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Abstract. The structure and function of longleaf pine savanna ecosystems is regulated by cyclic fire, yet

there is a lack of understanding about how the frequency of fire influences longleaf pine ecosystem energy

dynamics. There are further uncertainties in how predicted changes in temperature and precipitation may

affect the interaction between fire and energy exchange in these ecosystems. We investigated energy

dynamics in three frequently burned longleaf pine ecosystems along a gradient of soil moisture availability

using eddy covariance techniques. We analyzed sensible energy (H ), latent energy (LE) and soil heat flux (G)

over time since fire, using micrometeorological variables as covariates. Based on statistical tests of

autocorrelation, data were analyzed as 30-day averages with general linear models. Over three years of

measurement, we found that sensible energy, latent energy and soil heat flux recovered to pre-fire rateswithin

one month following prescribed fire. Changes in water availability associated with drought over the study

period had a stronger influence on energy dynamics than did fire. When precipitation was near long-term

averages, annual evapotranspiration (ET) was 743, 816 and 666 mm y�1 at the mesic, intermediate and xeric

sites, respectively. During extreme drought, annual ETdecreased 4 and 7% at the xeric and intermediate sites,

to 754 and 642 mm y�1, respectively, and decreased 20% at the mesic site, to 594 mm y�1. Similarly, Bowen

ratios were up to two times higher during drought years versus those with average precipitation. These

frequently burned longleaf pine ecosystems are known to be well adapted to fire. The more xeric the site, the

more resilient they were to drought, suggesting adaptations of this ecosystem maintained higher levels of

physiological activity. This three-year study begins to illuminate longleaf pine ecosystem energy dynamics,

however long-term observations over a greater range of environmental conditions are necessary to increase

our knowledge of the complex interactions between fire, climate and energy dynamics in these ecosystems.
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INTRODUCTION

Frequently burned savannas cover nearly 1/6

of the earth’s surface (Grace et al. 2006) and play

an important role in the global hydrologic cycle

(Shukla and Mintz 1982). Changes in water

availability can cause alterations in fluxes of

sensible energy (H) and latent energy (LE), and if
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changes to water availability are persistent, large-
scale shifts in forest cover could result (Sankaran
et al. 2005). In addition, anthropogenic changes
in land use can lower water tables and reduce
water available to vegetation, which, in turn, can
affect ecosystem exchange of sensible and latent
energy (Nichols 1994, Elmore et al. 2003, Cooper
et al. 2006). Hence, fluxes from land surfaces and
vegetation can profoundly impact atmospheric
circulation and precipitation patterns on multiple
scales (Shukla and Mintz 1982, Beringer et al.
2003, Loescher et al. 2006a, Lynch et al. 2007),
creating possible feedbacks exacerbating water
limitation. Changes in vegetation and land cover
due to altered water availability could also have
further effects on energy partitioning by altering
fire frequency and intensity in savanna ecosys-
tems.

Fire affects energy dynamics in terrestrial
ecosystems with the reduction of albedo due to
deposition of black carbon and through the
consumption of leaf area. Reduction in albedo
increases energy absorbed into the ecosystem,
and reductions in leaf area alter H, LE and soil
heat flux (G) through the ecosystem (Beringer et
al. 2003, Jin and Roy 2005, Massman et al. 2008).
Following fire in Australian eucalypt savannas,
Beringer et al. (2003) found that an approximate
50% reduction in albedo was associated with a
nearly four-fold increase in the Bowen ratio (b ¼
H/LE). The effects of fire on H and LE have been
extensively studied in ecosystems that are affect-
ed by catastrophic wildfire (Liu et al. 2005,
Goulden et al. 2006), but savannas, which have
a fundamentally different relationship with fire,
have received relatively little attention. In con-
trast to ecosystems affected by catastrophic
wildfire, savannas tend to burn more frequently
(1–10 year fire return intervals), and at lower
intensity. Because of these factors, these ecosys-
tems recover more quickly following fire (Lavoie
et al. 2010, Whelan et al. 2013). In savanna
ecosystems, fire induced changes to energy
dynamics may be minimal because fires rarely
cause overstory mortality or significant rates of
leaf loss (Palik and Pederson 1996, Hoffmann et
al. 2003), however this has not been tested in the
longleaf pine ecosystem.

Water availability also affects ecosystem ener-
gy dynamics throughout the fire cycle. Water
availability can directly affect energy dynamics

by altering Bowen ratios. Fires reduce both leaf
area and albedo, which decrease ET and increase
heating at the soil surface, and result in increased
H flux (Liu et al. 2005). As ecosystems recover
lost leaf area, albedo increases and Bowen ratios
decrease (Beringer et al. 2003). Water availability
is a primary influence on longleaf pine ecosystem
productivity (Mitchell et al. 1999), and governs
the rate of leaf area recovery in these savannas,
which will ultimately affect their energy balance.

In terrestrial ecosystems, ET is the process that
links water in the biome to the atmosphere, and
is directly affected by soil water availability
(O’Grady et al. 1999) and land cover (Gholz
and Clark 2002, Liu et al. 2005). Soil water
availability exerts control on ET rates by influ-
encing the composition, structure and function of
overlying vegetation (Oliveira et al. 2005). Fur-
ther, decreased soil water availability actuates
stomatal response to rising vapor pressure deficit
(VPD) and lowers ET rates for longleaf pine
(Addington et al. 2006). Fire also affects soil
water availability by influencing water uptake by
the ecosystem. Reduction of leaf area and
blackening of the soil surface following fire
decreases soil moisture by increasing energy
absorption and evaporation from the soil (Iver-
son and Hutchinson 2002). However, there have
been few investigations that explore the effects of
soil water availability on ET in frequent fire
savanna ecosystems.

Longleaf pine grasslands on the southeast
coastal plain of the United States occur over an
ecological gradient of soil water holding capacity
from xeric sandhills to mesic flatwoods, and are
maintained by frequent fire, every 1–3 years
(Mitchell et al. 1999). This makes longleaf pine an
ideal model ecosystem to investigate the complex
interactions between energy exchange and cyclic
fires. In this study, we used eddy covariance and
meteorological measurements to answer the
following questions about how frequent fire
and water availability affect energy exchange in
longleaf pine savannas along an edaphic soil
moisture gradient.

1a) How does soil water holding capacity in
longleaf pine woodlands influence the parti-
tioning of energy between latent, sensible and
soil heat fluxes? 1b) Do the same environmen-
tal variables drive the energy exchange in these
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ecosystems with varying soil water holding
capacity?
2a) What are the effects of frequent fire on
energy partitioning and ecosystem water bal-
ance over multiple fire cycles? 2b) Does soil
water holding capacity affect energy partition-
ing before and after each fire in a similar
manner across the edaphic gradient?

MATERIALS AND METHODS

Study site
The study was conducted at the Joseph W.

Jones Ecological Research Center located on the
southeast coastal plain in southwest Georgia,
USA (31.22018 N, 84.47928 W). The climate is
classified as humid subtropical and the area
receives an average of 1310 mm of precipitation
spread evenly over the year (Christensen 1981).
Long-term normal monthly air temperatures
range from 9.68C in January to 27.68C in July
(NCDC 2011).

Three study sites were selected based on
differences in soil water holding capacity. The
xeric site is characterized by deep sandy soils that
are classified as typic quartzipsammants and
have no argillic horizon in the upper 300 cm.
These soils are excessively well-drained and have
a water holding capacity of 18 cm (Goebel et al.
2001). The intermediate site is characterized by
loamy sand over sandy loam soils with an argillic
horizon with 165 cm of the soil surface. These
soils are classified as typic hapludults or typic,
arenic and grossarenic paleudults. Soils at this
site are well-drained and have a water holding
capacity of 38 cm in the upper 300 cm of soil
(Goebel et al. 2001). The mesic site lies on sandy
loam over sandy clay loam or clay soils that are
classified as arenic paleudults. These soils are
somewhat poorly drained and have an argillic
horizon within 95 cm of the soil surface. The soil
water holding capacity at the mesic site is 40 cm
of water in the upper 300 cm of soil. The small
differences in soil water holding capacity at these
sites lead to large differences in vegetation
structure and species composition (Kirkman et
al. 2001).

The xeric, intermediate and mesic sites are all
dominated by an open canopy of longleaf pine in
the overstory and wiregrass (Aristida beyrichiana
Trin.) in the understory, but the abundance and

composition of secondary species varies at each
site (Kirkman et al. 2001). This longleaf ecosys-
tem is a savanna system with densities of ;130–
190 trees ha�1. The understory at the xeric site
has a larger oak component relative to the other
sites. The scrub oak species Quercus laevis Walt.
and Quercus margaretta Ashe occur mainly in the
understory, but occasionally grow into midstory.
The overstory at the intermediate site has little
intrusion by oak species, but the midstory and
understory are populated at low densities by Q.
incana Bartr. and Q. margaretta. Of the three sites,
the mesic site has the lowest relative abundance
of oak. Instead, the common persimmon (Dios-
pyros virginiana L.) is found as a shrubby
component of the understory (Goebel et al.
2001). Leaf area index (LAI) ranged 0.65–1.1
and 0.22–0.39 m2 m�2, for the mesic and xeric
sites respectively (Addington et al. 2006). These
sites have been previously described by Mitchell
et al. (1999), Kirkman et al. (2001), Ford et al.
(2008), and Starr et al. (2014).

