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Abstract: Monitoring water consumption dynamics across the geographic range of an ecosystem
may indicate the possible variation and stress in a biome. Here, model output data based on
remote sensing (1979-2022) were used to examine the water consumption dynamics and effects
on cone production in three geographic margins in the longleaf pine’s range (i.e., Bladen Lake
State Forest, Escambia Experimental Forest, and Kisatchie National Forest) under varying climatic
conditions. Results indicated that the mean annual transpiration at Escambia was approximately
431 mm and that at Bladen and Kisatchie was 500 mm. Mean monthly transpiration peaked twice
(June and October) at Escambia but only once (August) at Bladen and Kisatchie. The mean annual
evapotranspiration ranged from approximately 900 mm at Kisatchie to about 791 mm at Escambia
and Bladen. The mean annual transpiration/evapotranspiration ratio was about 0.65 at Bladen
and 0.55 at Escambia and Kisatchie. A significant correlation existed between evapotranspiration
and specific humidity across the sites on a monthly scale but not on a yearly scale. Significant
negative relationships existed between precipitation and the ratios of transpiration/precipitation and
evapotranspiration/precipitation on the yearly scale across the sites. Negative power relationships
were observed between precipitation and the specific humidity / precipitation ratio on monthly and
yearly scales. Cone production was generally highest in years with moderate water consumption.
These results provide baseline information on how hydrological and ecological processes of longleaf
pine forests interact with climate across broad spatial and temporal scales.

Keywords: evapotranspiration; regime of water consumption; soil water content; specific
humidity; transpiration

1. Introduction

Longleaf pine (Pinus palustris Mill.) forests are among the most economically, eco-
logically, and culturally valued ecosystems in the southeastern United States [1,2]. Before
European settlement, longleaf pine forests occupied 37 million hectares, ranging from east-
ern Texas to southeastern Virginia [3]. Currently, the longleaf pine ecosystem can be found
in approximately 1.9 million ha of fragmented forests after decades of timber exploitation,
fire suppression, and forest land conversion [4,5]. While still economically valued, longleaf
pine forests contribute more to biodiversity refugia because their discontinuous canopy and
frequent surface fire regimes create valuable habitats for many threatened and endangered
species [6]. Also, longleaf pine forests may provide long-term carbon sequestration through
their long lifespan potential and below-ground carbon allocation [7-9]. Thus, restoring
longleaf pine forests has recently become a management priority [10]. However, changes in
longleaf pine and other forests can alter the region’s water cycling, affecting the drinking
water supply for 17 million people throughout the southeastern United States [11]. The
climate of the southeast region is generally warm and humid, but the weather is quite
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variable and is influenced by several factors (e.g., latitude, topography, and distance to the
ocean). Extreme weather phenomena (e.g., floods, droughts, hurricanes, tornadoes, and
winter storms) are frequent in this region [12]. Climate fluctuation, extreme events (e.g.,
hurricanes, heatwaves, and flooding), and human activities could even cause the collapse
of the ecosystem or some important ecological processes due to complicated ecological
interactions [13].

Forest management activities at a large scale can also play a role in surface water
availability by altering hydrological processes [14,15]. Longleaf pine forest restoration
usually involves clearcutting or removing undesirable woody vegetation, replanting lon-
gleaf pine seedlings, and maintaining a frequently prescribed fire regime [16]. Regional
deforestation and reforestation can alter the water cycle (e.g., evapotranspiration, soil
water, and precipitation) in multiple ways [17]. For example, under a sufficiently wet
atmosphere, forest transpiration can lead to atmospheric moisture convergence such that
increased transpiration enhances atmospheric moisture import and results in more pre-
cipitation and flooding [17]. Restoration of open longleaf pine woodland could reduce
evapotranspiration and increase stream flow in watersheds [18]. The hydrological simu-
lation was also used to evaluate stream water flow under longleaf pine restoration [19].
Increased atmospheric water vapor can also amplify the warming effect caused by other
greenhouse gases. Humidity plays a vital role in several ecosystem functions [20]. Longleaf
pine stands are typically managed in low density, which can reduce humidity. Decreased
humidity can significantly impact forested ecosystems through susceptibility to insect
attack, infection, tree mortality, and wildfire. Over the past century, the longleaf pine
range has experienced severe droughts and flooding [21]. Forests play an important role in
recycling water from precipitation to evapotranspiration, soil water, and atmospheric hu-
midity [22-24]. It is necessary to evaluate the possible hydrological regime transition under
ecological restoration.

