur
every 10 years by mid-century, which means that the frequency has
doubled. We chose twenty-year events as our key metric, because
they clearly represent an extreme event, and are frequent enough that
managers can expect at least one of these to occur during their career.
We calculated 20-year droughts based on the Standardized Precipi-
tation Index (SPI) (McKee et al., 1993). The SPI is a widely used drought
metric (World Meteorological Association, 2009) defining drought as a
probabilistic lack of precipitation in terms of a standard normal distribu-
tion (Guttman, 1999; McKee et al., 1993). That is, a 20-year drought is
defined as a SPI < — 1.64. We calculated SPI independently for each
model, and for each grid cell. In each cell, we calculated the total
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Fig. 1. Distribution of wildlife refuges in the conterminous United States (a), and projected changes in extreme weather events in wildlife refuges at the level of administrative regions (b-
d).In (a), the grey lines represent the boundaries of the seven U.S. Fish and Wildlife Service administrative regions. The number of wildlife refuges in each administrative region is included
under the region's name. The size of the wildlife refuges is exaggerated for visualization purposes. (b-d) Shows the frequency of extreme heat, droughts, and false springs in wildlife
refuges aggregated within administrative regions, under historical conditions and under different scenarios of future climate change. Frequencies are expressed as return intervals in
years (the shorter the return interval, the more frequent the event is projected to be). The values for each administrative region include the multi-model median of 19 GCMs (i.e. the
columns), as well as the 25th and 75th percentiles (i.e. lower and upper limits of the segments). Scenarios include historical (1950-2005), mid-century (2041-2070), and end-of-
century (2071-2100), and under two emission scenarios from the Intergovernmental Panel on Climate Change, including RCP4.5 (medium-low emissions) and RCP8.5 (high-
emissions). The graphs display return intervals up to 50-years for visualization purposes, but some values are larger than that.

precipitation in the spring months (March, April, May) for each year
during the historical time period (1950-2005). We fit a Pearson-III dis-
tribution to annual totals and converted percentiles from this distribu-
tion to the standard normal of the SPI (Guttman, 1999). Based on
these distribution parameters, we calculated droughts in the future
time periods in terms of historical conditions. That is, SPI < — 1.64 rep-
resents by definition a 20-year drought during the historical period,
but may occur more or less often in the future given changes in modeled
weather patterns. We repeated this procedure for each grid cell, model
and scenario, and report changes in probability of the 20-year droughts
for each grid cell, model, and scenario.

2.1.2.2. Extreme heat. Similar to droughts, we focused on 20-year ex-
treme heat events observed during the historical period and quantified
their probability under future climate scenarios. We examined stan-
dardized spring temperature anomalies analogous to SPI, hereafter re-
ferred to as the spring Standardized Temperature Index (STI). We
chose to use STI based on the mean daily maximum temperature during
the spring months at each location. Unlike precipitation, temperatures
do not typically have complex distributions, allowing us to fit a simple
normal distribution to these spring temperatures during the simulated
historical period. Then, as for SPI, we converted annual values for all

years based on the historical distribution. We calculated STI values dur-
ing the spring months for each of the 19 GCMs, and determined the
probabilities of 20-year extreme seasonal heat as defined by the simu-
lated historical period (STI > 1.64) for all of the time periods.

2.1.2.3. False springs. Assessing changes in false springs required a differ-
ent approach than those for extreme heat or droughts. A false spring is a
hard freeze (a daily minimum temperature below — 2.2 °C) after spring
plant growth has begun (Marino et al., 2011; Schwartz, 1993). Flowers
are generally more sensitive to freeze damage than leaves (Sakai and
Larcher, 1987), and flowers and resulting seeds are often important
food sources for animals (Nixon and McClain, 1969), beyond the repro-
duction of the plants themselves. Therefore, we calculated flower emer-
gence date, estimated by using the extended Spring Indices (Schwartz
et al.,, 2013), and any hard freeze afterwards constituted a potentially
damaging false spring event. We extracted the occurrence of these
false springs for each GCM from a dataset we had previously generated
(Allstadt et al., 2015; data available at http://silvis.forest.wisc.edu/
climate-averages-and-extremes) and calculated the probability of false
springs for each pixel during each time period: historic (1950-2005),
mid-century (2041-2070), and end-of-century (2071-2100) under
the two emission scenarios, RCP4.5 and RCP8.5.
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2.2. Analysis

First we extracted, for each wildlife refuge, the mean annual proba-
bility values for extreme heat, drought, and false springs under the his-
torical period and for the four different scenarios of future climate
change considered in this study (mid-century RCP4.5, mid-century
RCP8.5, end-of-century RCP4.5, and end-of-century RCP8.5).

