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Abstract Species are predicted to shift their distribution ranges in response to climate change.
Region-wide, empirically-based studies, however, are still limited to support these predictions.
We used a model tree species, blackgum (Nyssa sylvatica), to study climate-induced range shift.
Data collected from two separate sampling periods (1980s and 2007) by the USDA’s Forestry and
Inventory Analysis (FIA) Program were used to investigate changes in abundance and domi-
nance, and shifts in distribution, of blackgum in four ecoregions of the eastern United States. Our
results indicated new recruitment of blackgum in the northern portion of its range, along with
increases in both density and annual rates of change in importance value (IV). Conversely,
declines in recruitment were found in the southern portion of blackgum’s range, along with
decreases in density and IV. The center portion of blackgum’s range had mixed patterns of change
(i.e., both increases and decreases) throughout. A northward range expansion was also detected
by comparing blackgum’s historic range to where it was detected during our two more-recent
sampling periods. Our findings suggest that blackgum is migrating north in response to climate
change. Our study also suggests two broader implications about tree migration patterns in
response to climate change: (1) species can respond to changing climate in relatively short time
periods, at least for generalist species such as blackgum, and (2) climate-induced vegetation
dynamic patterns can be detected at the regional level, but are inherently complex.

1 Introduction

In the past several decades, we have begun to witness abnormal changes in climate, particu-
larly rising temperatures and fluctuations in precipitation patterns (Stocker et al. 2013). For
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example, in the last 50 years, within the United States, temperatures rose about 0.5 to 1.1 °C,
with the most intensive warming occurring in the northern Midwest (Karl et al. 2009).
Precipitation patterns in the United States have also become more variable, with increased
precipitation occurring in both the Northeast and northern Midwest and decreased precipitation
occurring in most of the Southeast (Karl et al. 2009; Li et al. 2013). These changes can impact
species directly via physiological changes (Parmesan 2006) or indirectly by affecting the
frequency and intensity of disturbance (Dale et al. 2001).

In response to climate change, species could either adapt, go extinct, or migrate to new
habitats (Jump and Pefiuelas 2005). Migration is predicted because as climate change alters
environments, habitats in higher latitudes are likely to become more hospitable, with the
opposite occurring for habitats in lower latitudes (Chen et al. 2011; Parmesan 2006; Zhu et al.
2012). Current research has raised concerns that trees may have difficulty migrating in
response to climate change because trees have relatively long life-spans (i.e., they cannot
adapt quickly) and, at least for some tree species, have limited ability for long-distance
dispersal (Engler et al. 2009; Jump and Pefiuelas 2005; Kelly and Goulden 2008; Lindner
et al. 2010). As trees provide valuable ecosystem services, further research is needed to better
understand whether trees are or will be able to migrate fast enough to keep pace with climate
change (Gonzalez et al. 2005).

The small number of empirical studies examining latitudinal range shifts of trees in the
United States have had inconsistent results. For example, Woodall et al. (2009) concluded that
there was only evidence of northern migration in the northern tree species. Conversely, Zhu
et al. (2012) concluded that trees showed no range expansion in response to climate change. To
further clarify whether tree species in the eastern United States are responding to climate
change by migrating, it would be beneficial to examine species’ spatial and temporal dynamic
in more detail. We propose an in-depth case study of species responses to climate change using
blackgum (Nyssa sylvatica) as a model species.

Blackgum is an ideal model species for this study for the following reasons. Blackgum
is a generalist species as illustrated by the fact that it can be found in 35 types of forests
throughout the eastern United States (Burns and Honkala 1990; Fridley et al. 2007),
suggesting it has the capability to migrate to higher latitudes since it is unlikely to be
constrained by different forest types. Further, blackgum seeds are primarily avian dis-
persed (Abrams 2007), making migration relatively easier. Blackgum is also resilient to
multiple forms of short-term disturbances, including drought, fire, flood, wind, and
hurricanes (Augé and Moore 2002; Conner et al. 2011; Harcombe et al. 2009;
Hutchinson et al. 2012; Keeley 1979; Orwig and Abrams 1997), allowing us to control
for the effects of short-term disturbances in our investigation. Furthermore, blackgum
typically represents 1 to 2 % of the canopy in its associated forest types and has maintained
this level of presence for at least 300 to 400 years (Abrams 2007). Such stability enables us
to control for the potential effects of interspecific competition. More importantly,
blackgum growth and recruitment have been found to respond to variations in precipita-
tion and temperature (Abrams and Black 2000; Abrams et al. 2001; Hanson et al. 2001;
Ibanez et al. 2007), meaning that blackgum should respond to the changing climate.
Finally, blackgum is not a valuable timber species (Abrams et al. 2001), suggesting that
detected changes are not directly related to timber management.