Prescribed fire
Each site was burned by prescribed fire in

January 2009 and again in March 2011. Specific
fire dates were January 12, 14, and 23 in 2009 and
March 14, 8, and 16 in 2011 for the mesic, xeric
and intermediate sites, respectively. Prior to this
study, these sites were all on a two-year burn
cycle. The xeric and mesic sites were previously
burned in winter 2007, but the intermediate site
was previously burned only one year prior to this
study in winter 2008. Backing fires were initiated
on the downwind side of each site to form a
buffer between the management units and
downwind firebreaks. Strip head fires were then
set every 30–50 m (depending on local fire
conditions) starting on the downwind side of
the management unit and moving upwind (Hiers
et al. 2009). This study did not contain a ‘‘control
site’’ (no fire), as removal of fire from the
ecosystem for as little as 3 years results in
alteration of the structure and function of the
forest such that comparison is invalid (Glitzen-
stein et al. 1995).

Eddy covariance and micrometeorology
In the summer and early fall of 2008, identical

sets of eddy covariance (EC) and micrometeoro-
logical instrumentations were installed at each
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site. Due to the time involved in constructing
towers and installing equipment, data collection
for this study began on October 22, 2008 and
ended on October 21, 2011. All instrumentation
was placed at a height of 34.9, 37.5, and 34.5 m
for the xeric, intermediate and mesic sites,
respectively, approximately 4 m above mean
canopy height. Net fluxes of LE and H were
estimated by:

LE ¼ kqaw0q0 ð1aÞ

and

H ¼ qaCpðw0t0s � 0:000321Tsw0q0 Þ ð1bÞ

where LE is calculated in W m�2 (where by
definition W ¼ J s�1), k is the latent heat of
vaporization (J kg�1), qa is the density of air (kg
m�3), w0 is the instantaneous deviation (prime) of
vertical wind speed (w, m s�1) from the mean
vertical wind speed (i.e., w 0 ¼ w� w̄), and simi-
larly, q0 and ts

0 are the instantaneous deviations
of water vapor concentration (c, kg kg�1) from
the mean water vapor concentration and sonic
temperature (Ts, 8K; Kaimal and Gaynor 1991),
respectively, using standard EC methods (Clark
et al. 1999, Clark et al. 2004, Loescher et al.
2006b). H is calculated in W m�2, and Cp is the
specific heat of air (J K�1 kg�1). The overbars in
Eqs. 1a and 1b are time-averaged covariances. Ts
and three-dimensional wind speed were mea-
sured with a three-dimensional sonic anemome-
ter (CSAT3, Campbell Scientific, Logan, UT) and
water vapor was measured with an open-path
infrared gas analyzer (IRGA; LI-7500, LI-COR,
Lincoln, NE). To minimize distortion of airflow
between the two instruments, the IRGA and
sonic anemometer were placed 0.2 m apart.
These data were logged at 10 Hz (faster rates
than the speed at which the mass and energy was
being transported; Loescher et al. 2006b) on CR-
3000 dataloggers (Campbell Scientific) and stored
on 1 GB CompactFlash data cards. Other
environmental variables measured on the tower
were: photosynthetically active radiation (PAR,
lmol m�2 s�1; LI-190, LI-COR), incident and
reflected short- and longwave radiation resulting
in a measure of net radiation (Rn, W m�2) and
albedo (NR01, Hukseflux, thermal sensors, Delft,
The Netherlands), global shortwave radiation (W
m�2; LI-200SZ, LI-COR), precipitation (mm;
TE525 Tipping Bucket Rain Gauge, Texas Elec-

tronics, Dallas, TX), wind speed and direction (h,
m s�1; Model 05103-5, R.M. Young, Traverse City,
MI), air temperature (Tair, 8C) and relative
humidity (%; HMP45C, Campbell Scientific),
and barometric pressure (kPa; PTB110, Vaisala,
Helsinki, Finland). These data were also logged
on CR-3000 dataloggers and stored on Compact-
Flash data cards. Soil temperature (Tsoil,8C) at 4
and 8 cm depth using insulated thermocouples
(Type-T, Omega Engineering, Stamford, CT),
volumetric water content (VWC, %,) within the
top 20 cm of the soil (CS616, Campbell Scientific)
and soil heat flux (G, W m�2) at 8 cm depth
(HFP01, Hukseflux) were measured at each site
every 15 s and averaged every 30 min on a
CR1000 datalogger (Campbell Scientific).

Data processing and gap filling
Raw EC data were processed using EdiRe

(v.1.4.3.1184; http://www.geos.ed.ac.uk/abs/
research/micromet/EdiRe), which carried out a
2-d coordinate rotation of the horizontal wind
velocities to obtain turbulence statistics perpen-
dicular to the local streamline. The covariance
between turbulence and scalar concentrations
was maximized through the examination of the
time series at 0.1-s intervals on both sides of a
fixed lagtime (in this case, ;0.3 s). Because of the
relatively short roughness lengths and uniform
canopy structure at these sites, we assumed that
the influence of coherent structures and low
frequency effects were captured by this ap-
proach. Fluxes were calculated for half-hour
intervals and then corrected for the mass transfer
resulting from changes in density not accounted
for by the IRGA (Webb et al. 1980, Massman
2004). Barometric pressure data were used to
correct the fluxes to standard atmospheric
pressure.

Flux data screening was applied to eliminate
30-min fluxes resulting from systematic errors
such as: (1) rain and condensation in the
sampling path, (2) incomplete 30-min datasets
during system calibration or maintenance, (3)
poor coupling of the canopy with the external
atmospheric conditions, as defined by the friction
velocity, u*, using a threshold ,0.20 m s�1

(Goulden et al. 1996, Clark et al. 1999, Loescher
et al. 2006b), and (4) excessive variation from the
half-hourly mean based on an analysis of
standard deviations for u, v, and w wind and
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CO2 statistics. Quality assurance of the flux data
was also maintained by examining plausibility
tests (i.e., LE , �90 and LE . 750 W m�2),
stationarity criteria, and integral turbulent statis-
tics (Foken and Wichura 1996, Foken and Leclerc
2004).

Missing half hourly LE and H data were gap-
filled using two separate simple linear regression
models (Gholz and Clark 2002). On a monthly
basis, simple linear regressions were fit to the
data for LE or H against Rn (Gholz and Clark
2002). Half hourly LE, H, and G estimates were
used to generate summed pre-and post-fire, and
annual values for descriptive statistics. Gap-filled
data accounted for 49%, 40%, and 49% of the
values for mesic, intermediate and xeric sites,
respectively. A bootstrap method was used for
error estimation of gap-filled H and LE values.
Synthetic datasets (1000) of size n (with replace-
ment) were generated from the original dataset
of size n for each estimated monthly gap-filling
linear regression model following Jiminez et al.
(2012). Distributions of each model parameter
were constructed, which were then checked to
ensure that the model parameters derived from
the original data were contained within a 95%
confidence region (Appendix: Tables A1 and A2).

ET was calculated from LE and latent heat of
vaporization measurements made at each site
using the following equation:

ET ¼ LE

kqw

ð2Þ

where ET is estimated in mm, qw is the density of
water (kg m�3, where by definition 1 g water ¼
cm�3). ET was summed daily and annually, and
averaged pre- and post-fire and seasonally to
assess changes in water cycling.

Data analyses
Energy balance closure was evaluated on a

monthly basis by plotting the daily sums of H
and LE vs. the difference Rn � G, and fitting a
first-order linear regression. Because the strong
temporal autocorrelation inherent in EC data
would lead to violations in the assumptions
necessary to test general linear models of H, LE
and G, half-hourly data were averaged over
various timespans and Durbin-Watson tests for
autocorrelation were computed as a preliminary
analysis step. The Durbin-Watson test statistics

indicated that thirty days was an appropriate
time scale for analysis (i.e., the shortest time
period that did not have significant autocorrela-
tion). Accordingly, the following analyses were
performed on data averaged over 30-day peri-
ods.

General linear models (GLMs) were utilized to
identify variables that explained significant var-
iation in response variables for energy flux (LE, H
and G) and b. In a first step simple models were
estimated with a categorical variable for site and
fire cycle time (FCT), and their interaction as the
only predictor variables. FCT 1, 2, and 3
represented the first, second and third 30-day
periods following fire, respectively, FCT 4 the
next 90 days, and FCT 5 the next 180 days. The
category for ‘‘pre-fire’’ corresponded to the last
420 days before the second fire and the approx-
imately 90 days before the first fire, as the three
towers had all just become operational. Because
these simple models may confound the effects of
time since fire with season, a second set of
models were estimated to evaluate the contribu-
tions of micrometeorological variables; statistical
models were expanded to include continuous
explanatory effects for albedo, Tair, VWC, VPD
and wind speed (WS), and categorical variables
for site and fire cycle time (FCT). Rn was not
included as an explanatory variable, since it was
used to gap-fill some of the data. In these
expanded GLMs, we started with models that
included all simple effects and applicable inter-
actions, and successively dropped the least
significant effects until only significant ( p ,

0.05) effects remained.
Because these response variables represent a

system of inter-related environmental quantities,
multivariate analysis of variance (MANOVA)
tests were performed to answer questions about
the overall FCT effects for the suite of responses.
Three MANOVA test criteria were evaluated:
Wilk’s Lambda, Pillai’s Trace, and the Hotelling-
Lawley Trace. All three test the significance of an
independent variable on any of the response
variables. Model assumptions of normality and
homoscedasticity were evaluated graphically
with plots of residual versus predicted values.
R-squared values were calculated to evaluate
model fit. To ascertain the magnitude and
direction of significant interactive effects, least
square means were calculated and post-hoc
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multiple comparisons were made via the Scheffe
test.