For objective one, we aggregated the wildlife refuges into their ad-
ministrative regions (n = 7), and calculated the median probabilities
for each type of extreme weather event across wildlife refuges within
each region. We used the median value within each region, rather
than the mean, due to skewness of the data, and converted the annual
probability values into return intervals (in years) by dividing one by
the annual probability. Return interval, i.e., average time between oc-
currences of an event (20-year, 5-year, etc.), represents a more intuitive
unit of frequency, making it particularly well suited for communicating
our results with protected area managers. We reported the median re-
turn intervals for extreme heat, drought, and false springs in each ad-
ministrative region under the historical period and under the different
future climate scenarios. The return intervals here were the multi-
model median values across the 19 GCMs. In order to assess the variabil-
ity among GCMs we also calculated the 25th and 75th percentile values.

For objective two, i.e., the mapping of future changes for each refuge,
we categorized each refuge into one of three classes based on projected
change in frequency of extremes: decrease, increase, or no change in
frequency. We converted the annual probability values to return inter-
vals in years, and used the multi-model median value. Wildlife refuges
projected to see a >20% increase in the return interval of extreme
weather relative to the historical period were categorized as having
“fewer events,” while those projected to see a >20% decrease in the re-
turn interval were categorized as having “more events.” Finally, wildlife
refuges projected to see return-interval increases or decreases <20%
were categorized as “no change.” As part of this analysis we also modi-
fied one of the classes for false springs. Extreme heat and droughts were
defined based on historical, 20-year events. However, false springs oc-
curred in some location at very low frequencies, or were even complete-
ly absent, in both the historical period and future scenarios. Thus, we
combined wildlife refuges with a very low frequency of false spring
under both historical and future conditions (i.e. >30-year return inter-
val) with the class “no change.” This means that for false springs, the
class “no change” includes wildlife refuges with little change (<20%)
in the frequency of false springs, as well as those with very rare or no
false springs.

To map future patterns of extreme weather across wildlife refuges,
we created individual maps for changes in extreme heat, droughts,
and false springs across wildlife refuges for the different scenarios. We
evaluated differences in spatial patterns of change between scenarios,
and compared the patterns of change from the refuge-level maps with
the regional averages reported in objective 1. For each extreme weather
variable, we reported the number of wildlife refuges in each change
class (“fewer,” “more,” and “no change”).

To identify wildlife refuges that may be under increasing threat of
multiple types of extreme weather due to future climate change, we
combined the change maps for extreme heat, droughts, and false
springs into a single map, and reported the number of wildlife refuges
projected to see increased frequency of one, two, or three of our weath-
er variables. We reported the results for each scenario separately. Our
assumption was that more variables with increased frequency repre-
sent a higher level of stress on the natural resources (plant and animal)
in that wildlife refuge.

2.2.1. Sensitivity analysis

We focused in our study on the number of wildlife refuges projected
to see increases in frequency of extreme weather using a rate of change
>20% above the current rate. To assess the effect of that threshold in our
study, we reported how many refuges are projected to see increases in

frequency of multiple weather variables using rates of change >30%,
>40%, and >50% above the current rate.

3. Results
3.1. Changes in extreme weather by FWS administrative region

We first compared the frequencies of extreme weather in wildlife
refuges aggregated by FWS administrative regions (i.e., regional me-
dians, Fig. 1b—d). Extreme heat was projected to increase dramatically
in all administrative regions, from a median 20-year return interval in
the historical period, to about 1-3 years under all time periods and
emission scenarios (Fig. 1b). There was little variation among GCMs,
as reflected by the 25th and 75th percentile values.

On the other hand, droughts were projected to increase in frequency
in the southwestern administrative regions (Pacific Southwest, South-
west), but decrease in frequency in northern regions (Midwest, Moun-
tain Prairie, Northeast; Fig. 1c). In the Pacific Southwest and Southwest
administrative regions, for example, the median return interval of
droughts within refuges was projected to decline from about 20 years
to 14 years by mid-century, but increase from 20 years to 33 years or
more in the Midwest and Mountain Prairie administrative regions.
There were little or no differences between mid-century and end-of-
century periods, but differences from historical conditions were greater
under the RCP8.5 emission scenario than RCP4.5 in a few cases (Fig. 1c).
Contrary to extreme heat, there was a greater variation among GCMs as
reflected by the 25th and 75th percentiles.

