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Time series analysis of forest carbon dynamics: recovery
of Pinus palustris physiology following a prescribed fire
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Abstract Frequency and intensity of fire determines the structure and regulates the
function of savanna ecosystems worldwide, yet our understanding of prescribed fire
impacts on carbon in these systems is rudimentary. We combined eddy covariance (EC)
techniques and fuel consumption plots to examine the short-term response of longleaf pine
forest carbon dynamics to one prescribed fire at the ends of an edaphic gradient (mesic and
xeric sites). We also introduce novel (to the EC research community) statistical time-series
approaches to quantify the drivers of carbon dynamics in these systems. We determined
that our mesic site was a moderate sink of carbon (—157.7 4= 25.1 g C m™2 year™ '), while
the xeric site was carbon neutral (5.9 & 32.8 ¢ C m* year ') during the study. The fire
released 408 and 153 g C m? year™ ! for the mesic and xeric sites, respectively. When loss
associated with fire was combined with net ecosystem exchange rates, both sites became
moderate carbon sources for the year. Analyses of assimilation and respiration parameters
(e.g., maximum photosynthesis, quantum efficiency, and daytime ecosystem respiration)
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showed a positive trend over time pre-fire and a negative trend over time post-fire for
maximum ecosystem CO, uptake rates, and the opposite relationship for daytime eco-
system respiration rates. Within 30 days following fire, ecosystem physiological activity
was statistically similar to pre-fire and appeared to be driven by the pine canopy. Our
results suggest that prescribed fire (low intensity, high frequency) maintains the existing
structure and function (in this case, carbon flux rates) because longleaf pine ecosystems
have evolved with fire. This study, 1 year in length, provides a foundational understanding
of the complex interaction between fire and carbon dynamics for longleaf pine ecosystems.
Moreover, it provides a case study for applying time series analysis methods to EC data
where there are complex relationships between ecosystem physiological activity and
environmental drivers. However, to elicit a broader understanding of the complex inter-
action occurring between fire and carbon dynamics long- term studies are needed.

Keywords Longleaf pine - Net ecosystem exchange (NEE) - Ecosystem respiration
(Reco) - Gross ecosystem exchange (GEE) - Prescribed fire - ARIMA models

Introduction

Present-day forest management techniques utilize prescribed fires to mimic historic, nat-
ural high frequency and low intensity disturbance regimes in Southeastern USA pine
forests. Prescribed fire is the dominant source of ignition in Pinus palustris (longleaf pine)
ecosystems. However, few studies have focused on the C dynamics of these ecosystems
and their fire management (Wiedinmyer and Neff 2007) even though model simulations
identify the interaction of water and fire as a key driver of C budgets (Ryan and Williams
2011). Because fire regulates the spatial and temporal patterns in ecosystem C dynamics
(Wiedinmyer and Neff 2007), the feedbacks among fire, vegetation and the environment
complicate these patterns (Mitchell et al. 2009). Temperatures in the historic range of
longleaf are predicted to increase in the coming decades, though because of the dominance
of convection as a driver of precipitation, how precipitation patterns in the region will
change remain uncertain (Mitchell et al. 2014). Understanding these feedbacks is necessary
to predict fire impacts on C budgets today and with future climate change scenarios
(Wiedinmyer and Neff 2007).

The urgency to develop an understanding of these interactions has grown with the
predictions of longer and more intense fire seasons for several parts of the world due to
changing climate (IPCC 2014). Under IPCC scenarios, the estimated average area that will
burn in some forests may double by the year 2050 (Balshi et al. 2009). These predictions of
increased area burned, however, are chiefly associated with wildfires in boreal forests
(Randerson et al. 2006). While much less is known with respect to how climate change will
impact the carbon (C) dynamics of ecosystems dependent on frequent fire, such as sav-
annas (Abrahamson and Hartnett 1990), we know the direct effect of fire results in the
combustion of fuels that rapidly release CO, to the atmosphere. Biomass burning, both
natural and anthropogenic, is often identified as a major regional source of atmospheric C,
but one that is variable in both time and space (Wiedinmyer and Neff 2007). Yet, few
empirical data sets have been produced that measure carbon dynamics through multiple
disturbances such as fire (Girod et al. 2007) or include investigations of these processes
across time and space.
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Fire is also important in sustaining ecosystem function in global assessments. When fire
is considered, it is often addressed uni-dimensionally and lacks interactive effects. Fire not
only controls physiognomy (Bond et al. 2005) and productivity (Bond-Lamberty et al.
2007), but also the diversity in many forests (Kruger 1983). Recently, Grace et al. (2006)
suggested that lengthening the fire return interval in savanna ecosystems could increase the
amount of C stored globally. However, this management practice may be unsustainable
since fire frequency, risk, and intensity are inversely related; thus, increasing periods
between fire return interval would likely result in increased fuel loads and greater risk of
intense wildfire (Girod et al. 2007). Clearly, filling scientific gaps in understanding how fire
and water interactions regulate C dynamics in frequently burned ecosystems is necessary
(Martin et al. 2001).