To examine seasonal variation in energy
partitioning, we compared b and ET among sites,
among years, and between the summer and
winter seasons. We estimated a GLM separately
for ET and b, which included categorical vari-
ables for site, season (summer and winter), study
year, and their interactions.

RESULTS

Environmental variables
Rn and Tair were similar among sites and

followed a seasonal pattern (Fig. 1a, b). Lower
albedo resulted in slightly higher Rn at the mesic
site than at the xeric and intermediate sites (Fig.
1a, e). Over the study period, the mean monthly
minimum Tair was 6.78C at the mesic site in
December 2010, and the mean maximum air
temperature was 28.08C in July 2010 at the xeric
site (Fig. 1b). VPD was similar among sites and
was also generally higher in the summer than in
the winter (Fig. 1d). VWC followed a seasonal
pattern that was opposite that of Rn, and Tair and
VPD had maxima in the winter and minima in
the summer. VWC was consistently lower at the
xeric site than at the intermediate and mesic sites
(Fig. 1c). Over the first year of the study, VWC
was higher at the mesic site than at the
intermediate site, but over the final two years of
the study, drought conditions persisted and
VWC at the mesic site was often lower than at
the intermediate site (Fig. 1c). Albedo was more
variable seasonally and was consistently higher
at the xeric site than at the intermediate and
mesic sites (Fig. 1e). During the first year of the
study, annual precipitation was near the long-
term average (Table 1); however, it successively
decreased during the last two years of the study.
During the final study year, total annual precip-
itation was less than 60% of the long-term
average at all sites (Table 1). Although the study
sites are within 5 km of one another, there was a
difference in precipitation among sites (Fig. 1f ).

Seasonal and annual energy partitioning
LE, H and G were greatest at all three sites

during the summer and lowest during the winter
(Fig. 2). LE fluxes dominated total energy flux in
the summer, but during the winter, LE and H

fluxes were nearly equal (Fig. 2). Summertime LE
was lower at the mesic site than at the other two
sites (Fig. 2). As drought increased during the
second and third years of the study, H became a
larger proportion of total annual energy flux at
all sites (Fig. 2). Over the study period, LE
accounted for a larger proportion of the energy
budget at the intermediate site (51%) than at the
xeric and mesic sites (47% and 43%, respectively).
H accounted for a smaller proportion of the
energy budget and was more similar among sites
(32%, 32% and 31% at the xeric, intermediate and
mesic sites, respectively). G made up a smaller
fraction of the total energy budget than did H or
LE at all sites. Over the study period at the xeric,
intermediate and mesic sites, G accounted for
12%, 9% and 8% of the energy budget, respec-
tively. In addition, we calculated the energy
balance closure to be 81%, 84%, 76% for the
xeric, intermediate and mesic sites, respectively
(Fig. 3).

Fire and environmental drivers of energy flux
Site and time since fire category were only able

to explain 23% of the variation in LE, 30% of the
variation in H, 34% of the variation in G, and 20%
of the variation in b across all three sites. Site was
not a significant predictor of any of the response
variables in these simple models; however time
since fire was significant for all response vari-
ables (Table 2). LE decreased slightly in the first
30 days after fire, increased significantly through
FCT 4 (180 days post-fire), and then decreased to
near pre-fire levels (Fig. 4a). H increased gradu-
ally through FCT 3 (90 days post-fire), and then
decreased to pre-fire levels (Fig. 4b). G increased
gradually through FCT 4 (180 days post-fire),
and then decreased to below pre-fire levels (Fig.
4c). While b was on average highest in xeric and
lowest in mesic sites through FCT 2 (60 days
post-fire), these site differences were not signif-
icant. The b on average declined through FCT 4,
remained relatively constant during FCT 5, and
never returned to pre-fire levels (Fig. 4d). The
MANOVA test for overall effects of site and FCT
were both significant ( p , 0.05 for each
multivariate test criteria). Thus, there was an
overall effect of site on the group of response
variables, indicating that these variables as a
group were significantly different by site.

Adding additional predictor variables to the
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model of LE increased the proportion of variance
explained to 82%. The most significant predictor
of LE was Tair, followed by VWC and albedo;
each of these predictors was positively associated
with LE, indicating increases in these predictors
increased LE (Table 3). Adding these variables
also rendered FCT insignificant in the model.

The addition of predictor variables to the
model of H increased its proportion of variance
explained to 78%. The most significant predictor
of H was VPD, followed by WS and FCT (Table
3). While increases in VPD increased H, increases
in WS decreased H (heat dissipation). As in the
simple model with site and FCT only, H increased

Fig. 1. Environmental variables measured at xeric (closed triangles, dashed lines), intermediate (open circles,

dotted lines) and mesic (closed circles, solid lines) from October 2008 to October 2011. Monthly means were

calculated for: (a) net radiation (Rn), (b) air temperature (Tair), (c) volumetric water content of the soil (VWC), (d)

vapor pressure deficit (VPD), and (e) albedo. Monthly sums were calculated for (f ) precipitation. Arrows denote

approximate dates of prescribed fire.
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gradually through FCT 3 (90 days post-fire), and
then decreased, but with all other variables at
their average levels, values of heat in FCT 4 and 5
(.90 days post-fire) were significantly lower
than those of pre-fire (Fig. 5a). With the
additional variation explained by these variables,
site was indicated as a significant predictor of H;
the mesic site had the lowest average values of G,
given all other variables in the model were at
their averages, and the intermediate and xeric
site had increasingly higher values, respectively.

Adding additional predictor variables to the
model of G increased the proportion of variance
explained to 79%. Similar to the model of LE, the
most significant predictor of G was Tair, followed
by VWC and albedo, and each of these predictors
was positively associated with G (Table 3). Unlike
the model of LE, adding these variables to the
model of G did not affect the significance of FCT
in the model. When considering all other
variables in the model to be constant at their
average values, a sharp increase occurred in G in
the 30-days post fire, with a gradual decrease
over the FCT values. The average value of G at
FCT 5 (.180 days post fire) was lower level than
that of pre-fire (Fig. 5b).

The addition of predictor variables to the
model of the b increased the proportion of
variance explained to 59%. The most significant
predictor of the b was Tair, followed by VPD,
VWC and WS; while VPD was positively
associated with b, each of the other predictors
was negatively associated with b (Table 3).
Adding these variables also rendered FCT
insignificant in the model.

The MANOVA test for overall effects of site
and FCT were both significant ( p , 0.05 for each
multivariate test criteria). Thus, given the pres-
ence of additional environmental predictor var-
iables, there was an overall effect of site on the
group of response variables, and time since fire
on the group of response variables. We can

therefore infer that despite the lack of consistent
effects of site and FCT, H, LE, G, and b were
significantly different by site and by time since
fire.

Bowen ratio by season
Bowen ratios varied between the summer and

winter seasons, and among years and sites (Table
4). Although in the summer of 2011, b was
approximately 50% of the winter value at the
xeric site and only ;25% of the winter value at
the intermediate site, models indicated that there
was no statistically significant difference in b
among sites (Table 5). The b was, however,
significantly lower during summer versus winter
(Table 5). Annual b increased with drought each
year of the study period, and b were significantly
higher in 2011 than during 2009 (Tables 4 and 5).

Effects of fire and season
on evapotranspiration

On an annual basis, ET summed over each year
of the study showed differences among sites and
over the study period (Table 1). The intermediate
site consistently had the highest annual ET.
During the extreme drought year of 2011, ET
was lowest at all sites (594, 753, 642 mm, at the
mesic, intermediate and xeric sites, respectively),
and was much lower at the mesic site than it was
in the two preceding years (Table 1). During the
first two years of the study, ET was higher at the
mesic site than at the xeric site, but during
extreme drought over the final year of the study,
the relationship switched and ET was higher at
the xeric sites than at the mesic site (Table 1).

Comparisons of mean daily ET during the
winter and summer show how ET varied among
sites over the study period (Table 4). ET was
significantly lower at all sites during the winter
than in the summer ( p , 0.0001; Table 5);
however, there were no significant differences
by site or year. During wintertime, mean daily ET

Table 1. Precipitation (mm) and total annual ET (mm) over the study period at the xeric, intermediate and mesic

sites.

Year

Mesic Intermediate Xeric

ET Precipitation ET Precipitation ET Precipitation

2009 743 1474 815 1275 666 1361
2010 758 1181 782 835 721 1018
2011 594 766 753 741 642 755
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Fig. 2. Energy partitioning among LE, H and G (solid, dotted and dashed lines, respectively) over the study

period at the xeric, intermediate and mesic sites, respectively). Arrows denote the approximate dates of

prescribed fires.
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was similar among the study sites within each
year of the study (Table 4). Within individual
sites, the most pronounced difference in winter-
time ET was at the intermediate site where mean
daily ET was much lower in 2011 (Table 4).
During the summer, the most pronounced
difference in mean daily ET within site was at
the mesic site where mean daily ET was much
lower in 2011 (Table 4).

We found clear thresholds in the reduction of
LE as a function of VPD for all sites (Fig. 6).
Thresholds were approximately 1.7, 2.1 and 2.3
KPa for the mesic, intermediate and xeric sites,
respectively (Fig. 6).