Finally, while the frequency of extreme heat and droughts in the his-
torical period were by definition relatively constant (i.e., ~20 years), the
frequency of false springs in the historical period did vary by adminis-
trative region. During the historical period, false springs were more fre-
quent in the Southeast and Southwest (~3-year return interval),
followed by Mountain Prairie and Midwest (11-15 years return inter-
val), and least frequent in the Northeast, Pacific, and Pacific Southwest
(18-25 years; Fig. 1d). Under the future climate scenarios only the
Mountain Prairie administrative region showed some increase in the
frequency of false springs, from 11-year return interval in the historical
period to 7-9 years under the future scenarios, whereas in the other re-
gions the frequency of false springs is projected to decrease or remain
the same.

3.2. Changes in extreme weather at the level of individual wildlife refuges

We found strong spatial patterns in the changes in extreme weather
when examining all refuges individually. We first developed separate
categorical maps depicting projected changes in extreme heat,
droughts, and false springs in each wildlife refuge, using three catego-
ries of change: “fewer,” “more,” and “no change” (Fig. 2). Because
changes from historical in both mid- and end-of-century were usually
of the same sign, we focused our results on mid-century. Our projec-
tions at the level of individual wildlife refuges showed far more wildlife
refuges projected to see increases in extreme heat (all refuges, or 100%),
than in droughts or false springs (~26%). Variations between the RCP4.5
and RCP8.4 scenarios were typically small by mid-century, and more
visible by end-of-century (Fig. 2).

The patterns of change in the frequencies of extreme weather events
at the level of individual wildlife refuges were consistent with the re-
sults at the level of administrative region. However, the refuge-level
analysis revealed fine-scale variations within regions that were not ev-
ident at the administrative level, highlighting the value of the refuge-
level analysis. For example, although the Pacific Southwest and South-
west were the only regions projected to see increases in droughts,
some individual refuges in the Southeast region (e.g. Florida) were
projected to see increases in droughts too (Fig. 2b). Similarly, the Mid-
west administrative region was projected to see little or no change in
the frequency of false springs, yet wildlife refuges in the southern
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Fig. 2. Projected changes in extreme heat (a), droughts (b), and false springs (c) in wildlife refuges under different scenarios of future climate change. The maps depict the changes in
frequency from the historical period (1950-2005) to mid-century (2041-2070) and end-of-century (2071-2100), and under two emission scenarios from the Intergovernmental
Panel on Climate Change, including RCP4.5 (medium-low emissions) and RCP8.5 (high-emissions). The distinction between the classes “fewer,” “no change,” and “more,” is based on
rates of change of 20%. The black lines represent the boundaries of the seven U.S. Fish and Wildlife Service administrative regions. The number of wildlife refuges in each class of the
map is included in the map legend. The size of the wildlife refuges is exaggerated for visualization purposes.

portion of the Midwest region were projected to see increased frequen-
cy of false springs (Fig. 2c).

3.3. Combined weather variables and identification of potentially threat-
ened wildlife refuges

Ultimately, managers of protected areas will have to address all
types of extreme weather events, including extreme heat, droughts,
and false springs, making it useful to examine these categories of weath-
er change jointly (Fig. 3). Because 100% of the wildlife refuges were
projected to experience more frequent extreme heat events in the fu-
ture, the patterns of change were determined by the projected patterns
of droughts and false springs (Fig. 3a).

Our multivariable map highlights the ubiquity of potential future
threats. By mid-century, only 3-4% of the wildlife refuges were
projected to see increases in all three extreme weather types, our “max-
imum” level of threat. However, >40% of the wildlife refuges (44-45%)
were projected to see increases in two types of extremes, including ex-
treme heat and droughts, or extreme heat and false springs (Fig. 3). The
other half of the wildlife refuges were projected to see decreases or no
changes in droughts or false springs in conjunction with increasing fre-
quency of extreme heat, and were located mainly in the Midwest,
Northeast, and parts of the Pacific and Southeast administrative regions
(Fig. 3a).