The pine grasslands of the southeastern coastal plain of the US provide an archetypical
model to understand the interaction among fire, water and C dynamics. These systems are
dependent on frequent fires to maintain their plant species richness (Kirkman et al. 2004).
Alterations in ecosystem fire regimes or climate could lead to instability in these C pools
that, in turn, result in additional C release to the atmosphere. We established a study in two
longleaf pine ecosystems at the ends of an edaphic moisture gradient (mesic and xeric
sites) to better understand the interactions between prescribed fire and C dynamics within
these savanna ecosystems. We used eddy covariance (EC) techniques to assess the C
dynamics in these two ecosystems prior to and following one prescribed fire. In this study,
we hypothesized that: (1) Fire would not have a significant long lasting effect (less than
30 days) on longleaf pine ecosystem physiological activity as it relates to carbon dynamics
since these systems evolved with fire. (2) Environmental variation would have a greater
role in ecosystem carbon dynamics than would fire even over the 1 year duration of this
study.

To test such hypotheses, we employed non-linear modeling, as well as time series
methods utilizing autoregressive integrated moving average (ARIMA; Box et al. 1994)
models. While time series methods are not new to the field of biology, we are unaware of
other studies that use these methods with eddy covariance derived carbon fluxes. There-
fore, an additional goal of this paper is to provide a case study for their use in quantifying
the drivers of carbon dynamics in these systems.

Methods
Site description

The study was conducted at the Joseph Jones Ecological Research Center (JJERC) in
southwestern Georgia, USA from July 1, 2008 to June 30, 2009. The JJERC is an
11,000 ha reserve located within the Lower Coastal Plain and has extensive stands of
second-growth longleaf pine (Pinus palustris Mill) that is managed with low intensity,
dormant-season prescribed fires (Mitchell et al. 1999).

We selected study sites with soils in two drainage classes falling on the ends of an
edaphic gradient for longleaf pine—wiregrass ecosystems at the JJERC: (i) The mesic site
(31.279°N, —84.532°W, 165 m.a.s.l.) occurs on an upland terrace with soil classified as
Aquic Arenic Kandiudults. These soils are sandy loam over sandy clay loam or clay on
nearly level slopes with a water holding capacity of 40 cm water m~" soil (Mitchell et al.
1999). An argillic horizon is present within 50 cm of the soil surface. The xeric site
(31.269°N, —84.479°W, 160 m.s.a.l.) occurs on an upland sand ridge with an undulating
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slope of 3—4 % and a deep, sandy soil with no argillic horizon, i.e, no significant accu-
mulation of clay is found within 300 cm of the surface. These soils are Typic Quartzip-
samments with a water-holding capacity (in the upper 300 cm) of ~ 18 cm water m™ ' of
soil (Mitchell et al. 1999).

The mesic ecosystem is characterized by a single overstory of dominant longleaf pine,
while the xeric ecosystems is dominated by open stands of longleaf pine and scrub oaks,
where the co-dominant oak, turkey oak (Quercus laevis Walter) occurs in all the above-
ground strata. Dense ground cover at all sites is dominated by perennial wiregrass (Aristida
stricta Michx.), with numerous species of other perennial grasses and forbs also present
(Goebel et al. 2001), yet leaf area index (LAI) is still rather small (0.65-1.1 and
0.22-0.39 m*> m 2, for the mesic and xeric sites respectively; Addington et al. 2006).
These sites have previously been described by Mitchell et al. (1999). Longleaf pine eco-
systems have evolved with very high fire frequency (every 1-3 years; Christensen 1981),
when fire is suppressed for as little as 4 years the ecosystem loses biodiversity and its
structure and function are altered (Way 2006). For this reason our study does not include a
“control site” where fire is excluded. During this study, the xeric and the mesic sites were
burned January 12 and 14, 2009, respectively. Both sites are on a 2-year burn cycle and
were previously burned in winter 2007; this burn cycle falls within the natural frequency of
fire for the ecosystem (Christensen 1981).