DISCUSSION

Environmental drivers of energy dynamics
Temperature extremes during our study period

(Fig. 1b) compare well to long-term mean
monthly temperature minima and maxima for
the area of 9.18C and 27.28C, respectively (NCDC
2011). Long-term average annual precipitation in
the study area was 1310 mm and distributed
evenly throughout the year (Christensen 1981).
During the first year of the study, total annual
precipitation was near the long-term average and
became below average during the second and
third year of the study, which led to prolonged
drought (Table 1). Afternoon convective rain
over the study area can vary in intensity and
occurrence over the 5 km separating the sites,
and likely can be attributed to some of the
variation in precipitation among sites.

Over the final two years of the study, the
drought conditions decreased VWC and in-
creased summertime VPD, which affected the
energy partitioning at all sites (Table 1, Fig. 1).
Increases in LE with Rn and Tair likely reflect both
diurnal and seasonal effects, and reflect the
ecosystems’ ability to access available water and
meet the evaporative demands of the atmo-
sphere. LE, Rn and Tair were all higher during
the day, and on an annual scale, LE, Rn and Tair
were all higher during the summer (Fig. 1a, b).
As the long term drought progressed through the
study period, VWC progressively decreased,
reflecting the ecosystems’ inability to access
available water and meet the evaporative de-
mands of the atmosphere, thereby reducing LE
flux and progressively (and consistently among

Fig. 3. Daily energy balance for the three study sites

covering the study period, October 22, 2008 through

October 21, 2011.
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sites) increased H contribution to the energy

balance and hence seasonal b from 2009 to 2011

(Table 4).

Longleaf pine trees can compensate for

drought by accessing groundwater via deep

taproots (Wahlenberg 1946). Our study sites

were located on property that is surrounded by

agricultural fields, most of which pump well-

Table 2. Results of type III tests of fixed effects for initial simple models of LE, H, G, and the Bowen ratio (b)
summarized to 30-day time periods with two variables. ‘‘Site’’ represents differences among the sites, and FCT

is the fire cycle time.

Source df Type III SS Mean square F Pr . F

LE (Latent energy)
FCT 5 17658.1 3531.6 5.08 0.0004
Site 2 1220.5 610.2 0.88 0.4194
FCT 3 Site 10 579.7 58.0 0.08 0.9999

H (Sensible energy)
FCT 5 7895.5 1579.1 7.19 ,0.0001
Site 2 307.4 153.7 0.7 0.4995
FCT 3 Site 10 179.6 18.0 0.08 0.9999

G (Soil heat flux)
FCT 5 1616.5 323.3 9.24 ,0.0001
Site 2 6.4 3.2 0.09 0.9121
FCT 3 Site 10 24.8 2.5 0.07 1.0000

Bowen Ratio (b)
FCT 5 3.360 0.672 2.92 0.017
Site 2 0.549 0.274 1.19 0.3076
FCT 3 Site 10 1.162 0.116 0.51 0.882

Fig. 4. Values of (a) LE, (b) H, (c) G, and (d) the b by site over the fire cycle. FCT 1¼ the first 30 days following

fire, FCT 2 ¼ 31–60 days, FCT 3 ¼ 61–90 days, FCT 4 ¼ 91–180, and FCT 5 ¼ 181–360 days following fire.
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water for summertime irrigation (Hook et al.
2005). During drought, demand on groundwater
is larger regardless of land cover type, but
depletion of groundwater through pumping
may have placed the water table out of reach of
most longleaf pine taproots. On a regional scale,
lower-than-normal groundwater table can also

decrease LE (Nichols 1994, Cooper et al. 2006).
The extreme drought during 2011 likely has also
influenced our LE estimates, as water tables were
more than 3 m lower than average for much of
the year, and were nearly 4 m lower during the
summer (U.S.G.S 2012).

In addition, ecosystem-level P. palustris stoma-

Table 3. Results of type III tests of fixed effects for expanded GLMs of LE, H, G, and the Bowen ratio (b)
summarized to 30-day time periods with two variables. ‘‘Site’’ represents differences among the sites, FCT is

the fire cycle time, Tair is air temperature, VPD is vapor pressure deficit, and VWC is volumetric water content

of the soil.

Source df Type III SS Mean square F Pr . F

LE (Latent energy)
FCT 5 998.0 199.6 1.33 0.2572
Site 2 503.2 251.6 1.68 0.1919
Albedo 1 1610.6 1610.6 10.74 0.0014
Tair 1 45625.2 45625.2 304.3 ,0.0001
VWC 1 5916.1 5916.1 39.46 ,0.0001

H (Sensible energy)
FCT 5 1686.8 337.4 5.22 0.0003
Site 2 681.1 340.6 5.27 0.0067
Wind speed 1 621.2 621.2 9.61 0.0025
VPD 1 8514.6 8514.6 131.68 ,0.0001

G (Soil heat flux)
FCT 5 792.6 158.5 15.1 ,0.0001
Site 2 16.4 8.2 0.78 0.4611
Albedo 1 81.2 81.2 7.73 0.0065
Tair 1 1842.1 1842.1 175.46 ,0.0001
VWC 1 117.5 117.5 11.19 0.0012

Bowen Ratio (b)
FCT 5 0.5 0.1 0.97 0.4403
Site 2 0.3 0.2 1.43 0.245
Wind speed 1 0.6 0.6 5.34 0.0229
VPD 1 2.1 2.1 18.76 ,0.0001
Tair 1 8.5 8.5 76.88 ,0.0001
VPD 1 0.8 0.8 7.55 0.0071

Fig. 5. Least square mean values of (a) H and (b) G over the fire cycle, calculated with all other predictor

variables in the model at their average values. FCT 0¼ pre-fire, FCT 1¼ the first 30 days following fire, FCT 2¼
31–60 days, FCT 3 ¼ 61–90 days, FCT 4 ¼ 91–180, and FCT 5¼ 181–360 days following fire.
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tal conductance responds to increasing VPD
(Addington et al. 2006, Powell et al. 2008).
Increased summertime VPD over the final two
study years is an indication of decreased ecosys-
tem-level VWC, and plant response to water
stress through reduced stomatal conductance
and decreased ET. Similar reductions in stomatal
conductance in response to water shortage have
been found in pitch (Clark et al. 2012) and
loblolly pine (Domec et al. 2009) ecosystems of
the eastern United States. Powell et al. (2008)
found that stomatal closure occurred at VPD .

1.5 kPa which moderated transpiration in a
mixed slash pine/longleaf pine forest in Florida.
This study found stomatal closure between 1.75
and 2.0 kPa depending on site characteristics
(Fig. 6), implying that the Florida site likely had
more available water compared to this study.

VPD and VWC have strong statistical signifi-

cance in our models (Table 3); however, these
models do not explain the relationship among
environmental and physical relationships. Inputs
into the ecosystem are Rn and precipitation; these
inputs combined with soil physical properties
and physiological activities play an important
role in controlling the amount of available soil
water. The soil-plant-atmosphere continuum cre-
ates tension as water travels from the soil to the
atmosphere. This tension changes as a result of
changes in VPD. In this case, VPD is the
interactive product of the amount of available
water, the rate at which Rn changes, and the
plant’s ability to hold the water and respond to
the changes in Rn (assuming little or no evapo-
ration, and ignoring what is used for metabo-
lism). Of course, if the plant cannot maintain the
flow of water through this continuum, it exerts
control on the only place it can, its stomata,

Table 4. Winter, summer and annual Bowen ratio (b) and ET values (mean with 1 SE in parentheses) over the

study period at the xeric, intermediate and mesic sites. Winter averages include December and January, and

summer averages include July and August.

Site Year

Bowen Ratio (b) ET

Winter Summer Annual Winter Summer Annual

Mesic 2009 0.28 (0.01) 0.30 (0.03) 0.34 (0.03) 1.03 (0.05) 3.56 (0.11) 2.32 (0.06)
2010 0.45 (0.03) 0.64 (0.15) 0.48 (0.03) 1.03 (0.05) 3.42 (0.10) 2.29 (0.06)
2011 0.97 (0.07) 0.57 (0.08) 0.76 (0.03) 0.84 (0.04) 2.44 (0.08) 1.78 (0.04)

Intermediate 2009 0.39 (0.03) 0.43 (0.09) 0.40 (0.02) 1.14 (0.05) 3.50 (0.11) 2.47 (0.06)
2010 0.56 (0.04) 0.77 (0.18) 0.66 (0.04) 1.01 (0.05) 3.26 (0.11) 2.29 (0.07)
2011 0.95 (0.09) 1.06 (0.12) 0.76 (0.03) 0.73 (0.04) 2.95 (0.14) 2.21 (0.07)

Xeric 2009 0.42 (0.03) 0.61 (0.10) 0.60 (0.03) 0.97 (0.04) 3.43 (0.1) 2.11 (0.06)
2010 0.64 (0.04) 0.78 (0.13) 0.67 (0.03) 0.87 (0.04) 3.32 (0.11) 2.17 (0.06)
2011 0.73 (0.05) 0.96 (0.15) 0.75 (0.03) 0.68 (0.03) 2.76 (0.1) 1.93 (0.05)

Table 5. Fixed effects estimates, standard errors, and t-tests for model of Bowen ratio (b) and ET summarized to

30-day time periods. Pr values indicate difference from the base site (xeric), the base year (2009) and the base

season (winter).