The specific objective of our study was to determine if notable responses of blackgum
to recent climate change exist by investigating (1) the changes in the abundance and/or
dominance of blackgum within the forests of the eastern United States and (2) the
potential northward expansion of blackgum’s distribution range.
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2 Methods
2.1 Study overview

To meet the above objective, we used data collected by the United States Department of
Agriculture’s Forest Inventory and Analysis (FIA) Program. The FIA program collects data
recurrently from a grid of permanent plots with an intensity of approximately one plot per
2,430-ha (6,000 ac) throughout the forests of the United States (Bechtold and Patterson 2005),
allowing for the detection of spatiotemporal trends in forest resources. We obtained county-
level data (N=2,625 counties) pertaining to blackgum abundance at two separate sampling
periods encompassing 37 states located within four ecoregions of the eastern United States
(Bailey et al. 1994): the Northern Hardwood Region (NHR), the Central Hardwood Region
(CHR), the Southern Pine-Hardwood Region (SPHR), and the Forest-Prairie Transition
Region (FPTR) (Fig. 1).
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Fig. 1 Spatial variability in rate of change of the importance value [AIV = IV, — IV,;) / number of years
between SP1 and SP2] of blackgum across the four ecoregions of the eastern United States. NHR = Northern
Hardwood Region, CHR = Central Hardwood Region, SPHR = Southemn-Pine Hardwood Region and FPTR =
Forest-Prairie Transition Region
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2.2 Data collection

Data from two separate sampling periods were used to estimate changes in response variables.
Sample period one (SP1) was defined as the first year after 1980 in which data on blackgum
were collected. The exact time of this data collection varied among states and ranged from
1980 to 1995. Sample period two (SP2) was completed in all states in 2007. The time interval
between SP1 and SP2, therefore, varied among states and ranged between 8 and 24 years
(mean = 16.4 years).

To estimate abundance and dominance at the county level for each sample period, we
obtained the total number and volume of live blackgum in each county, and from these values
we calculated stem density, volume, and importance values (IVs). Only live individuals having
diameters greater than or equal to 2.54 cm (1 in) were included in these estimates. The stem
density for each county was calculated by dividing the total number of blackgum trees in that
county by the hectares of timberland found in the same county. Volume per ha was equiva-
lently calculated, i.e., total volume/forested area. Importance value of blackgum in each county
was calculated for both sample periods following Curtis and McIntosh (1951):

Total live stems Total volume

(T otal blackgum stems  Total blackgum volume) + 100
1w

In addition, we used the number of blackgum individuals in each of the five smallest DBH
(diameter at breast height) classes defined by the FIA Program (ranging from 2.54 to 27.96 cm;
1 to 11 in). We used this information to evaluate how changes in the density of younger trees
(assuming a simple positive relationship between age and size) contributed to the overall
changes in density detected for each ecoregion.

2.3 Data analysis

Two data points (i.e., two counties) were excluded from our analysis due to abnormal decrease
(6,210 to 0 m/ha) and increase (0 to 2,320 stems/ha) between the two survey periods,
potentially caused by data collection/entry errors.

We used a Wilcoxon sign-rank test to detect changes in density, volume, and IV values
between SP2 and SP1 for each ecoregion, as our data did not meet the assumption of normality.
We conducted a spatial interpolation using the “Kriging” tool in ArcMap v. 10.2 (ESRI,
Redlands, CA) to visualize the spatial variability in the annual rate at which IV values change
across the entire study region. To do so, we first calculated the differences between SP2 and SP1
in IV values (i.e., [Vy, — 1Vg,;) for each county and then divided these differences by the
number of years between SP1 and SP2 for each county. We then assigned these resulting values
(%/year) to the centroid of their respective county and constructed the interpolation surface from
these values using a 12-point (i.e., county) search radius limited to areas both having forest cover
and within Little’s (1971) historic estimate of blackgum range. We then tabulated the number of
raster cells in each ecoregion that experienced increasing, decreasing, or stable IV values.