Each fire was set using backing fires on the downwind side of the management unit,
moving the fire away from a downwind fire-break. Strip head fires were then set per-
pendicular to the wind, starting on the downwind end of the unit and moving upwind. Fires
were initiated ~30-50 m apart depending on fuel patterns, local weather conditions, and
fire behavior.

Eddy covariance methodology

Net ecosystem exchange of CO, (NEE) was measured continuously using open-path EC
techniques (Ocheltree and Loescher 2007). By applying a control volume approach, NEE
was estimated through a simplification of the continuity equation (Eq. 1). The vertical rate
of change of mean molar CO, concentration and the vertical scalar flux divergence from
ground level to the measurement height (z, m) are represented by integrals I and II in Eq. 1,
respectively (Loescher et al. 2006a),

i opC / opC'w'
NEE = | —0z 0z 1
/ ot et a (M)
0 0
1 11

where C is CO, concentration (mol CO, m~>) and w is the vertical wind velocity (m s7h.
Primes denote instantaneous fluctuation (at 10 Hz) about the mean, and overbars denote
the mean over a 30 min averaging period. CO, is stored directly beneath the EC instru-
mentation and was calculated as a function of mean molar CO, concentration and mea-
sured height. CO, concentration and the vertical velocities were measured at a fixed plane
above mean canopy height. CO, and water vapor concentration were measured with an
open path infrared gas analyzer (IRGA, LI-7500, LI-COR Inc., Lincoln, NE, USA), and
three dimensional windspeed and air temperature (T,;) were measured with a three
dimensional sonic anemometer (CSAT3, Campbell Scientific, Logan, UT, USA). These
sensors were installed approximately 4 m above mean canopy height at each site (34.5, and
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34.9 m for the mesic and xeric sites, respectively). The sonic anemometer and the IRGA
were placed approximately 0.2 m apart in order to minimize flow distortion. The optical
path of the IRGA was vertically aligned to match the sampling volume of the sonic
anemometer. Digital signals from the sonic anemometer and gas analyzer were collected
by a datalogger (CR3000, Campbell Scientific Inc.) at 10 Hz. The IRGAs were calibrated
every ~30 day using a traceable standard for CO, (600 ppm =+ 1.0 %), a dew point
generator for H,O (LI-610, LI-COR Inc.), and N, gas scrubbed with soda lime and
Drierite, according to the protocols outlined by AmeriFlux (Loescher and Munger 2006).

Meteorological instrumentation

The datalogger that collected flux measurements also recorded: precipitation (TE525
Tipping Bucket Rain Gage, Texas Electronics Inc., Dallas, TX, USA), barometric pressure
(Vaisala PTB110, Campbell Scientific, Logan, UT, USA), T,;, and relative humidity (RH;
Model HMP45C, Campbell Scientific, Logan, UT, USA), 4-component net radiation
(NRO1, Hukseflux Thermal Sensors, Delft, The Netherlands), photosynthetically active
radiation (PAR; LI-190, LI-COR Biosciences, Lincoln, NE, USA), global radiation (LI-
200, LI-COR Biosciences, Lincoln, NE, USA), and wind direction and velocity (Model
05103-5, R.M. Young Company Inc., Traverse City, MI, USA). Vapor pressure deficit
(VPD) was calculated using the Clausius—Clapeyron equation as a function of Ty.
Meteorological instrumentation was mounted atop the same flux towers.

Soil meteorological measurements were collected on a second datalogger (CR10X,
Campbell Scientific Inc., Logan, UT, USA) and included: soil heat flux plates buried at
8 cm (HFPO1, Hukseflux Thermal Sensors, Delft, The Netherlands), volumetric water
content (VWC) integrated over the top 30 cm of soil (CS616 water content reflectometer,
Campbell Scientific, Logan, UT, USA) and soil temperature at 4 and 8 cm below the soil
surface (Type-T copper—constantan thermocouples, Omega Engineering, Inc., Stamford,
CT, USA). All sensors were measured every 10 s and averaged every 30-min.