Source Estimate SE t Pr . jtj

Bowen Ratio (b)
Intercept 0.5606 0.0857 6.54 ,0.0001
Mesic vs. Xeric �0.1460 0.0857 �1.70 0.1142
Intermediate vs. Xeric �0.0675 0.0857 �0.79 0.4463
2010 vs. 2009 0.2745 0.0857 3.20 0.0076
2011 vs. 2009 0.2987 0.0857 3.49 0.0045
Summer vs. Winter �0.2131 0.0700 �3.05 0.0102

Model of ET
Intercept 0.0199 0.0038 5.27 0.0002
Mesic vs. Xeric 0.0002 0.0038 0.04 0.9657
Intermediate vs. Xeric 0.0058 0.0038 1.55 0.1473
2010 vs. 2009 �0.0034 0.0038 �0.91 0.3829
2011 vs. 2009 �0.0031 0.0038 �0.82 0.4307
Summer vs. Winter 0.0476 0.0031 15.45 ,0.0001

v www.esajournals.org 13 July 2015 v Volume 6(7) v Article 128

WHELAN ET AL.

ECOSPHERE 



thereby shutting off ET and by default increasing
VPD. Thus, sometimes increases in VPD are
casual, and other times resultant. The plants’
ability to move water through the soil-plant-
atmosphere continuum via ET embodies these
interactive controls, and its ability to respond to
changes in Rn is expressed in the portioning of
energy as the b.

Similar to the environmental physical relation-
ships of LE, increases in H by definition increases
Tair (Eq. 1b); one is not the resultant of the other
(though statistically significant). In summary,
these interactive processes and drivers have
specific importance when interpreting the causal
and resultant effects in the results presented here,
i.e., effects of managed fires, drought, and
potential access to deep water.

Frequent fires
Prescribed fires in 2009 and 2011 affected

energy exchange at all three sites, but there are
likely other effects attributed by other secondary,
temporally transient environmental physical re-
lationships. For example, immediately after the
fire, the (1) statistically significant increase in G
during FCT 1 (Table 3, Fig. 5b) can be explained
ecologically by the consumption of understory
plant material and deposition of charcoal and

black carbon by fire, (2) reduction of leaf area
decreased the capacity for ET (Whelan et al.
2013), and (3) darkening of the soil surface
lowered albedo and increased the amount of
energy absorbed by the ecosystem (Fig. 1e; Jin
and Roy 2005), which can change the magnitude
and partitioning of the other components, as seen
following fire in the savanna ecosystems of
Australia (i.e., LE, H, G; Beringer et al. 2003).

Recovery of the ecosystem from fire is evident,
strongly suggesting a high capacity of resiliency
in this ecosystem (Starr et al. 2014), as evidenced
in the return of flux rates to pre-fire conditions in
FCT 2 within a short time period, 31–60 d (Figs.
2, 3). Stomatal conductance is often highest as
new leaves flush in the spring and decreases over
the growing season (Wilson et al. 2000), and
hence, as leaf area recovered in FCT 2, LE flux
also increased relative to increases in Rn. further
suggesting the ecosystem’s ability to access soil
water and maintain the meet the evaporative
demands of the atmosphere.

Part of the resiliency of longleaf pine ecosys-
tems to fire is due to little or no damage to the
overstory (Mitchell et al. 1999, Whelan et al. 2013,
Starr et al. 2014). The fires were focused on the
ground, and the vertical spatial separation
between the understory and overstory isolated

Fig. 6. Average peak LE 6 1 SE versus VPD at the mesic, intermediate and xeric sites. Peak LE data were

defined to include those values during the hours from 11:00 to 15:00 when PAR was .500 lmol m�2 s�1.
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the effects of the fire. Hence, there was likely little
alteration to the overstory’s albedo, radiative
transfer through the ecosystem canopy, and the
fraction of total Rn absorbed at the canopy-level.
With the overstory minimally affected by fire, the
change to the albedo of the ecosystem was small
and occurred at the soil surface. In contrast,
prescribed fire in a pitch pine ecosystem in New
Jersey resulted in significant decreases in canopy
leaf area and ET (Clark et al. 2012). Jin and Roy
(2005) found that albedo decreased less in woody
savannas than in open grasslands following fire
in Australia because the above canopy was not
affected by the fire. The timing of the burns also
likely mitigated some of the effects of fire on
energy dynamics. Because understory vegetation
is dominated by C4 grasses and is largely
dormant during the winter, LE flux from the
understory was relatively small and whole
ecosystem energy flux was dominated by H
(Powell et al. 2005). Therefore, the influences of
fire on energy dynamics are largely limited to—
and attributed towards—changes in understory
leaf area and ground-level surface albedo.

Seasonal energy dynamics
The b at our study sites were significantly

smaller during the summer than during the
winter for 2009 and 2010 (Table 4). This pattern
is similar to findings from a mixed slash pine (P.
elliottii var elliotti ) and longleaf pine forest
(Powell et al. 2005) and from a loblolly pine
(Pinus taeda) forest (Sun et al. 2010), which also
experienced drought conditions. However, we
assume a larger relative fraction of LE came from
the understory in Powell et al. (2005), which was
dominated by Serenoa repens (Bartr.) and had
higher leaf area index (LAI) and total basal area
than that the understory at our site. Even though
the longleaf pine and wiregrass that dominate
our sites is better suited to drier conditions
(Kirkman et al. 2001) than well-watered P. elliotti
and S. repens, in 2011 our b were significantly
higher at all sites and the pattern was reversed
for the mesic site (Table 4). We interpret these
results as the combination of reduced LAI and
reduced hydraulic function of the mesic oversto-
ry (Whelan et al. 2013). Powell et al. (2005) also
observed an abnormally large needlecast in May
during the drought which was not seen at our
sites. Other research at our sites has found that

while xeric site trees retained their needles
during drought, the mesic site reduced canopy
LAI by approximately 30% (Wright et al. 2012).
Addington et al. (2006) also noted differences in
hydraulic architecture and stomatal conductance
in trees on xeric sites that may limit transpiration
and LE relative to mesic sites.

The low b of 0.28 at the mesic site in summer
2009 was not during the drought, and may be
partially explained by the site’s proximity to
surface water (Table 4) (Winter 1999). The mesic
site is less than 2 km from the Flint River to the
south. The xeric site, while near the Ichauway-
nochaway creek, has limited access to deep soil
water due to its deep sandhill substrate, and the
intermediate site is the furthest from any river or
stream.

Evapotranspiration
We saw a reduction in ETwith fire and more so

with drought. These results agree with Beringer
et al. (2003), which showed ET decreased
significantly following both low and moderate
intensity fire in a eucalypt dominated savanna in
Australia. However, unlike our results, the
reduction in post-fire ET rates following moder-
ate intensity fires was attributed to increased leaf
scorch in the crown and mortality (Beringer et al.
2003). Similarly, following prescribed fire in a
pitch pine forest, Clark et al. (2012) attributed
decreased ET to a 26% reduction in overstory leaf
area. In this study, low physiological activity in
the understory during wintertime coupled with
little to no fire damage to the overstory tree
canopy resulted in either a small or a transient
decrease in ET with rapid recovery.

In comparison, winter and summer mean daily
ET rates were similar to values reported for pine
dominated ecosystems on the Atlantic Coastal
Plain, which ranged from 0.5 mm in the winter to
3.9 mm in the summer (Powell et al. 2005, Sun et
al. 2010, Clark et al. 2012). Particularly, Powell et
al. (2008) reported winter mean daily ET rates of
1.3 mm (per 30-min average), which correspond
well to our findings, and summer mean daily ET
rates of 2.7 mm, which were slightly lower than
summertime ET rates in this study. Higher ET
during the summertime can largely be explained
by increased physiological activity in the plant
community. Decreases in wintertime ET between
2009 and 2011 illustrates the influence of the
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prolonged drought. Overall, changes in water
availability had a stronger influence on energy
dynamics than did fire. Decreasing moisture
availability likely reduced stomatal conductance,
transpiration and ET. The lower variability in
annual ET observed shows how differences in
hydraulic architecture and stomatal conductance
in trees at more xeric sites make them better
adapted to cope with drought (Addington et al.
2006).

The patterns that link energy balance and
carbon uptake after fire may not be intuitive. As
noted above, change in LE and H was observed
after fire due to the loss of understory leaf area
and altered ground-level albedo. Overstory
canopy was not affected and continued to
transpire pending the availability of water. After
the initial loss of carbon at ignition, the change in
ground-level albedo slightly increased soil tem-
peratures, which in turn equated to large soil
effluxes (Sierra et al. 2011). And while the
capacity of carbon uptake by the overstory was
also not altered, the increased soil effluxes
ameliorated the daily net carbon exchanges.
Interestingly, both carbon uptake and the com-
ponent energy balance fluxes returned to pre-fire
rates after ;30–45 d (Starr et al. 2014), demon-
strating resiliency. Low intensity, high-frequency
fires have been credited with maintaining savan-
na systems’ biodiversity, structure and function
(Gleason 1913, Garren 1943, Glitzenstein et al.
1995, Peterson and Reich 2001), and supporting
the systems’ resiliency (Holling 1973, Gunderson
and Holling 2002). This is the first study that has
demonstrated resiliency in ecosystem function in
both carbon uptake and energy balance from a
fire managed ecosystem.

CONCLUSION

Over the study period drought affected energy
exchange to a greater degree than prescribed fire.
The rates and the fraction of energy portioning
return to pre-fire rates within 30–60 d, providing
strong evidence of resiliency. The concept of
resiliency is usually supported by maintenance of
plant community composition and biodiversity.
Here, we present ecosystem function response to
prescribed fire as evidence of resiliency. The
partitioning of LE and H changed with fire,
primarily due to the consumption of understory

vegetation and subsequent lower albedo, and
increased, albeit small, G rates. More significant-
ly, the partitioning of Rn to more H during
drought was also the result of the ecosystems’
inability to access available water and meet the
evaporative demands of the atmosphere. Vari-
ables such as Tair (both in the case of LE and G),
and VPD (in the case of H ) are resultant not
causal, even though they are statistically signif-
icant.