Wildlife refuges projected to see increases in the frequency of two or
three types of extremes, in total 48% of wildlife refuges by mid-century,
occurred in all seven administrative regions, yet at different rates and
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two emission scenarios from the Intergovernmental Panel on Climate Change, including RCP4.5 (medium-low emissions) and RCP8.5 (high-emissions). The black lines in the maps
represent the limits of the seven administrative regions, and the size of the wildlife refuges is exaggerated for visualization purposes. Wildlife refuges projected to see increases in
frequency of two or three types of extremes (among extreme heat, droughts, and false springs) are considered threatened. Section (b) shows the number of these wildlife refuges for
each U.S. Fish and Wildlife Service administrative region. An increase in frequency is defined as >20% above the current rate.

due to different types of extremes depending on the region (Fig. 3a-b).
Among regions, the Southwest and Pacific Southwest administrative re-
gions had the largest number of wildlife refuges projected to see in-
creases in the frequency of two or three types of extremes (up to 83-
90% of all wildlife refuges), while the Pacific and Northeast administra-
tive regions had the lowest numbers (14-32%; Fig. 3b). The main threats
also varied by administrative region. In the Southwest and Pacific
Southwest regions the main threat is increasing frequency of extreme
heat and droughts, while in regions such as Mountain Prairie and North-
east it is increasing frequency of extreme heat and false springs (see
Table A.2). The results by mid-century and end-of-century were very
similar, although the projections under the end-of-century RCP8.5 sce-
nario resulted in a slightly larger number of wildlife refuges projected

to see increased frequency of two or three types of extremes, and
those differences were most evident in the Southeast (Fig. 3b).

3.3.1. Sensitivity analysis

Our estimates of the number of wildlife refuges projected to see
increased frequency of extreme weather events were based on
rates of change >20%. Increasing the threshold value defining a
change in frequency from >20% to >30% or >40% reduced the number
of wildlife refuges projected to see increases in two or three types of
extremes, as we expected (Fig. 4). However, these reductions did not
change the main findings of our study. Even at a > 40% threshold, we
found a substantial number of refuges projected to see increases in
two or three types of extremes (19-33% depending on the scenario;



S. Martinuzzi et al. / Biological Conservation 201 (2016) 327-335 333

(a) Threshold >30%

100 100

(b) Threshold >40%

(c) Threshold >50%

100

o)
o
T

]

[=2]
o
T

60

™~
o
T

40 |

~N
o

20

Threatened widlife refuges
(% of tota)

mMid-Century RCP4.5
2 Mid-Century RCP8.5
80 I DEnd-of-Century RCP4.5 nl 80 r
B End-of-Century RCP8.5

60

40

i

§

H

i

Al 20 +

L]

(I

@fp\ & \ .
' &

Fig. 4. Results from our sensitivity analysis, i.e., the number of wildlife refuges projected to see increases in frequency of multiple types of extremes, based on different threshold values
(>30%, >40%, >50%) defining an “increase” in frequency. The graph depicts the changes relative to the historical period (1950-2005) by mid-century (2041-2070) and end-of-century
(2071-2100), and under two emission scenarios from the Intergovernmental Panel on Climate Change, including RCP4.5 (medium-low emissions) and RCP8.5 (high-emissions).

Fig.4b). At the same time, and under all thresholds, the Pacific South-
west and Southwest administrative regions had the largest number
of wildlife refuges projected to experience increases in two or three
types of extremes, reinforcing the findings that these regions are
projected to see the greatest changes in frequency of extreme
weather.

4. Discussion

Land managers need information about future weather conditions in
protected areas so they can better prepare for a changing future. We
found that wildlife refuges in the U.S. will likely experience substantial
changes in the frequency of extreme weather events, namely extreme
heat, drought, and false springs. In particular, all wildlife refuges are
projected to see increases in extreme heat, and half of the refuges are
projected to see increases in frequency of multiple types of extremes.
Furthermore, we found notable spatial variation in future extreme
weather conditions across the nation, indicating that some wildlife ref-
uges and FWS administrative regions may require more attention than
others.

We found that the entire network of wildlife refuges is projected to
see 7- to 20-fold increases in the frequency of extreme heat during the
spring season. Historical, 20-year extreme heat events are projected to
occur every 1-3 years by mid and end-of-century. This is important be-
cause high spring temperatures increase heat stress on birds
(Jenouvrier, 2013) and reduce bird productivity (Both and Visser,
2001; Drever et al., 2012). Higher temperatures can also decrease
water levels and increase vegetation cover in shallow seasonal wetlands
(Erwin, 2009; Johnson et al., 2005), potentially reducing breeding suc-
cess and adult survival for groups such as waterfowl, passerines, and
other wildlife groups, and conflicting with the primary FWS mission to
“conserve, protect, and enhance...[species] and their habitats” (http://
www.fws.gov/who/). Exposure to extreme heat will likely be a common
occurrence, and climate change adaptation planning in wildlife refuges
should take this into account.