Another largely underexamined area is the potential interaction between the moisture
regime and cone production. The climate is considered the primary driver in longleaf
pine cone production. However, the relationship between climate and cone production
is complicated [25,26]. Cone production is generally highest under mild climatic condi-
tions [27]. Theoretically, forests experiencing increased cone production should require
elevated transpiration for photosynthetic production during reproduction. However, it is
currently unknown whether water consumption and cone production are positively corre-
lated at a regional or landscape scale. Characterizing the spatial and temporal dynamics
of water consumption (e.g., transpiration and evapotranspiration) and their relationship
with longleaf pine cone production will be helpful in better understanding important
ecological processes.

Long-term observations over a range of environmental conditions are important for
understanding the complex interactions of hydrological processes [28]. Usually, eddy
covariance-based fluxes are used to monitor ecosystem flux dynamics (e.g., air temperature
and humidity, soil moisture, and transpiration). However, due to its high cost and small
monitoring areas, this method is limited in its application at the landscape or regional scale.
The multiple satellite-associated model data from NASA EarthData provide one potential
resource to overcome spatial limitations and provide important information at larger spatial
scales [14]. This study aims to characterize the dynamics of water consumption in longleaf
pine forests across the geographic extent of its range. We hypothesized that (a) longleaf
pine forests with higher evapotranspiration or transpiration in space and time tend to
have higher atmospheric moisture and precipitation; (b) some kind of regime may exist
in evapotranspiration and atmospheric moisture dynamics in longleaf pine forests; and
(c) high transpiration in longleaf pine forests may lead to high cone production in the
next year. The objectives include (i) characterizing the annual and seasonal dynamics of
transpiration, evapotranspiration, and atmospheric moisture; (ii) studying the relationships
among transpiration, evapotranspiration, atmospheric moisture, and precipitation at three
locations; (iii) indicating the possible regime shift in the regional hydrological processes;
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and (iv) examining whether there is a relationship between water consumption and cone
production. The results of this study will provide an easy approach to describe complex
interactions in longleaf pine eco-hydrological activity at the regional scale over time with
limited cost.

2. Materials and Methods
2.1. Study Areas

In this study, we selected three sites with relatively high concentrations of longleaf
pine habitat at the geographic margins of its historical range. These sites comprise Bladen
Lake State Forest in southeastern North Carolina (hereafter Bladen, 34.71° N, 78.56° W),
representative of the northern range of the longleaf pine; Escambia Experimental Forest in
southern Alabama (Escambia, 31.13° N, 87.16° W), representative of the southern range; and
Kisatchie National Forest in central Louisiana (Kisatchie, 31.34° N, 92.41° W), representative
of the western range (Figure 1). The map distance from these study sites to the nearby
ocean (the Atlantic Ocean or the Gulf of Mexico) is over 60 km. Tree ages are mixed at
each site, and the oldest longleaf pine trees at the three sites are approximately 100 years
old. Detailed information (e.g., climate and environment) on these three sites can be found
in [14,21,27]. Data on the annual cone production per longleaf pine were obtained from the
long-term ground monitoring effort by the scientists at the USDA Forest Service [29].