This study investigated how interactions be-
tween frequent fire and changing environmental
and climatic variables affect energy partitioning
in longleaf pine savannas. Uncertainties in how
energy dynamics are affected by the continuing,
long-term complex interactions between chang-
ing water availability and frequent fire highlight
the need for more in-depth study. For example,
our study could not determine if there were
additional positive feedback mechanisms be-
tween drought and increased H that further
exacerbate conditions to foster more H, such as
the societal needs for increased water consump-
tion in the southeastern United States, and
changing regional climate. Predictions of altered
precipitation patterns will continue to affect the
complex interactions between fire, water avail-
ability and energy exchange in the near future.
Thus, we argue that studies must be conducted
over longer time periods and over a larger range
of environmental conditions to develop a greater
understanding of the complex changes that are
occurring now and that can inform a prognostic
capability. These changes will have significant
implications for water cycling, water manage-
ment, and energy partitioning in savanna eco-
systems worldwide.
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Domec, J. C., A. Noormets, J. S. King, G. Sun, S. G.
McNulty, M. J. Gavazzi, J. L. Boggs, and E. A.
Treasure. 2009. Decoupling the influence of leaf
and root hydraulic conductances on stomatal
conductance and its sensitivity to vapour pressure
deficit as soil dries in a drained loblolly pine
plantation. Plant, Cell & Environment 32:980–991.

Elmore, A. J., J. F. Mustard, and S. J. Manning. 2003.
Regional patterns of plant community response to
changes in water: Owens Valley, California. Eco-
logical Applications 13(2):443–460.

Foken, T., and M. Y. Leclerc. 2004. Methods and
limitations in validation of footprint models.
Agricultural and Forest Meteorology 127(3-4):223–
234.

Foken, T., and B. Wichura. 1996. Tools for quality
assessment of surface-based flux measurements.
Agricultural and Forest Meteorology 78(1-2):83–
105.

Ford, C. R., R. J. Mitchell, and R. O. Teskey. 2008. Water
table depth affects productivity, water use, and the
response to nitrogen addition in a savanna system.
Canadian Journal of Forest Research 38(8):2118–
2127.

Garren, K. H. 1943. Effects of fire on vegetation of the
southeastern United States. Botanical Review
9:617–654.

Gholz, H. L., and K. L. Clark. 2002. Energy exchange
across a chronosequence of slash pine forests in
Florida. Agricultural and Forest Meteorology
112(2):87–102.

Gleason, H. A. 1913. The relation of forest distribution
and prairie fires in the middle West. Torreya
13:173–181.

Glitzenstein, J. S., W. J. Platt, and D. R. Streng. 1995.
Effects of fire regime and habitat on tree dynamics
in north Florida longleaf pine savannas. Ecological
Monographs 65(4):441–476.

Goebel, P. C., B. J. Palik, L. K. Kirkman, M. B. Drew, L.
West, and D. C. Pederson. 2001. Forest ecosystems
of a lower Gulf Coastal Plain landscape: multifactor
classification and analysis. Journal of the Torrey
Botanical Society 128(1):47–75.

Goulden, M. L., J. W. Munger, S. M. Fan, B. C. Daube,
and S. C. Wofsy. 1996. Measurements of carbon
sequestration by long-term eddy covariance: meth-
ods and a critical evaluation of accuracy. Global
Change Biology 2(3):169–182.

Goulden, M. L., G. C. Winston, A. M. S. McMillan,
M. E. Litvak, E. L. Read, A. V. Rocha, and J. R.
Elliot. 2006. An eddy covariance mesonet to
measure the effect of forest age on land-atmosphere
exchange. Global Change Biology 12(11):2146–
2162.

Grace, J., J. San Jose, P. Meir, H. S. Miranda, and R. A.
Montes. 2006. Productivity and carbon fluxes of
tropical savannas. Journal of Biogeography
33(3):387–400.

Gunderson, L. H., and C. S. Holling, eds. 2002.
Panarchy: understanding transformations in hu-
man and natural systems. Island Press, Washing-
ton, D.C., USA.

Hiers, J. K., J. J. O’Brien, R. J. Mitchell, J. M. Grego, and
E. L. Loudermilk. 2009. The wildland fuel cell
concept: an approach to characterize fine-scale
variation in fuels and fire in frequently burned
longleaf pine forests. International Journal of
Wildland Fire 18(3):315–325.

Hoffmann, W. A., B. Orthen, and P. K. V. D. Nasci-
mento. 2003. Comparative fire ecology of tropical
savanna and forest trees. Functional Ecology
17(6):720–726.

v www.esajournals.org 17 July 2015 v Volume 6(7) v Article 128

WHELAN ET AL.

ECOSPHERE 



Holling, C. S. 1973. Resilience and stability of
ecological systems. Annual Review of Ecology
and Systematics 4:1–23.

Hook, J. E., K. A. Harrison, G. Hoogenboom, and D. L.
Thomas. 2005. Final report of statewide irrigation
monitoring. Georgia Geological Survey, Environ-
mental Protection Division, Atlanta, Georgia, USA.

Iverson, L. R., and T. F. Hutchinson. 2002. Soil
temperature and moisture fluctuations during
and after prescribed fire in mixed-oak forests,
USA. Natural Areas Journal 22(4):296–304.

Jin, Y., and D. P. Roy. 2005. Fire-induced albedo change
and its radiative forcing at the surface in northern
Austral ia . Geophysical Research Letters
32(L13401).

Kaimal, J. C., and J. E. Gaynor. 1991. Another look at
sonic thermometry. Boundary-Layer Meteorology
56:401–410.

Kirkman, L. K., R. J. Mitchell, R. C. Helton, and M. B.
Drew. 2001. Productivity and species richness
across an environmental gradient in a fire-depen-
dent ecosystem. American Journal of Botany
88(11):2119–2128.

Lavoie, M., G. Starr, M. C. Mack, T. A. Martin, and
H. L. Gholz. 2010. Effects of a prescribed fire on
understory vegetation, carbon pools, and soil
nutrients in a longleaf pine-slash pine forest in
Florida. Natural Areas Journal 30(1):82–94.

Liu, H. P., J. T. Randerson, J. Lindfors, and F. S. Chapin.
2005. Changes in the surface energy budget after
fire in boreal ecosystems of interior Alaska: an
annual perspective. Journal of Geophysical Re-
search-Atmospheres 110(D13101).

Loescher, H. W., G. Starr, T. A. Martin, M. Binford, and
H. L. Gholz. 2006a. The effect of local atmospheric
circulations on daytime carbon dioxide flux mea-
surements over a Pinus elliottii canopy. Journal of
Applied Meteorology and Climatology 45(8):1127–
1140.

Loescher, H. W., B. E. Law, L. Mahrt, D. Y. Hollinger,
J. L. Campbell, and S. C. Wofsy. 2006b. Uncertain-
ties in- and interpretation of carbon flux estimates
using the eddy covariance technique. Journal of
Geophysical Research-Atmospheres 111(D21S90).

Lynch, A. H., D. Abramson, K. Görgen, J. Beringer, and
P. Uotila. 2007. Influence of savanna fire on
Australian monsoon season precipitation and
circulation as simulated using a distributed com-
puting environment. Geophysical Research. Letters
34(20):L20801.

Massman, W. J. 2004. Toward an ozone standard to
protect vegetation based on effective dose: a review
of deposition resistances and a possible metric.
Atmospheric Environment 38(15):2323–2337.

Massman, W. J., J. M. Frank, and N. B. Reisch. 2008.
Long-term impacts of prescribed burns on soil
thermal conductivity and soil heating at a Colorado

Rocky Mountain site: a data/model fusion study.
International Journal of Wildland Fire 17(1):131–
146.

Mitchell, R. J., L. K. Kirkman, S. D. Pecot, C. A. Wilson,
B. J. Palik, and L. R. Boring. 1999. Patterns and
controls of ecosystem function in longleaf pine-
wiregrass savannas. I. Aboveground net primary
productivity. Canadian Journal of Forest Research
29(6):743–751.

NCDC. 2011. Monthly station normals of temperature,
precipitation, and heating and cooling degree days
1971–2000. National Climatic Data center, Ashe-
ville, North Carolina, USA.

Nichols, W. D. 1994. Groundwater discharge by
phreatophyte shrubs in the Great-Basin as related
to depth to groundwater. Water Resources Re-
search 30(12):3265–3274.

O’Grady, A. P., D. Eamus, and L. B. Hutley. 1999.
Transpiration increases during the dry season:
patterns of tree water use in eucalypt open-forests
of northern Australia. Tree Physiology 19(9):591–
597.

Oliveira, R. S., L. Bezerra, E. A. Davidson, F. Pinto,
C. A. Klink, D. C. Nepstad, and A. Moreira. 2005.
Deep root function in soil water dynamics in
cerrado savannas of central Brazil. Functional
Ecology 19(4):574–581.

Palik, B. J., and N. Pederson. 1996. Overstory mortality
and canopy disturbances in longleaf pine ecosys-
tems. Canadian Journal of Forest Research
26(11):2035–2047.