To determine the extent to which changes in density for the small DBH class contributed to
overall changes in density within each ecoregion, we calculated differences in the stem
densities of each DBH class between SP2 (2011) and SP1 (1980s) (i.e., Densityy,, —
Densitygp,) for all counties, and then graphed the mean and standard error of these differences.
To investigate whether the range of blackgum has expanded, we mapped the counties where
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blackgum was detected in SP1 and SP2 and compared to Little’s (1971) blackgum historic
distribution map, which were based on both forest surveys and other historical records.

3 Results

Abundance and dominance of blackgum has experienced notable changes in three of the four
ecoregions (Table 1). In the Northern Hardwood region (NHR), blackgum density tripled and
was statistically significant, while blackgum volume decreased (17 %), but not statistically
significantly, and blackgum importance (IV) remained constant (P-values of Wilcoxon tests for
volume and IV > 0.28). The large increase in density suggests that new recruitment was
occurring in the NHR. In the Central Hardwood region (CHR), density had a slight, non-
significant increase (P-value = 0.45), while volume and IV had significant increases (16 and
10 %, respectively) (Table 1). These patterns suggest no net changes in density, but rather that
the blackgum trees present in this region are increasing in size. In the Southern-Pine Hardwood
region (SPHR), we found both blackgum density and IV decreased significantly by 5 %, while
blackgum volume increased significantly by 15 % (Table 1), suggesting some mortality and
growth of the surviving trees. In the Forest-Prairie Transition region (FTPR), while we found
decreases in blackgum density, volume, and IV, none of these changes were statistically
significant (P-values > 0.20) (Table 1).

The Kriging analysis revealed complex patterns in the annual change of blackgum’s
importance value (AIV) both within and across each ecoregion (Fig. 1). Although the spatial
coverage of blackgum in the NHR was small, a large portion (30.0 %) of the area covered by
blackgum experienced an increase in IV, while 69.1 % of the area remained at the same level,
only a small portion of the area (0.9 %) experienced decreases (range (%/yr) = —0.02, 0.34).
Changes of blackgum abundance in the CHR, were both spatially heterogeneous and highly
variable (range (%/yr) = —0.41, 0.78). Over a quarter (27.2 %) of the region experienced
increases characterized by small concentrated areas scattered throughout the region; while
14.7 % of the region experienced decreases in IV, similarly scattered throughout the region.
Although nearly half (44.9 %) of the SPHR experienced no change in annual change in IV, the
change that did occur was both highly variable (range (%/yr) = —0.70, 0.38) and spatially
aggregated. An extensive area (35.9 %) in the western half of SPHR experienced a high level
of decrease in annual change in IV. Over 10 % annual decline in IV was observed in a highly
aggregated area of southern Mississippi and Louisiana. In contrast, 19.2 % of the SPHR,
primarily in the eastern half of the region experienced a gain in blackgum abundance. As with
the NHR, the portion of the FPTR containing blackgum was small. Nonetheless, the majority
of this area experienced either increases (20.3 %) or no change (73.5 %) in ALV (range (%/yr)
=-0.07, 0.14).

Measuring changes in density of blackgum belonging to small DBH classes revealed that
the largest changes in density of smaller blackgum individuals occurred within the NHR and
CHR (Fig. 2). In the NHR, blackgum in all DBH classes experienced an increase in density
with the largest increases occurring in the two smallest DBH classes (2.54-12.70 cm; 1-5 in).
In the CHR, there was a large decrease in density in the smallest DBH class (2.54—7.62 cm; 1—-
3 in), but small increases in all the others. In the SPHR, each DBH class experienced (2.24—
27.94; 1-11 in) a decrease in density, although these decreases were minor. In the FPTR, the
smallest DBH class (2.54-7.62 cm; 1-3 in) experienced a slight decrease in density, while all
others experienced slight increases.