Longleaf pine distribution area and study sites

I:I Longleaf pine range
E States

s J Longleaf pine counties

‘ Longleaf key counties
& Study site

Figure 1. The study sites and the historical range of longleaf pine (1: Bladen Lake State Forest, NC;
2: Escambia Experimental Forest, AL; 3: Kisatchie National Forest, LA) (map source is from the
USDA NRCS).
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2.2. Water Consumption and Related Data

Using multiple satellite data (e.g., moderate-resolution imaging spectroradiometer)
and local meteorological data, land assimilation systems such as the North American land
data assimilation system (NLDAS) produced land surface information, including heat and
water fluxes based on the balance of water and energy distribution. These derived data
were relatively accurate at a large scale [30,31]. The parameters used in this study are from
these derived data from 1979 to 2022. Each physical index was calculated on an area-based
average of the study sites and organized in monthly, yearly, and decadal values. The spatial
resolution is approximately 0.1° in latitude and longitude and about 10 km x 10 km in
the region. This spatial scale is to match the fragmented longleaf pine forests. All data in
this study were downloaded from NASA EarthData (https://www.earthdata.nasa.gov,
accessed on 17 October 2023). The framework of general practices is listed in Figure 2. The
air temperature data from the derived data are correlated with the ground observation,
such as at Escambia (Figure 3). There is no validation of transpiration, evapotranspiration,
soil water content, and specific humidity because similar ground observation data are not
available. Recent results from the longleaf pine watershed research indicate that the mean
annual evapotranspiration ranged from 700 to 1100 mm [18], which is close to our results
from 790 to 900 mm. Similar techniques were used to study the effects of forests on local
environmental processes [32,33]. The detailed meaning of each physical index is listed here.

Acquiring monthly data from
NASA EarthData for three areas

l

Organizing the data into monthly,
yearly, and decadal time scales for

each area
Calculating ratios & Comparing the water
indices; Comparing data consumption with cone
among sites at different productiondata at each
time scales site
Results

Figure 2. The flowchart of general practices for this study.

Transpiration: The loss of water as vapor through stomata in plant leaves. Evapotran-
spiration: The water is lost from a unit area of the surface, which is the sum of evaporation
and plant transpiration. The unit of transpiration and evapotranspiration was W-m~2 and
was transformed to mm. Both data sources are the NLDAS model from 1979 to 2022. Soil
surface water content (volume) (0-10 cm): Water in a specific soil layer beneath the surface
is presented as the volume of water per unit volume of soil. Its unit is m*®-m~3. The data
source is the FLDAS model from 1982 to 2022. Specific humidity: The ratio of the weight of
water vapor in a specified volume to the weight of dry air in the same volume. The unit is
kg-kg 1. The data source is the FLDAS model from 1979 to 2022.
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Figure 3. The correlation of air temperature at Escambia through ground observation and derived
data based on remote sensing at a yearly (a) and monthly (b) scale.

2.3. Regimes of Water Consumption

The monthly transpiration, evapotranspiration, precipitation, soil water content,
and specific humidity at three sites were acquired from NASA EarthData. The dE/dP
(E and P refer to evapotranspiration and precipitation, respectively) was used to charac-
terize the water consumption regime in different ecosystems [17]. This study used the
relationships between precipitation and transpiration/precipitation (T/P) and evapotran-
spiration/precipitation (E/P) in the yearly and monthly time scales to characterize the
transpiration and evapotranspiration regimes in three areas. Similarly, the regimes of
atmospheric moisture were indicated by the relationships between precipitation and atmo-
spheric moisture/precipitation. Also, following [34], the transpiration/evapotranspiration
(T/E) ratio was used to study the spatial and temporal characteristics of water consumption
of longleaf pine forests.

2.4. Statistical Analysis

A two-way analysis of variance (ANOVA) (e.g., site and time) was used to examine
statistical differences among the sites for each water consumption parameter from 1979
to 2022 at varying timescales (e.g., month and year). Monthly and yearly values were
used because (i) most water-related indices have values at these timescales, and (ii) these
timescales are suitable for distinguishing seasonal dynamics between sites. However,
decadal data were also compared. Each index’s time series at the three sites were compared
on monthly and yearly timescales in the past 43 years (516 months). The graphs presented
long-term data according to the average monthly values across years for better visualization.
Spearman’s correlation analysis and simple regression were conducted between selected
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parameters. Differences were considered significant at « < 0.05. All analyses were processed
with SAS version 9.4 (The SAS Institute, Cary, NC, USA).