Peterson, D. W., and P. B. Reich. 2001. Prescribed fire in
oak savanna: fire frequency effects on stand
structure and dynamics. Ecological Applications
11(3):914–927.

Powell, T. L., H. L. Gholz, K. L. Clark, G. Starr, W. P.
Cropper, and T. A. Martin. 2008. Carbon exchange
of a mature, naturally regenerated pine forest in
north Florida. Global Change Biology 14:2523–
2538.

Powell, T. L., G. Starr, K. L. Clark, T. A. Martin, and
H. L. Gholz. 2005. Ecosystem and understory water
and energy exchange for a mature, naturally
regenerated pine flatwoods forest in north Florida.
Canadian Journal of Forest Research 35(7):1568–
1580.

Sankaran, M., et al. 2005. Determinants of woody cover
in African savannas. Nature 438(7069):846–849.

Shukla, J., and Y. Mintz. 1982. Influence of land-surface
evapotranspiration on the Earth’s climate. Science
215(4539):1498–1501.

Sierra, C. A., M. E. Harmon, E. Thomann, S. S. Perakis,
and H. W. Loescher. 2011. Amplification and
dampening of soil respiration by changes in
temperature variability. Biogeosciences 8:951–961.

Starr, G., C. L. Staudhammer, H. W. Loescher, R.
Mitchell, A. Whelan, J. McGee, J. K. Hiers, and J. J.

v www.esajournals.org 18 July 2015 v Volume 6(7) v Article 128

WHELAN ET AL.

ECOSPHERE 



O’Brien. 2014. Fire’s role in Longleaf pine forest
carbon dynamics: evidence of resiliency in physi-
ological estimates following prescribed fire. New
Forests. doi: 10.1007/s11056-014-9447-3

Sun, G., A. Noormets, M. J. Gavazzi, S. G. McNulty, J.
Chen, J.-C. Domec, J. S. King, D. M. Amatya, and
R. W. Skaggs. 2010. Energy and water balance of
two contrasting loblolly pine plantations on the
lower coastal plain of North Carolina, USA. Forest
Ecology and Management 259:1299–1310.

Wahlenberg, W. G. 1946. Longleaf pine its use ecology,
regeneration, protection, growth, and manage-
ment. Charles Lathrop Pack Forestry Foundation,
Washington, D.C., USA.

Webb, E. K., G. I. Pearman, and R. Leuning. 1980.
Correction of flux measurements for density effects
due to heat and water vapor transfer. Quarterly
Journal of the Royal Meteorological Society 106:85–
100.

Whelan, A., R. J. Mitchell, C. L. Staudhammer, and G.

Starr. 2013. The cyclic occurrence of fire and its role

in carbon dynamics along an edaphic moisture

gradient in longleaf pine ecosystems PLoS ONE.

8(1):e54045.

Wilson, K. B., D. D. Baldocchi, and P. J. Hanson. 2000.

Quantifying stomatal and non-stomatal limitations

to carbon assimilation resulting from leaf aging

and drought in mature deciduous tree species. Tree

Physiology 20(12):787–797.

Winter, T. C. 1999. Relation of streams, lakes, and

wetlands to groundwater flow systems. Hydro-

geology Journal 7(1):28–45.

Wright, J. K., M. Williams, G. Starr, J. McGee, and R. J.

Mitchell. 2012. Measuring modeled leaf and stand-

scale productivity across a soil moisture gradient

and a severe drought. Plant, Cell and Environment.

doi: 10.111/j.1365-3040.2012.02590.x

SUPPLEMENTAL MATERIAL

APPENDIX

Table A1. Distribution of parameters from bootstrap simulations of LE (simple regression: LE¼ b0þ b1Rn). LCL¼
lower limit of 95% confidence region, UCL ¼ upper limit of 95% confidence region.

Year Month

Mesic site Intermediate site Xeric site

Estim. Param. LCL UCL Estim. Param. LCL UCL Estim. Param. LCL UCL

Intercept (b0)
2008 10 12.38 7.67 18.27 47.3 43.68 51.08 34.34 29.71 39.56

11 21.69 19.95 23.39 34.86 32.80 36.77 21.45 19.73 23.10
12 18.38 16.73 19.94 23.78 22.23 25.34 20.21 18.50 21.90

2009 1 20.23 18.71 21.62 22.01 20.64 23.4 21.18 19.64 22.77
2 20.28 18.21 22.22 23.38 21.65 25.00 18.12 16.58 19.57
3 24.27 22.12 26.5 27.35 25.40 29.14 20.71 18.95 22.43
4 35.99 33.65 38.36 37.61 35.19 40.04 25.42 23.50 27.52
5 23.71 21.40 26.15 27.78 25.22 30.46 27.36 24.71 29.93
6 23.77 20.31 27.34 26.95 23.88 30.38 28.70 24.85 32.58
7 19.55 16.22 22.76 24.45 21.25 27.76 27.11 23.51 30.55
8 19.90 15.80 24.24 22.78 19.38 26.74 23.44 18.83 27.86
9 21.96 19.57 24.57 31.38 28.91 34.13 24.97 22.12 27.91
10 23.87 11.83 25.82 35.58 30.95 37.16 26.39 22.89 28.08
11 26.80 23.94 29.74 28.80 26.81 30.86 23.35 21.26 25.54
12 28.07 26.69 29.43 25.43 24.08 26.77 20.91 19.79 21.98
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Table A1. Continued.

Year Month

Mesic site Intermediate site Xeric site

Estim. Param. LCL UCL Estim. Param. LCL UCL Estim. Param. LCL UCL

2010 1 18.71 17.5 19.77 18.11 17.05 19.26 16.03 15.05 17.05
2 26.05 24.73 27.45 25.42 23.91 26.9 21.33 20.12 22.57
3 33.22 31.49 34.98 29.22 27.79 30.8 23.28 21.71 25.09
4 27.38 24.99 29.76 34.97 32.16 37.92 31.23 27.98 34.32
5 25.54 22.32 28.69 35.59 31.94 39.23 41.95 36.96 46.59
6 19.54 15.35 23.64 19.33 15.33 23.05 37.15 31.81 42.62
7 17.86 15.31 20.32 22.09 19.66 24.41 23.85 21.07 26.75
8 16.64 13.98 19.55 21.27 18.64 23.91 21.10 18.01 23.94
9 17.86 15.07 20.88 16.81 14.80 18.97 25.39 22.09 28.71
10 14.98 11.83 16.94 14.09 10.72 14.93 18.61 14.83 19.82
11 13.95 12.32 15.71 17.14 15.80 18.61 18.98 17.19 20.76
12 12.97 11.84 14.19 13.07 12.13 13.89 10.33 9.34 11.34

2011 1 19.21 17.13 21.47 17.79 16.4 19.09 17.33 15.95 18.54
2 19.18 17.23 21.25 22.20 20.28 24.11 18.15 16.63 20.09
3 21.71 19.69 23.7 24.33 22.29 26.31 20.23 18.53 22.18
4 24.76 22.17 27.48 33.93 30.98 37.11 27.94 24.52 31.18
5 20.33 18.00 22.52 26.09 23.86 28.09 24.67 22.14 27.16
6 17.95 15.13 20.70 18.73 16.28 21.32 23.89 20.65 27.06
7 18.51 14.65 22.07 26.54 23.05 29.84 19.49 15.38 23.49
8 17.72 14.51 21.21 32.03 28.28 35.81 19.58 15.41 23.25
9 18.37 15.89 20.73 25.61 23.06 27.93 26.11 23.23 29.12
10 18.43 15.97 21.16 26.17 23.74 28.28 26.36 23.60 28.90

Slope (b1)
2008 10 0.227 0.187 0.264 0.425 0.389 0.457 0.208 0.186 0.229

11 0.202 0.190 0.214 0.314 0.294 0.332 0.167 0.154 0.18
12 0.212 0.198 0.227 0.232 0.216 0.248 0.149 0.138 0.16

2009 1 0.163 0.150 0.176 0.167 0.156 0.179 0.14 0.128 0.153
2 0.178 0.166 0.191 0.172 0.159 0.184 0.134 0.123 0.146
3 0.219 0.209 0.230 0.221 0.211 0.232 0.169 0.160 0.178
4 0.300 0.287 0.312 0.33 0.318 0.344 0.231 0.219 0.243
5 0.360 0.343 0.376 0.392 0.376 0.41 0.368 0.351 0.385
6 0.419 0.401 0.436 0.396 0.378 0.413 0.397 0.377 0.416
7 0.413 0.394 0.430 0.407 0.387 0.427 0.370 0.353 0.387
8 0.440 0.422 0.457 0.424 0.407 0.440 0.427 0.406 0.448
9 0.425 0.410 0.439 0.475 0.459 0.492 0.406 0.387 0.423
10 0.325 0.300 0.338 0.396 0.357 0.412 0.34 0.307 0.361
11 0.308 0.287 0.328 0.319 0.301 0.336 0.284 0.268 0.300
12 0.202 0.189 0.215 0.181 0.166 0.196 0.175 0.163 0.188