Data processing

Raw EC data were processed using EdiRe (v.1.4.3.1184; Clement 1999), which carried out
a 2-d coordinate rotation of the horizontal wind velocities to obtain turbulence statistics
perpendicular 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) following Loescher et al. (2006b).
Using this approach, we found that the 2-d rotation minimized uncertainty from one
30-min average to another due to the definition of the coordinate framework (data not
shown), and the block averaging optimized the range of turbulent frequencies captured. In
addition the study areas have relatively short roughness lengths (0.75 m), uniform canopy
structure (~22.0 and 23.0 m canopy height for the xeric and mesic, respectively), and
relatively flat topography (<0.5 m of elevation change within each towers footprint).
Because of this we assumed that the influence of coherent structures (i.e., ramp structures,
Loescher et al. 2006b) and low frequency effects were captured by this approach. 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 (Massman 2004), and differences
in the frequency response between the CSAT3 and the Li-7500 (Massman 2000). Baro-
metric pressure data were used to pressure correct all fluxes.
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Flux data screening was applied following to eliminate 30-min fluxes resulting from
systematic errors such as: (1) rain and condensation in the sampling path as indicated by an
automatic gain control value >62 (Li-7500 Li-Cor Manual), (2) incomplete 30-min data-
sets during system calibration or maintenance, (3) values of the standard deviations for u,
v, and w winds greater than 3.0, (4) CO, concentration outside feasible range, and, (5) poor
coupling of the canopy with the external atmospheric conditions, as defined by the friction
velocity, u*, using a threshold <0.20 m s7! (Whelan et al. 2013). Because these pine
ecosystems have an open and evergreen canopy, with little seasonal structure change,
seasonal differences in the u* threshold were not observed (data not shown). Quality
assurance of the flux data was also maintained by examining plausibility tests (i.e., NEE
<—30 and NEE >30 pmol m s h, stationarity criteria, and integral turbulent statistics
(Foken and Leclerc 2004).

EC measurements of NEE were estimated at a temporal resolution of 30 min (Loescher
et al. 2006a), such that:

NEP ~ —NEE (2a)

GPP ~ GEE = —NEE + Rec, (2b)

where, NEP is net ecosystem production, GPP is gross primary production, GEE is gross
ecosystem exchange, and R, is ecosystem respiration. GPP cannot be measured directly
using standard eddy covariance techniques, but rather is estimated from the right hand
terms in Eq. 2b. Half hourly fluxes of NEE (umol m > s™") were used to calculate GEE in
g C m~? s~ from Egs. 2a, 2b, which follow the logic that govern productivity in Ran-
derson et al. (2002) and that govern the interpretation of those processes using the
micrometeorological measurement approaches in Loescher et al. (2006a).

Missing half hourly data were gap-filled using separate functions for day and night
(NEE 4y, NEE, ;o). We used the functional forms of the Michaelis—Menten (Ruimy et al.
1995) and Lloyd and Taylor (1994) equations for our data for day and night gap-filling,
respectively. When PAR was >10 pmol m 2 s~!, NEE data were gap-filled with Eq. 3,
and when PAR was <10 umol m ™2 s~!, NEE data were gap-filled using Eq. 4:

1¢P max

N = P
max

+ Ry (3)

NEE ighi = Rocy = Roe" o (4)

where, o is the apparent quantum efficiency (—pmol CO, pmol quanta’l), ¢ is PAR (pumol
quanta), R, is ecosystem respiration (mol CO, m~2s7Y), P, is the maximum ecosystem
CO, uptake rate (umol CO, m 2 s 1), Ry is the base respiration rate when air temperature
is 0 °C, and b is an empirical coefficient. These functional relationships were calculated on
a monthly basis by site to gap-fill where enough data were available. When too few
observations were available to produce stable and biologically reasonable parameter
estimates, equations estimated from annual data were used to gap-fill data by site.

Half hourly NEE, GEE, and R.., values were used to generate summed pre-and post-
fire, and annual descriptive statistics. Gap-filled data accounted for 28 and 37 % of daytime
and 55 and 65 % of nighttime values for mesic and xeric sites, respectively.