3. Results
3.1. Transpiration

Mean annual transpiration at Escambia (431.21 £ 24.50 mm) was significantly lower
than at Bladen (513.54 £ 31.06 mm) and Kisatchie (497.12 + 31.95 mm) (p < 0.05) (Figure 4a).
There was no significant difference in mean annual transpiration between Bladen and
Kisatchie. Similarly, there was no correlation in annual transpiration rates across the sites.
However, there were some common transpiration peaks across the sites, such as in 1991
and 2013.

Transpiration (mm)

1999 2004 2009 2014 2019
Time (year)

Time (month)
— ® -~ Bladen —— Kisatchie
—0— 1980s —®—1990s --#--2000s —&— 2010s
b d

100 r
90 F
80 |
70
60
50 F
40
30 f
20
10 F

Transpiration (mm)

—— 1980s —®—1990s --#--2000s —&—2010s

6 7 8 9 10 11 12
Time (month)

Time (month)

—®—1980s —®—1990s --@--2000s -—®—2010s

Figure 4. Annual transpiration in the three areas (a); seasonal transpiration at Escambia (b),
Bladen (c), and Kisatchie (d).

The seasonal transpiration dynamics at Escambia differed from those at Bladen and
Kisatchie (Figure 4b—d). There were two peaks in transpiration (June and October) at
Escambia, while only one peak (August) occurred at Bladen and Kisatchie, respectively.
Seasonal changes in transpiration did not differ significantly over the past four decades.

3.2. Evapotranspiration

Mean annual evapotranspiration at Kisatchie was 900.67 £ 54.30 mm, which was
significantly higher than at Escambia (791.05 & 25.80 mm) and Bladen (795.88 & 30.80 mm)
(p < 0.05) (Figure 5a). Escambia and Bladen did not significantly differ in their mean annual
evapotranspiration. Seasonal evapotranspiration dynamics were similar across the sites
(Figure 5b-d). Mean monthly evapotranspiration gradually increased from January, peaked
in August, and then declined. During the past four decades, there was no significant change
in seasonal evapotranspiration across the sites. Evapotranspiration and transpiration were
significantly correlated on a monthly scale across the sites (p < 0.05) (Figure 6a—c). However,
on a yearly scale, evapotranspiration and transpiration were significantly correlated only
at Kisatchie (Figure 6d).
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ration on the yearly scale (d).
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3.3. Transpiration/Evapotranspiration (T/E)

The mean T/E ratio was significantly higher at Bladen (0.6452 & 0.03) than at Escambia
(0.5455 £ 0.03) and Kisatchie (0.5523 % 0.02) (p < 0.05) (Figure 7a). Kisatchie and Escambia
did not significantly differ in mean T/E. Seasonal dynamics of T/E differed across the sites
(Figure 7b—d). At Escambia, mean T/E peaked in June and November and experienced
valleys in February and August. At Bladen, the seasonal dynamics of T/E were like
Escambia, but neither the August nor September valley was as deep. However, T/E peaked
in September or October and reached its nadir in February.

1975

(&)
w F
&~
w

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 1 6 1 8 9 10 11 12
Time (year) Time (month)

——1980s —&— 1990s --#--2000s —&—2010s
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—&— 1980s —®—1990s --#--2000s —®—2010s

Time (month) Time (month)

—— 1980s —&— 1990s --#--2000s —o— 2010s

Figure 7. The ratios of transpiration/evapotranspiration on the yearly scale in the three areas (a);
the seasonal dynamics of the ratio of transpiration/evapotranspiration on the monthly scale in
Escambia (b), Bladen (c), and Kisatchie (d).