2010 1 0.115 0.103 0.127 0.125 0.115 0.135 0.132 0.118 0.145
2 0.151 0.141 0.161 0.156 0.148 0.165 0.138 0.129 0.148
3 0.243 0.233 0.253 0.215 0.207 0.224 0.147 0.139 0.155
4 0.318 0.306 0.330 0.355 0.340 0.371 0.271 0.255 0.288
5 0.430 0.413 0.447 0.531 0.512 0.551 0.422 0.403 0.443
6 0.414 0.397 0.432 0.424 0.407 0.439 0.356 0.335 0.376
7 0.363 0.347 0.380 0.331 0.313 0.348 0.330 0.311 0.349
8 0.363 0.341 0.384 0.413 0.394 0.431 0.401 0.379 0.422
9 0.321 0.303 0.339 0.253 0.236 0.270 0.333 0.314 0.351
10 0.235 0.196 0.233 0.189 0.162 0.192 0.228 0.203 0.242
11 0.210 0.198 0.222 0.181 0.171 0.192 0.186 0.173 0.199
12 0.140 0.128 0.152 0.116 0.108 0.124 0.094 0.085 0.102

2011 1 0.190 0.172 0.209 0.1410 0.130 0.154 0.134 0.12 0.147
2 0.195 0.183 0.206 0.189 0.179 0.199 0.154 0.142 0.165
3 0.226 0.216 0.238 0.232 0.217 0.247 0.175 0.163 0.189
4 0.292 0.280 0.303 0.345 0.331 0.359 0.286 0.269 0.301
5 0.221 0.209 0.233 0.304 0.292 0.317 0.247 0.233 0.261
6 0.224 0.209 0.239 0.211 0.196 0.225 0.240 0.226 0.256
7 0.301 0.283 0.319 0.449 0.427 0.468 0.356 0.335 0.377
8 0.296 0.281 0.312 0.507 0.487 0.527 0.360 0.342 0.379
9 0.215 0.200 0.231 0.371 0.352 0.391 0.365 0.344 0.384
10 0.167 0.149 0.187 0.287 0.264 0.312 0.260 0.242 0.279
8 0.296 0.281 0.312 0.507 0.487 0.527 0.360 0.342 0.379
9 0.215 0.200 0.231 0.371 0.352 0.391 0.365 0.344 0.384
10 0.167 0.149 0.187 0.287 0.264 0.312 0.260 0.242 0.279
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Table A2. Distribution of parameters from bootstrap simulations of H (simple regression: H¼ b0þ b1Rn). LCL¼
lower limit of 95% confidence region, UCL ¼ upper limit of 95% confidence region.

Year Month

Mesic site Intermediate site Xeric site

Estim. Param. LCL UCL Estim. Param. LCL UCL Estim. Param. LCL UCL

Intercept (b0)
2008 10 12.38 7.67 18.27 47.30 43.68 51.08 34.34 29.71 39.56

11 21.69 19.95 23.39 34.86 32.80 36.77 21.45 19.73 23.10
12 18.38 16.73 19.94 23.78 22.23 25.34 20.21 18.50 21.9

2009 1 20.23 18.71 21.62 22.01 20.64 23.4 21.18 19.64 22.77
2 20.28 18.21 22.22 23.38 21.65 25.00 18.12 16.58 19.57
3 24.27 22.12 26.50 27.35 25.4 29.14 20.71 18.95 22.43
4 35.99 33.65 38.36 37.61 35.19 40.04 25.42 23.50 27.52
5 23.71 21.40 26.15 27.78 25.22 30.46 27.36 24.71 29.93
6 23.77 20.31 27.34 26.95 23.88 30.38 28.70 24.85 32.58
7 19.55 16.22 22.76 24.45 21.25 27.76 27.11 23.51 30.55
8 19.90 15.80 24.24 22.78 19.38 26.74 23.44 18.83 27.86
9 21.96 19.57 24.57 31.38 28.91 34.13 24.97 22.12 27.91
10 23.87 11.83 25.82 35.58 30.95 37.16 26.39 22.89 28.08
11 26.80 23.94 29.74 28.8 26.81 30.86 23.35 21.26 25.54
12 28.07 26.69 29.43 25.43 24.08 26.77 20.91 19.79 21.98

2010 1 18.71 17.5 19.77 18.11 17.05 19.26 16.03 15.05 17.05
2 26.05 24.73 27.45 25.42 23.91 26.9 21.33 20.12 22.57
3 33.22 31.49 34.98 29.22 27.79 30.8 23.28 21.71 25.09
4 27.38 24.99 29.76 34.97 32.16 37.92 31.23 27.98 34.32
5 25.54 22.32 28.69 35.59 31.94 39.23 41.95 36.96 46.59
6 19.54 15.35 23.64 19.33 15.33 23.05 37.15 31.81 42.62
7 17.86 15.31 20.32 22.09 19.66 24.41 23.85 21.07 26.75
8 16.64 13.98 19.55 21.27 18.64 23.91 21.10 18.01 23.94
9 17.86 15.07 20.88 16.81 14.80 18.97 25.39 22.09 28.71
10 14.98 11.83 16.94 14.09 10.72 14.93 18.61 14.83 19.82
11 13.95 12.32 15.71 17.14 15.8 18.61 18.98 17.19 20.76
12 12.97 11.84 14.19 13.07 12.13 13.89 10.33 9.34 11.34

2011 1 19.21 17.13 21.47 17.79 16.4 19.09 17.33 15.95 18.54
2 19.18 17.23 21.25 22.20 20.28 24.11 18.15 16.63 20.09
3 21.71 19.69 23.7 24.33 22.29 26.31 20.23 18.53 22.18
4 24.76 22.17 27.48 33.93 30.98 37.11 27.94 24.52 31.18
5 20.33 18.00 22.52 26.09 23.86 28.09 24.67 22.14 27.16
6 17.95 15.13 20.70 18.73 16.28 21.32 23.89 20.65 27.06
7 18.51 14.65 22.07 26.54 23.05 29.84 19.49 15.38 23.49
8 17.72 14.51 21.21 32.03 28.28 35.81 19.58 15.41 23.25
9 18.37 15.89 20.73 25.61 23.06 27.93 26.11 23.23 29.12
10 18.43 15.97 21.16 26.17 23.74 28.28 26.36 23.60 28.90

Slope (b1)
2008 10 0.227 0.187 0.264 0.425 0.389 0.457 0.208 0.186 0.229

11 0.202 0.190 0.214 0.314 0.294 0.332 0.167 0.154 0.180
12 0.212 0.198 0.227 0.232 0.216 0.248 0.149 0.138 0.160

2009 1 0.163 0.150 0.176 0.167 0.156 0.179 0.140 0.128 0.153
2 0.178 0.166 0.191 0.172 0.159 0.184 0.134 0.123 0.146
3 0.219 0.209 0.23 0.221 0.211 0.232 0.169 0.160 0.178
4 0.300 0.287 0.312 0.33 0.318 0.344 0.231 0.219 0.243
5 0.360 0.343 0.376 0.392 0.376 0.410 0.368 0.351 0.385
6 0.419 0.401 0.436 0.396 0.378 0.413 0.397 0.377 0.416
7 0.413 0.394 0.430 0.407 0.387 0.427 0.370 0.353 0.387
8 0.440 0.422 0.457 0.424 0.407 0.440 0.427 0.406 0.448
9 0.425 0.410 0.439 0.475 0.459 0.492 0.406 0.387 0.423
10 0.325 0.300 0.338 0.396 0.357 0.412 0.340 0.307 0.361
11 0.308 0.287 0.328 0.319 0.301 0.336 0.284 0.268 0.300
12 0.202 0.189 0.215 0.181 0.166 0.196 0.175 0.163 0.188

2010 1 0.115 0.103 0.127 0.125 0.115 0.135 0.132 0.118 0.145
2 0.151 0.141 0.161 0.156 0.148 0.165 0.138 0.129 0.148
3 0.243 0.233 0.253 0.215 0.207 0.224 0.147 0.139 0.155
4 0.318 0.306 0.330 0.355 0.34 0.371 0.271 0.255 0.288
5 0.430 0.413 0.447 0.531 0.512 0.551 0.422 0.403 0.443
6 0.414 0.397 0.432 0.424 0.407 0.439 0.356 0.335 0.376
7 0.363 0.347 0.380 0.331 0.313 0.348 0.330 0.311 0.349
8 0.363 0.341 0.384 0.413 0.394 0.431 0.401 0.379 0.422
9 0.321 0.303 0.339 0.253 0.236 0.270 0.333 0.314 0.351
10 0.235 0.196 0.233 0.189 0.162 0.192 0.228 0.203 0.242
11 0.210 0.198 0.222 0.181 0.171 0.192 0.186 0.173 0.199
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Table A2. Continued.

Year Month

Mesic site Intermediate site Xeric site

Estim. Param. LCL UCL Estim. Param. LCL UCL Estim. Param. LCL UCL

12 0.140 0.128 0.152 0.116 0.108 0.124 0.094 0.085 0.102
2011 1 0.190 0.172 0.209 0.141 0.130 0.154 0.134 0.120 0.147

2 0.195 0.183 0.206 0.189 0.179 0.199 0.154 0.142 0.165
3 0.226 0.216 0.238 0.232 0.217 0.247 0.175 0.163 0.189
4 0.292 0.280 0.303 0.345 0.331 0.359 0.286 0.269 0.301
5 0.221 0.209 0.233 0.304 0.292 0.317 0.247 0.233 0.261
6 0.224 0.209 0.239 0.211 0.196 0.225 0.240 0.226 0.256
7 0.301 0.283 0.319 0.449 0.427 0.468 0.356 0.335 0.377
8 0.296 0.281 0.312 0.507 0.487 0.527 0.360 0.342 0.379
9 0.215 0.200 0.231 0.371 0.352 0.391 0.365 0.344 0.384
10 0.167 0.149 0.187 0.287 0.264 0.312 0.260 0.242 0.279
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