Error estimation from gap-filled values of NEE was performed via bootstrap methods
(Whelan et al. 2013). We generated 1,000 synthetic datasets for each estimated gap-filling
model (day and night models in Egs. (3) and (4), respectively), and constructed the dis-
tribution of each model parameter. Bootstrap procedures were performed monthly for gap-
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filling models to estimate missing NEE,,, data, and for 16 of the 24 months for estimating
missing NEE,, data. The remaining 8 months utilized annual NEE,;,,, equations from
their respective sites. In all cases, parameter estimates from the original data were bio-
logically reasonable and within the 95 % confidence region constructed from the bootstrap
samples (Tables 5 and 6 in Appendix).

Fuel consumption

Due to the fast movement of the prescribed fire, the 30 m NEE data products showed no
evidence of elevated CO, concentrations or variation in fluxes; therefore we account for
loss of carbon by combining annual EC estimates of NEE and biomass consumption
estimates. Carbon loss from prescribed burning was measured using the methods described
by Ottmar et al. (2007). Destructive harvest of herbaceous fuels, litter and any woody plants
<1 m in height were collected from 0.75 m? circular plots. The number of plots was
determined based on the variability among plots, such that the standard error of mean
(SEM) was <15 % of the mean value. The number of samples varied from 10 to 20 by site
to maintain 15 % SEM. Post-fire fuel assessments were made within 3 days of fire to
collect any unburned organic matter in the same categories as above but using 2 m x 2 m
plots. Consumption was determined by subtracting post-burn biomass from pre-burn
estimates. Samples were dried at 70 °C for a minimum of 48 h, then mass was recorded.
The amount of carbon was assumed to be 50 % of the dry weight of organic matter.

Tree mortality

Within the footprint of each flux tower we established 4 monitoring plots (50 x 50 m) in
which we recorded the location and size of all trees with diameter at breast height (DBH)
over 5 cm. Each tree was assessed at the end of the growing season, November 2008. The
following November all trees were again surveyed to determine mortality. If a tree was
classified as dead, we assessed the cause of mortality (i.e. fire, lightning or insect infes-
tation). This survey was conducted to provide evidence that the prescribed fire had a
negligible effect on forest canopy cover and ultimately the ecosystem’s physiology.

Statistical analysis

Statistical models were formulated to test hypotheses about relationship between pre- and
post-fire CO, exchange, and environmental drivers of CO, exchange. All analyses were
conducted using SAS software (Version 9.2; SAS Institute Inc., Cary, NC, USA). To
evaluate the recovery in physiological activity following prescribed fire (hypothesis 1), we
investigated NEE light response and temperature response curves (Egs. 3 and 4, respec-
tively). Curves were fit separately for each day to characterize changes in the response
curves at time points moving from pre- to post-fire. Curves were fit using the SAS pro-
cedure PROC NLIN using data from days where there were at least ten non-missing (i.e.,
non-gap-filled) observations. In order to characterize changes in the shape and asymptotic
behavior of the curve, the estimated parameters o, P,,.., R; Ry, and b were used as
response variables in five separate general linear models (GLMs). The SAS procedure
PROC GLM was used to estimate the effects of site, day, and pre-/post-burn on the light
and temperature response curve parameters. Residuals were tested to ensure that they met
the assumption of independence via the Durbin—Watson autocorrelation test, as well as
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normality and homoscedasticity. Least square mean estimates of the curve parameters were
then used to graph results and to better visualize the temporal effect of fire on NEE’s light
and temperature response.

To test hypothesis (2), ARIMA models were formulated for NEE and R..,. Since half-
hourly flux data contain high levels of autocorrelation, simpler methods, such as general
linear models (GLMs) cannot be used, as data violate the assumption of independence and
the resultant tests of significance are far more sensitive than ecologically or statistically
appropriate. To mitigate issues of autocorrelation, some previous studies have utilized
summary data to formulate GLMs (Whelan et al. 2013). Data summarization, however,
greatly reduces the number of time points available for analysis, and may introduce bias as
a consequence of Jensen’s inequality (Sierra et al. 2009). The advantage of using ARIMA
models is that the internal structure of the data (e.g., autocorrelation, seasonality) is
explicitly accounted for by incorporating past values, and the complete record of obser-
vations can be used. For example, a first-order autoregressive moving average, or
ARMAC(1,1) model, predicts the current time period value (Y;) using its one period previous
value (Y,_;) and its associated error (g_):

Y[:M+061Yt,1+8f+08,,1 (5)

where p is the mean of the series, o, is the first-order autoregressive (AR) coefficient, ¢ is
the first-order moving average (MA) coefficient, ¢, is the current period error, and ¢,_; is its
one period previous error. A diurnal component can be added to the model by adding
“seasonal effects” lagged every 48 observations (equivalent to 1 day). Potential covariates
(X) can also be added as predictor variables, which may also have lagged components:

Vi=u+oY_y +ouglas + XPB + & + Og_ (6)

where o4g is the AR coefficient associated with a lag of 48 periods (1 day), Y;_4g is the
observation taken at that period, and P is a vector of coefficients associated with each
covariate.