3.4. Atmospheric Humidity

Mean annual specific humidity was significantly lower at Bladen (0.009 + 0.0004 kg - kg~')
than at Escambia (0.011 + 0.0004 kg - kg~!) and Kisatchie (0.010 + 0.0004 kg - kg™
(v < 0.05) (Figure 8a). There was no significant trend of increasing specific humidity across sites.
Seasonal dynamics in specific humidity were similar across the sites (Figure 8b—d). Specific
humidity gradually increased from January, peaked in July or August, and then declined.
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Figure 8. Comparison of the annual specific humidity in the three areas (a); the seasonal dynamics of
specific humidity in Escambia (b), Bladen (c), and Kisatchie (d).

3.5. Soil Water Content (0-10 cm)

Mean annual soil water content by volume was significantly higher at Escambia
(0.3681 £ 0.022 m® - m~3) than at Bladen (0.3308 + 0.018 m® - m—3) and Kisatchie
(0.3243 £ 0.023 m® - m~3) (Figure 9a). Bladen and Kisatchie did not significantly dif-
fer in mean soil water content. While consistent trends in soil water content were absent,
there were occasional troughs in soil water availability across the sites (e.g., 1990 and
2011). Seasonal dynamics in soil water content were similar between Escambia and Bladen
(Figure 9b,c). Soil water content changed slowly; relatively low water content occurred in
June and October. However, at Kisatchie, soil water content decreased continuously from
February and reached its nadir in September or October before increasing (Figure 9d).
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Figure 9. Comparison of the annual soil surface water content (0-10 cm) by volume in the three areas
(a); the seasonal dynamics of soil surface water content in Escambia (b), Bladen (c), and Kisatchie (d).
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3.6. Relationships between Soil Water Content and Transpiration, Evapotranspiration, and
Specific Humidity

Mean surface soil water content (0-10 cm) and transpiration were not significantly
correlated at monthly and yearly scales. This trend was similar to the relationship between
soil water content and evapotranspiration or specific humidity. A significant positive
correlation existed between mean evapotranspiration and specific humidity at a monthly
scale across the sites (Figure 10a—c). However, this correlation was not significant on a
yearly scale.
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Figure 10. The correlation between evapotranspiration and specific humidity at a monthly scale in
Escambia (a), Bladen (b), and Kisatchie (c).

3.7. The Correlations with Precipitation

On either the yearly or monthly scale, there were no significant correlations between
mean precipitation and mean transpiration, evapotranspiration, soil water content, or
specific humidity across sites.

3.8. Regimes of Water Consumption

Significant and negative relationships existed between mean precipitation and the
mean T/P ratio on the yearly scale across the sites (Figure 11a—) (p < 0.05). However, this
relationship was not significant on the monthly scale. The ratios of annual T/P decreased
with increased annual precipitation. Like transpiration, significant and negative relation-
ships existed between mean precipitation and mean evapotranspiration/precipitation
across the sites on the yearly scale (Figure 11d—f) (p < 0.05) but not on the monthly scale.
The annual E/P ratios decreased with increased annual precipitation.
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Figure 11. Relationships between precipitation and transpiration/precipitation on the yearly scale in

Escambia (a), Bladen (b), and Kisatchie (c); relationships between precipitation and evapotranspira-
tion/precipitation on the yearly scale in Escambia (d), Bladen (e), and Kisatchie (f).

For specific humidity, significant and negative relationships existed between mean
precipitation and mean specific humidity/precipitation (SH/P) on both the yearly and
monthly scales across the sites (Figure 12a—f). The ratios of SH/P decreased with increasing
precipitation. On the monthly scale, two domains and one transition zone existed. One
domain is related to low precipitation or drought (around 20 cm), and another is under

high precipitation (e.g., above 100 cm).
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Figure 12. Relationships between precipitation and specific humidity /precipitation on the yearly
scale in Escambia (a), Bladen (b), and Kisatchie (c); Relationships between precipitation and specific
humidity / precipitation on the monthly scale in Escambia (d), Bladen (e), and Kisatchie (f).