We found blackgum had a more northward distribution compared to its historical range as
estimated by Little (1971) (Fig. 3). These newly established counties occurred primarily
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Fig. 2 The changes in density of blackgum individuals belonging to the five DBH classes less than 27.94 cm
(11 in) between SP1 (1980-1995) and SP2 (2011). DBH classes defined by the USDA Forest Service. NHR =
Northern Hardwood Region, CHR = Central Hardwood Region, SPHR = Southern-Pine Hardwood Region and
FPTR = Forest-Prairie Transition Region

beyond the northern boundary of blackgum’s historic range, specifically along both the CHR-
FPTR and CHR-NHR borders. We detected no such expansion southward either into southern
Louisiana or Florida.

4 Discussion

4.1 Evidence of range shift and northward expansion

Our analyses revealed two lines of evidence that blackgum’s native range is shifting north-
ward. First, we found evidence of a northerly shift in blackgum recruitment. In the northern

hardwood region (NHR), we detected statistically significant increases in blackgum density
(Table 1), attributed to recent large increases in younger blackgum individuals (i.e., to
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Presence of Blackgum

- New Counties in both SP1 and SP2
- New Counties in SP2

New Counties in SP1

Little's Range

Fig. 3 Blackgum’s current distribution as determined by its presence at the county level in SP1 (1980-1995),
SP2 (2011), and both SP1 and SP2 in comparison to its historical range as estimated by Little (1971). NHR =
Northern Hardwood Region, CHR = Central Hardwood Region, SPHR = Southermn-Pine Hardwood Region and
FPTR = Forest-Prairie Transition Region

recruitment; Fig. 2). Much of the NHR also had positive rates of change in blackgum
importance value (Fig. 1). New recruitment in the northern portion of blackgum’s range was
also detected in another stand-level study where the proportion of blackgum in the understory
tripled from 2 to 6 % from 1936 to 2006 (Schuster et al. 2008). In the southern pine hardwood
region (SPHR), we found decreases in both density and IV (Table 1) related to an overall
decline in blackgum recruitment and increased mortality (Fig. 2). Furthermore, we detected an
expansive area having negative rates of change in blackgum importance value (Fig. 1). The
increase in volume that we detected in the SPHR is likely attributed to the increased growth of
surviving mature blackgum individuals.

The dynamics of blackgum in the central hardwood and forest-prairie transition regions
(CHR and FPTR, respectively) were mixed. In the CHR, despite finding increases in volume
and importance (Table 1), as well as slight increases in density for most DBH classes, we
detected a large decline in the density of the smallest DBH class (Fig. 2) and spatially
heterogeneous and highly variable patterns in rates of change in blackgum importance value
(Fig. 1); thus, suggesting declines or at least highly inconsistent patterns in recruitment. This
inconsistent pattern of recruitment was also detected in a stand-level study within the CHR
where blackgum seedlings and saplings were only detected in one of four studied locations
(Siderhurst et al. 2012). The trend in FPTR was even less clear; although we detected
decreases in density, volume, and importance, none of these decreases were statistically
significant (Table 1).
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The second line of evidence that blackgum’s native range is shifting northward was the
detection of blackgum in counties outside of its historically estimated range (Little 1971).
These “new” counties were located primarily along blackgum’s historical northern boundary
(Fig. 3). This pattern indicates that either blackgum was not detected in the original surveys
used to estimate its historical range or that blackgum has migrated. The aforementioned
increase in blackgum recruitment in the NHR, however, suggests the latter is more likely.
Further, expansion into new regions is viable because blackgum is primarily avian dispersed
(Abrams 2007), meaning it could be transported and germinate in new habitats.

4.2 Evidence of climate-induced range shift

We argue that the observed northward shift in blackgum’s range is closely related to recent
climate change. Woodall et al. (2009) hypothesized that a tree species migrating in response to
climate change would have younger trees establishing further north than already-established
seed-producing trees, as well as both declines in regeneration and persistent growth of
established trees in the southern-most portions of the species’ range. The new recruitment and
potential expansion we observed in the north along with the decline in recruitment and continued
growth of established trees we observed in the south agrees with this hypothesis. Furthermore,
the northward expansion (as shown in Fig. 2) is more likely due to climate change than to natural
and/or assisted dispersal, as we only observed northward expansion, despite the absence of
barriers for natural and/or assisted dispersal into the southern and southwestern regions.