Since these models are adversely affected by missing data, gap-filled NEE and R, data
were employed. To appropriately account for uncertainty in gap-filled predictions, the
estimated random error associated with prediction equations was included in each pre-
diction. Environmental variables investigated as explanatory variables included PAR, net
radiation, wind speed and direction, precipitation, T,;,, RH, atmospheric pressure, VWC,
Tsi, and VPD. A correlation analysis was first employed to investigate relationships
among and between explanatory and response variables in order to better formulate sub-
sequent models (results not shown). Since RH and net radiation exhibited extremely high
correlations with VPD and PAR, respectively, they were dropped from further analyses to
avoid multicollinearity issues.

Following Brocklebank and Dickey (2003), all data series were first investigated for
stationarity, “pre-whitened” to white noise, and each independent variable’s cross-corre-
lation functions (CCF) with each response was examined to quantify lagged relationships.
Strictly stationary processes are those where the mean and standard deviation do not
change over time. We utilized the SAS procedure PROC ARIMA, verifying stationarity via
the augmented Dickey—Fuller test (Dickey and Fuller 1979). While the usual Pearson
correlation coefficient measures the synchronous correlation between two data series, the
CCF measures the asynchronous similarity between two series as time is lagged between
them. The CCF was computed for each input series with each response variable; however,
if an input series is autocorrelated, CCFs can be misleading. Thus, ARIMA models were

@ Springer



New Forests (2015) 46:63-90 71

identified for each input series utilizing the smallest canonical correlation method, and
series the residual, pre-whitened series were used in computing each CCF (Box et al.
1994). Graphical representations of each series’ correlation function were further used to
identify cyclical (daily) lags using a window of 10 days. We generated CCFs over a range
of positive and negative time lags to determine the time-dependent nature of relationships
between the dependent variables (NEE and R..,) and each pre-whitened input variable.

A full model including all environmental variables and their interactions with fire was
first estimated via the SAS procedure PROC ARIMA, and appropriate AR and MA
components were retained by examining autocorrelation patterns of model residuals.
Model fit was evaluated via Akaike’s Information Criteria (AIC). Non-significant effects
(p < 0.05) were dropped sequentially from models until all effects remaining were sig-
nificant and/or no AIC improvements were made. Residuals from final estimated models
were tested for normality, homoscedasticity, and autocorrelation. Models of NEE and R,
as a function of burning and environmental variables were estimated by site, and a Bon-
ferroni correction was used to compare the effects of environmental variables and fire
between sites.

Results
Environmental conditions

Though the mesic and xeric sites differ markedly in soil water holding capacity, they are
separated spatially by less than 5 km, and thus most of the other environmental variables
are quite similar between sites (Fig. 1). Over the study period, the lowest monthly mean
temperature occurred during January 2009 (10.7 °C at both sites), and the highest monthly
mean temperature occurred in June 2009 (27.4 and 27.6 °C at the mesic and xeric sites,
respectively). The long term mean temperatures for the coldest and warmest months are 9.6
and 26.2 °C (NCDC 2002, Station ID: COOP 090140). The mean annual temperature at
both sites, as well as the long-term mean annual temperature for the area was 19.1 °C
(NCDC 2002, Station ID: COOP 090140). Similar to PAR, both VPD and RH roughly
followed seasonal patterns, and differed little between the two sites (Fig. 1). The lowest
values occurred during the winter months and higher values occurred during the warmer
summer months (Fig. 1d, e). There were some small differences (<5 mm month’l) in
precipitation totals between the xeric and mesic sites, mostly due to local convective-
driven precipitation, as opposed to synoptic-scale events (Fig. 1b). Over the measurement
period, precipitation totaled 1,365 mm at the xeric site and 1,429 mm at the mesic site.
These totals were slightly higher than the long-term mean total annual precipitation for the
area of 1,343 mm (NCDC 2002). Because sites were chosen by differences in soil water
holding capacity, there were noticeable and expected differences in VWC. In general, the
xeric site had lower VWC over the measurement period than that found at the mesic site
(Fig. 1c). One exception to this difference was in the late summer and fall of 2008, when
there was virtually no difference in VWC (Fig. 1c). Lastly, the sites differed markedly in
wind patterns, with the xeric site experiencing about 10 % higher wind speeds.