3.9. Relationships with Cone Production

Complex relationships existed between cone production per tree and the previous
year’s mean transpiration, evapotranspiration, soil surface water content, and specific
humidity (Figure 13). Cone production was maximized in the intermediate values of
transpiration, evapotranspiration, soil surface water content, and specific humidity. The
medians of monthly transpiration were 37, 40, and 42 mm in Escambia, Bladen, and
Kisatchie, respectively. The medians of monthly evapotranspiration were 66, 67, and
73 mm in Escambia, Bladen, and Kisatchie, respectively. Likewise, the medians of soil
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surface water content were 0.38, 0.33, and 0.32 m3 - m—3 for Escambia, Bladen, and Kisatchie,
respectively. The median of specific humidity was about 0.01 kg - kg ! across the sites.
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Figure 13. Relationships between cone production (individuals per tree) and the previous year’s
transpiration, evapotranspiration, soil surface water content, or specific humidity in Escambia (a—d),
Bladen (e-h), and Kisatchie (i-1).

4. Discussion
4.1. Uncertainties

Uncertainties could exist in the remote sensing and derived data because these data
were from different sources with varied resolutions. Also, some of these data cannot be
validated because no corresponding ground observations cover the landscapes or small
regions, such as transpiration and evapotranspiration. Eddy covariation can measure these
parameters at a point or small area (homogeneous) level. However, the purpose of this
study was to find patterns in water consumption across longleaf pine forests. The consistent
patterns and the deviations we observed in this study provide helpful initial assessments
of the effect of longleaf pine restoration on hydrological and ecological processes. The
watershed approach can be used for water consumption in watersheds, but this approach
also can be used for an area within or across watersheds. Further research to use some sites
with detailed hydrological data (NEON or LTER) should be conducted for comparison.
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4.2. Transpiration and Evapotranspiration

Transpiration and evapotranspiration are essential physiological processes of water
loss from plants and landscapes. Transpiration is related to the plant’s stomatal aperture,
photosynthesis, and cooling activities. A plant in a warm environment should transpire
more than one in a cooler environment, although the southeastern region is generally
warm and humid. Escambia is located south of Bladen and Kisatchie, and its summer air
temperature is slightly higher than Kisatchie. However, it is surprising that the mean annual
transpiration of longleaf pine forests reached about 500 mm at Bladen and Kisatchie but
only about 430 mm at Escambia. Tree density, stand age, and site productivity might impact
tree water use [34]. After comparing seasonal dynamics across the sites (Figure 4), two
transpiration peaks existed at Escambia (June and October), while only one peak (August)
occurred at Bladen and Kisatchie. The decline of transpiration from July to September at
Escambia might be related to its local high air temperature or drought because plant water
use can cease under extreme heat when transpiration becomes too severe [35,36]. This result
suggests that spatial variation in the conservative nature of water use may exist across the
range of the longleaf pine. Longleaf pine trees were reported to transpire more than four
times more water on mesic sites than on xeric sites [37]. Thus, our result may indicate the
physiological adaptation of longleaf pines to local hydrological conditions. Longleaf pines
near the southern range boundary may experience stress. Understanding the transpiration
dynamics may help to improve water management and minimize economic losses (e.g.,
tree mortality and early seed abortion) [38].