However, extreme heat will not occur alone. We found that almost
half of the wildlife refuges are projected to experience increases in the
frequency (>20% above the current rate) of droughts or false springs
as well, which can exacerbate negative effects on biota caused by heat
(Allen et al.,, 2010; Breitburg et al., 1998). More frequent droughts and
extreme heat by mid-century were projected in 26% of all wildlife ref-
uges, mainly in the Southwest and Pacific Southwest FWS administra-
tive regions. These projected drought patterns are consistent with

projected changes in mean precipitation during spring from both the
CMIP5 models (RCP8.5) and the older CMIP3 models (A2 scenario), as
documented in the National Climate Assessment (Walsh et al., 2014).
Combined with the increases in annual temperature and reduced pre-
cipitation projected for some of these regions (Cook et al., 2015),
these refuges may experience increasing bird vulnerability to heat-
stress during the breeding season and reduced bird productivity
(Bolger et al., 2005), more fires (Westerling et al., 2006), and in the
case of wetlands, decreases in water levels or water availability (Allen
et al., 2010; Erwin, 2009; Jiménez et al., 2011).

On the other hand, increases in both false springs and extreme heat
are most likely in the wildlife refuges of the Mountain Prairie and sec-
tions of the Midwest administrative region, affecting ~26% of all wildlife
refuges by mid-century. More frequent vegetation damage and reduc-
tion in plant productivity associated with false springs, coupled with in-
creasing heat stress on animals at the start of the breeding season, could
affect resource availability and populations of wild species in those ref-
uges (Augspurger, 2011; Gu et al., 2008; Parmesan et al., 2000). Al-
though the final response of biota to extremes will depend on
multiple factors, our study suggests that a large number of wildlife ref-
uges will likely have to face multiple types of extreme weather in the
future.

Identifying priority regions for conservation action is important for
agencies managing large protected area networks, such as the FWS
(Griffith et al., 2009). At the administrative region level, the Southwest
and Pacific Southwest administrative regions had the greatest number
of wildlife refuges with projected increases in multiple types of spring-
time extremes. This is mostly due to larger increases in the frequency of
springtime drought compared to other regions, as extreme heat is
projected to increase similarly everywhere. This is important because
of the effect of these types of extremes on wildlife populations. For ex-
ample, migratory birds already show strong, negative responses to
droughts in these regions (Albright et al., 2010; Cruz-McDonnell and
Wolf, 2015), and population models for a local endangered species
(the Coachella Valley fringe-toed lizard, Uma inornata) project rapid
population declines with increasing drought frequency (Barrows et al.,
2010). In the southwestern US, summer monsoons provide most of
the precipitation, but March typically includes some precipitation
(Finkelstein and Truppi, 1991), and less rain in this month may exacer-
bate negative effects of increased heatwave frequency on spring nesting
birds. For the NWRS, an increase in drought conditions in the Southwest
and Pacific Southwest has the potential to act as a barrier to neotropical
and short distance migrants during spring, due to reduced food
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availability. The southwestern U.S. is a hotspot for future increases in
droughts (Cook et al., 2015), and our study suggests that this area war-
rants major attention for managers of wildlife refuges.

The negative impacts of springtime drought are not limited to the
southwestern portion of the U.S. Regionally, increased drought in the
southern Great Plains is likely to strongly negatively affect avian habitat
quality (e.g., in much of Texas, which experiences its highest precipita-
tion in the month of May; National Drought Mitigation Center, 2016).
Similarly the lower Mississippi Valley and Gulf Coast States experience
highest rainfall in the spring months (Finkelstein and Truppi, 1991),
and productivity of plants, and thus habitat quality is likely to suffer in
response to increased frequency of springtime drought.

At the same time, there was great spatial variation in extreme
weather conditions within administrative regions. For instance, we
found that all FWS administrative regions had wildlife refuges with
projected increases in the frequency of multiple types of extremes
(our proxy for increasing threat) that were not evident in the medians
at the administrative region level. For conservation planning, this
means that a single management strategy is not likely to work within
most FWS administrative regions, and that planners could take spatial
variation into account when guiding conservation actions within ad-
ministrative regions. Our findings, thus, highlight the importance of vi-
sualizing changes both at the administrative region and individual
wildlife refuge level for identifying priority areas, and revealed that all
FWS administrative regions may have to deal with threats and stressors
affecting wildlife refuges to some degree.