Annual carbon balance and fire

The annual NEE measured via EC methods in the mesic site was —157.7 & 25.1 g Cm ™

year’l, making it a moderate carbon sink during the course of this study, while the annual
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Fig. 1 Environmental variables measured at mesic and xeric sites at the Jones Center from July 2008 to
June 2009. Monthly means were calculated for: a photosynthetically active radiation (PAR), b air
temperature (T,;,), ¢ volumetric water content (VWC), d vapor pressure deficit (VPD), e relative humidity
(RH). Monthly sums were calculated for precipitation (f). Open dots and filled dots represent data from the
xeric and mesic sites, respectively. Prescribe fires were conducted in January of 2009 at both of the sites

estimate for NEE in the xeric site suggested it was carbon neutral (5.9 & 32.8 g C m >

year~ ') (Table 1). Carbon loss from fuel consumption by the fire was estimated from clip
plots as 407.6 and 152.6 g C m * for the mesic and xeric sites, respectively. Litter
accounted ~ 82 % of the carbon lost on consumption from each site, ~9 and 6 % of the
loss could be attributed to pine cones at the xeric and mesic sites, respectively. The
remaining losses on ignitions could be contributed to coarse woody material consumption
(3 and 9 % for the xeric and mesic sites, respectively), ~0.5 and 2 % for grasses at the
xeric and mesic sites, respectively). The small remaining losses were attributed to woody
shrubs (<1 % at each site). When the carbon losses associated with fire were combined
with our annual NEE rates, both sites were carbon sources, with the mesic site releasing
249.9 and the xeric site 163.9 C m™? year ', respectively during the study period.
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The survey of tree mortality post-fire showed a total of 3 trees died the year following
fire (two at the xeric and one at the mesic sites). In both cases visual inspection showed that
these trees were killed by lightning, not prescribed fire. This equates to <1 tree per hectare
and in each case the tree was a mid-story individual and had no substantial effect on the
carbon dynamics of the ecosystem.

Fire effects on NEEg,,

NEEy,, (Eq. 3) was modeled on a daily basis by site for all days where less than 50 % of
values were gap-filled, resulting in 565 curves (301 and 264 from the mesic and xeric sites,
respectively). More than half of the curves were fit with >21 observations, and less than
1 % of the curves had fewer than 11 observations. Curve fits which produced statistical or
biologically infeasible results were discarded, resulting in parameter estimates from
397 days (217 and 180 from the mesic and xeric sites respectively).

GLMs of the parameter estimates for the light response curve («, P, and R;) were
estimated, and in all cases the Durbin—Watson statistic indicated that data met the inde-
pendence assumption for GLM. The interactions of burn (pre- vs. post-), site, and day
number were added to the model with simple effects to enable different linear effects pre-
and post-burn in each site. A quadratic effect for day number was also added to the model
to accommodate the peaking curvilinear relationships of the parameters versus day, which
were apparent from initial exploratory plots of the data. Results indicated that o, P,,,,, and
R, were significantly different over site, burn, and day number, and the significant qua-
dratic effect of day indicated that the effects over time were non-linear (Table 2), though
results for R, were only marginally significant (0.05 < p < 0.10).

Apparent quantum efficiency (o) was significantly different by site pre-burn, with lower
values at the mesic site (p = 0.011); however, values were virtually identical by site post-
burn (Fig. 2a). o values also showed a curvilinear trend over time (p < 0.001), peaking at
~December 1, 2008 and dipping to a substantially lower value in both sites in June 2009,
indicating that the apparent quantum efficiency was lower 6 months post-burn versus
6 months pre-burn.