The underlying assumption of our climate-induced range shift hypothesis is that regional
changes in temperature and precipitation throughout the eastern United States (e.g. Karl et al.
2009) can affect blackgum’s ability to establish, grow, and/or reproduce. Stand-level studies
have found such evidence. For example, increased blackgum growth has been observed in
response to both increased soil moisture (Hanson et al. 2001) and decreased pre-growing-
season water stress (Abrams et al. 2001). Patterns related to temperature are more complex, as
blackgum growth may be negatively related to temperatures during the same growing season
(Abrams and Black 2000; Abrams et al. 2001), but recruitment and germination can be
positively affected by warm spring temperature (DeBell and Naylor 1972; Ibanez et al. 2007).

Given that regional ecological trends are primarily guided by continental or sub-continental
factors such as climate (Ricklefs and Jenkins 2011; Shen et al. 2012) and blackgum growth and
recruitment are both affected by moisture and/or temperature (Abrams and Black 2000; Abrams
et al. 2001; Hanson et al. 2001; Ibafiez et al. 2007), one would expect the changes in blackgum
abundance that we detected should correspond to recent regional changes in these climatic
factors. Such correspondence, however, was only partially detected. For example, we detected
increased recruitment, positive rates of change in I'V, and northward expansion along the CHR-
NHR border and into the NHR (Table 1 and Figs. 1, 2 and 3) where precipitation has increased
over the past 50 years (Karl et al. 2009). However, the spatial patterns of changes in blackgum
abundance and annual precipitation do not overlap in the SPHR. This is potentially due the
seasonal changes in precipitation patterns. For instance, although southeastern United States
had an overall decrease in annual precipitation, there was an increase in precipitation near the
end of the growing season (Karl et al. 2009), where we observed slight increase in backgum IV
during the study period (Fig. 1). In addition, vegetation growth cannot be benefitted by
excessive rainfall events, which have increased in frequency during the study period
(Groisman et al. 2001; Karl et al. 2009; Stocker et al. 2013). On the other hand, vegetation
can be greatly stressed by high temperature and low precipitation during the growing season.

The observed spatial discrepancies between changes in blackgum and climate also suggest
that more localized processes (e.g. competition, land management, invasive species, herbivory,

@ Springer



160 Climatic Change (2014) 126:151-162

etc.) have also contributed to the detected shift in blackgum’s range, implying the need to
consider how interactions between localized processes and regional climate (i.e., cross-scale
interactions) affect tree range shifts in future investigations (Heffernan et al. 2014).

4.3 Future research directions and improvements

Our findings revealed three future research directions for investigations into tree range expan-
sion. First, research on range shifts has mostly focused on changes at higher latitudes since
species in these regions are expected to migrate faster and farther than southern species
(Malcolm et al. 2002; Woodall et al. 2009). We argue, however, that future research needs to
pay closer attention to factors that are influencing species decline in their southern ranges as
observed in our study. Second, although we found strong evidence that blackgum responded to
climate change via migration in a relatively brief period (i.e., approximately 20 years), other
more specialist species (i.e., species with more constrained niches) may not be able to do so,
putting them at risk of extirpation if they are not able to adapt (Chen et al. 2011; Fridley et al.
2007; Jump and Pefiuelas 2005). Future studies should therefore investigate specialist tree
species to determine if such concerns are warranted. Third, as advocated by Petchey and Gaston
(2006), an ecological trait-based approach (e.g. seed dispersal mechanism, shade tolerance, etc.)
should be used to investigate climate-induced vegetation dynamics. For example, researchers
could choose model species that possess functional traits of interest and then study that species
to understand how specific traits will contribute to species-level responses to climate change.
Our findings also revealed two insights into how to improve future investigations into tree
responses to climate change. First, results from dendrochronology studies can help to confirm
our findings (e.g. a study in the NHR could support the pattern of new recruitment and confirm
the ages of trees present). Furthermore, our findings can help indicate areas where it would be
beneficial to conduct such dendrochronology studies (e.g. FPTR and NHR). Second, future
investigations should consider cross-scale interactions by including other disturbances that
have localized processes with regional repercussions (e.g. land-use change, fragmentation) and
inter-specific interactions such as herbivory and impact from invasive species to better
understand macro-scale patterns as observed in our study that are inherently complex.
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