Extreme weather conditions that come on too hard and fast or those
exceeding the natural limits of species for too long may require mitiga-
tion and adaptation ahead of the expected event to ameliorate their
consequences. Mitigation and adaptation are key components of cli-
mate change planning in protected areas, including for the NWRS
(Czech et al., 2014; Griffith et al.,, 2009), and our study can provide fur-
ther insights into both strategies. Landscape management can enhance
the resistance of biota to extreme weather events and provide opportu-
nities for mitigation. For example, larger patches of woodland habitat
and riparian vegetation can reduce sensitivity of butterfly and bird pop-
ulations to drought events (Nimmo et al., 2015; Oliver et al., 2013), con-
tinued access to food could help wildlife withstand false springs (Gutie
etal.,, 2015), and availability of microhabitats, such as tree holes, can re-
duce exposure to climate extremes by frogs and lizards (Scheffers et al.,
2014).The NWRS has a long history of manipulating water levels to sup-
port water birds, and our study suggests that water levels and the ability
to manage them may be less of a management concern for north-central
refuges, but more so for southern and southwestern refuges, because of
the projected increase in drought conditions there. On the other hand,
management actions focused on facilitating adaptation to climate
change can benefit greatly from understanding how species distribu-
tions may change under future climates (Lawler, 2009). The spatial
datasets of extreme spring weather generated in this study can be
used for modeling species distributions and vulnerabilities to guide
adaptive management efforts (Davison et al., 2012). Considering the
high levels of exposure to future changes that we found, both mitigation
and adaptation may be important for future planning in the NWRS. Pre-
paring resources ahead of anticipated outbreaks of extreme weather-in-
duced disease, fire, and species invasion could be possible. For example,
unfavorable weather effects might be mitigated through forest thinning,
pre-emptive and controlled burning of grasslands, or supplementation
of limiting resources. Additionally, given the role hunting has as an im-
portant recreational activity within the NWRS, coordinating harvest
policy in concert with anticipated effects of extreme events on harvest-
able populations may increase population resilience, or at least prevent
exacerbation of one problem by another. Our weather projections for
each wildlife refuge are included in Appendix B to facilitate this
planning.

Our study was also subject to some limitations. We focused on
spring extreme heat, droughts, and false springs, but other types of

extreme weather can also threaten the NWRS. For example, more in-
tense and frequent rainfall, as projected for the Midwest and Northeast
(Walsh et al., 2014), could increase the frequency of floods and alter the
composition of aquatic and riparian communities (Czech et al., 2014),
creating additional challenges for managing lands. However, modeling
floods was beyond the scope of our study. In addition, we modeled
the probabilities of different types of extreme weather events separately
and then visualized all together, but we did not explicitly model the
probabilities of co-occurrence of multiple types of extremes. Doing so
would be important for better understanding synergies and intensifying
effects of multiple types of extremes on the NWRS. At the same time, in-
teractions between temperature and snow cover affect herpetofauna,
but we did not model these effects here. Further, the extended Spring
Index used to estimate flower emergence in this study was designed
as a general spring phenological model for temperate and subtropical
ecosystems (Schwartz et al., 2013), but more detailed, species-specific
models may be required for particular regions with different annual cy-
cles (e.g. deserts). Furthermore, our patterns of extreme weather
change apply only to the spring season, and may be different for other
seasons (Walsh et al., 2014). Similarly, some protected areas could
also experience large species turnover under low levels of climate
change, and vice versa (Langdon and Lawler, 2015), but we did not
model species distributions here. Meanwhile, other activities such as
land use around protected areas can strongly affect the ability of biota
to respond to future climate changes (Hamilton et al., 2016). For exam-
ple, wildlife refuges in parts of the Eastern U.S. and on the West Coast
are projected to see high rates of urban expansion in their surrounding
lands (Martinuzzi et al., 2015). Similarly, sea level rise is projected to
threaten wildlife refuges in coastal areas, but we did not include sea
level rise here. Hence, our study provides a first approximation of the
exposure of the NWRS to future changes in extreme weather and poten-
tial threats.

Climate conditions are changing in protected areas around the globe
(Monahan and Fisichelli, 2014; van Wilgen et al., 2016) and the NWRS is
one of the cornerstones for plant and animal protection in the U.S. Our
study showed that future changes in extreme weather events could
threaten the ability of wildlife refuges to function in this role. Those in-
volved in management and mitigation efforts in the NWRS may need to
consider the potential consequences of future changes in extreme
weather, as well as the notable spatial variation in predicted changes
across the US.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2016.07.007.
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