Landscape evapotranspiration includes vegetation transpiration and all evaporation
from different ecosystems within the region. The mean annual evapotranspiration at
Kisatchie (900 mm) was much higher than at Escambia and Bladen (791 mm). This trend
may be related to the relatively high air temperature and precipitation at Kisatchie. The
pattern of evapotranspiration across the sites mainly corresponds to the seasonal dynamics
in air temperature. This pattern is reflected in the high correlation between evapotranspira-
tion and transpiration across the sites on a monthly scale. However, the mean T/E ratio
was higher at Bladen (0.65) than at Escambia and Kisatchie, although these ratios were in
the general range of various ecosystems globally (0.45~0.77) [34]. Seasonal dynamics of
the ratio varied across the sites (Figure 7). This pattern may be related to the differences
in leaf area index and gross primary productivity, as the spatial variation in the ratio is
considered to be driven mainly by vegetation and soil characteristics (e.g., leaf area index
and soil properties) rather than by climate [34,39,40]. Thus, T/E may serve as an indicator
of various ecosystem properties.

4.3. Specific Humidity, Soil Water Content, and Precipitation

Water on the land surface is sourced mainly from precipitation, but vegetation (e.g.,
plant species, types, and coverage) plays more or less of a role in water allocation and
cycling in different regions. In this study, mean annual specific humidity was lower at
Bladen than at Escambia and Kisatchie, although their seasonal dynamics were similar.
Specific humidity is mainly related to evapotranspiration driven by air temperature. Be-
cause Bladen is located north of Escambia and Kisatchie, it has a lower air temperature
than Escambia and Kisatchie. This pattern aligned with the result that evapotranspiration
correlated with specific humidity across the sites at a monthly scale rather than yearly. At a
yearly scale, wind, radiation, and other factors may affect this relationship [41].

Soil water content and its dynamics could be affected by the local climate, vegetation,
and soil properties based on hydrological processes. Previous research revealed positive
correlations between soil moisture and precipitation [42,43], which means wetter soil can
provide abundant moisture to the atmosphere through evapotranspiration. The increased
humidity and precipitation can also increase soil moisture and evapotranspiration. A nega-
tive relationship between soil water and precipitation was found in the eastern USA [44].
However, others have indicated that land cover and climate regime could alter this re-
lationship because forest and dense vegetation can weaken this correlation [45]. In this
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study, no correlations existed between the surface soil water content and transpiration,
evapotranspiration, or specific humidity. Although precipitation can affect water processes
in longleaf pine forests, no correlations were found between precipitation and transpiration,
evapotranspiration, soil water content, or specific humidity across the sites on monthly
or yearly scales. Thus, the relationships between precipitation and transpiration, evap-
otranspiration, soil surface water content, and specific humidity are complicated. Part
of the causes may be that air moisture or rain might be brought by the weather system.
The regional high-pressure system (Bermuda High) can influence precipitation patterns
depending on its location off the Atlantic Coast [13]. Longleaf pine forests could affect the
water cycling processes across the landscape as their high canopy areas can intercept small
amounts of rainfall without changing the soil water content. The result may indicate that
further research should be conducted on whether forest management (e.g., longleaf pine
restoration) could impact regional water availability [46].

4.4. Regime of Water Consumption

Regimes existed in transpiration, evapotranspiration, and specific humidity. There
were negative power law relationships between precipitation and T/P or E/P on the yearly
scale across the sites, although these relationships were not significant on the monthly
scale. With an increase in precipitation, the ratios of T/P or E/P decreased on a yearly scale.
This result suggests relatively less transpiration or evapotranspiration with increasing
precipitation. However, with less precipitation, there was relatively more transpiration
or evapotranspiration, which might lead to decreased photosynthesis based on previous
observations [47]. This result may indicate that longleaf pine forests have a distinct zone of
moisture availability where physiological activity is maximized. The annual precipitation
of 80-120 cm may be suitable to maintain a high transpiration/precipitation or evapotran-
spiration/precipitation ratio. In fact, too much water or flooding may kill longleaf pine
trees [48].

Significant and negative relationships existed between precipitation and SH/P on
yearly and monthly scales across the sites (Figure 12). On the monthly scale, there were two
domains (wet and drought) and one transition zone. The regional biosphere of the longleaf
pine can maintain a similar regime through self-adjusting between the wet and drought
domains. The transition zone may offer a unique opportunity to understand how longleaf
pine forests respond to hydrological changes [49]. This result is aligned with the longleaf
pine belowground carbon allocation [7,9]. The self-adjusting processes include returning
water to the atmosphere through transpiration and evapotranspiration. Some of the water
vapor in the atmosphere may condense and become precipitation again. A nonlinear
relationship was found in the Amazon basin between hourly precipitation and atmospheric
water content [50]. Even though these regimes on the monthly and yearly scales were
relatively stable, they can be used to monitor the regional hydrological responses (through
mediation from longleaf pine forests) to climate change [17,51]. Such a switch could occur
quickly (e.g., on a monthly scale), where the transient dynamics between the wet and dry
states have general implications for further study [52].

4.5. Relationships with Cone Production

The relationships between cone production per tree and the previous year’s mean
transpiration, evapotranspiration, soil surface water content, or specific humidity were
complicated. However, high cone production always occurred consistently in the interme-
diate values of transpiration, evapotranspiration, soil surface water content, and specific
humidity across the sites. This is similar to the results of air temperature and precipita-
tion on longleaf pine cone production [27]. One plausible explanation for this pattern
relates to the extended reproduction process of the longleaf pine. During three years, any
abnormal climatic event during this period may alter cone production. The optimal envi-
ronmental conditions may be around the mid-values of each parameter (e.g., transpiration,
evapotranspiration, soil moisture, and atmospheric humidity). Similar phenomena were
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observed in the relationship between precipitation and annual radial increment in Chinese
Torreya (Torreya grandis) trees [53]. This pattern may be related to the middle domain
hypothesis, which posits that if species’ ranges are distributed randomly within a bounded
domain, more ranges will overlap in the middle of the domain than at the edges [54]. The
middle domain effect can also exist in the non-spatial domain, and many hump-shaped
relationships emerge across various gradients [55]. The middle domain hypothesis may
provide a reasonable explanation for the climate effect on the cone production of longleaf
pines. Suppose the climate or environmental factors related to cone production during
three consecutive years are around the average conditions. In that case, it may lead to
high cone production; otherwise, if one abnormal factor occurs, it may result in poor cone
production. Evolutionarily, this mechanism might protect the offspring of the longleaf
pine by avoiding abnormal climate conditions. Further research should be conducted to
determine whether this middle domain hypothesis can distinguish from the stochasticity
in the cone production of longleaf pines. Also, given the high annual variation in cone
production of individual trees [56], it is unknown whether a tremendous sampling effort is
needed to represent longleaf pine cone production more precisely at the regional scale.

5. Conclusions

Based on the above results and discussion, longleaf forest restoration in the south-
eastern United States may affect the regional eco-hydrological processes and services. It is
critical to quantify water consumption (transpiration and evapotranspiration) and char-
acterize the patterns in restoring the longleaf pine ecosystem within its historical range.
Despite no data validation, multi-satellite derived information (e.g., NLDAS) could pro-
vide valuable information to monitor this ecological process at different time scales. The
investigation of transpiration, evapotranspiration, and related soil water and air humidity
at three geographically distinct locations of restored longleaf pine forest near its historical
range boundary revealed some general patterns and spatial variations in transpiration,
evapotranspiration, and related processes on yearly and monthly scales. Longleaf pines
in the southern range (Escambia area) might experience some stress in the summertime.
However, the regimes of water consumption were still relatively stable. The findings
from this study may provide an understanding of the hydrological adaptation of longleaf
pine forests to climatic variability. When these hydrological data are used to examine the
annual cone production, possible mid-domain phenomena emerge. This study provides
exciting results of some hydrological responses of longleaf pine forests over the past four
decades. The approach can provide important eco-hydrological data to any land (minimum
0.1° x 0.1°) in North America with limited cost. The insights into the hydrological function
of longleaf pine forests may have significant implications for restoration and conservation.
Further detailed research should be conducted on the individual tree level and at the sites
(e.g., NEON and LTER) with long-term ground monitoring data for comparison.
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