Table 1 Annual (g C m~> year ') and pre/post-fire estimates (g C m~2 season”') of net ecosystem
exchange (NEE), gross ecosystem exchange (GEE), and ecosystem respiration (Re.,) for the mesic and xeric
sites

Site NEE Reco GEE R..o/GEE (%)
Mesic
Pre-fire —332+ 148 9019 + 14 935.1 £20.8 96.5 + 3.7
Post-fire —1245 £+ 103 7009 £ 11.2 8244 + 154 85+ 3
Year total —157.7 £ 25.1 1,602.8 + 25.1 1,759.4 £+ 36.2 91.1 £ 34
Xeric
Pre-fire —5.4 £ 204 865.3 + 14.2 870.9 + 25.1 994 + 4.6
Post-fire 113+ 124 686.2 + 11.7 6749 £ 16.8 101.7 £ 4.4
Year total 5.9 + 3238 1,551.5 £ 259 1,545.7 + 42 1004 + 4.5

Estimates reported in this table do not include the estimated C emissions from combustion during the fires.
Convention follows Eq. 2a, 2b.

@ Springer



74 New Forests (2015) 46:63-90

Table 2 Tests of fixed effects for models of light response curve parameters for apparent quantum effi-
ciency, maximum ecosystem CO, uptake rate, and ecosystem respiration (o, P, and R, respectively;
Eq. 3) as a function of site, pre- versus post-burn, and day number and its square

Effect Num o (umol CO, pumol P,ax (nmol CO, m~2 R, (umol CO, m2s7h
DF quanta ! ) s )
Den F Pr>F Den F Pr>F DenDF F Pr>F
DF value DF value value
Day number 1 391 24.18 <0.001 387 6.59  0.011 388 0.8 0.371
Day number? 1 391 51.15 <0.001 387 527 0.022 388 143 0.232
Site 1 391 1.97 0.161 387 8.69  0.003 388 0.02 0.889
Day x site 1 387 022  0.641 388 021 0.644
Burn 1 391 13.27 <0.001 387 26.75 <0.001 388 191 0.168
Day x burn 1 387 2492 <0.001 388 1.68  0.196
Site x burn 1 391 6.59 0.011 387 1032 0.001 388 3.54  0.061
Day x site x burn 1 387 10.66  0.001 388 273 0.099

The NEE averaging period of this analysis is 0.5 h

Num DF numerator degrees of freedom for F test, Den DF denominator degrees of freedom for F test

P,... values (which represent maximum ecosystem CO, uptake rate) decreased over
time at both sites from summer to winter up to the time of the burn, and then increased
after the burn (Fig. 2b). The two sites were significantly different during the 3 months
leading up to the burn, and after the burn until May 2009. A stronger quadratic effect of
day in the mesic site indicated a dampened response of P, values as compared that in the
xeric site. While the transition at the mesic site from pre-burn to post-burn was almost
continuous, there was an abrupt reduction in P,,,, values at the time of burn in the xeric
site. Values in the mesic site for June 2009 were significantly higher versus July 2008,
indicating that maximum ecosystem CO, uptake rate was higher 6 months post-burn
versus 6 months pre-burn at the mesic site (Fig. 2b; Table 1).

R, values decreased in both sites up to the time of the burn from summer to winter, and
values at the mesic site from August through November were marginally significantly
higher compared to those of the xeric site (Fig. 2c). After the burn, values of R, increased,
and values at the xeric site were higher, but not significantly so. In contrast to the results
for P,,.., a stronger quadratic effect of day in the xeric site indicated a dampened response
of R, values as compared that in the mesic site. While the transition of R, in the xeric site
from pre- to post-fire was relatively smooth, R, at the mesic site showed an abrupt, though
non-significant reduction from pre- to post-burn conditions. Immediately after the burn, R,
values at the two sites were not significantly different. R, values in the xeric site at June
2009 were substantially higher versus July 2008, indicating that the daytime ecosystem
respiration was higher 6 months post-burn versus 6 months pre-burn.

Least square means of the parameter estimates for the light response curve (o, P, and
R,;) were generated for each site pre-and post-burn at various times in order to facilitate
comparisons. That is, the resulting least square mean combinations of «, P,,,,, and R; were
used to generate predicted light response curves before and after burning by site (Fig. 3a,
b). Post burn, the light response curve gradually shifted downward, indicating higher
ecosystem uptake of C for both sites. Similar light-response curves (PAR values >150
pmol m~2 s~ ') for the xeric site and mesic site at the beginning and end of the study
(190 days pre- and 160 post-burn, respectively) suggest complete recovery in the sites’
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Fig. 2 Least square mean values by site pre- and post-burn over time for a apparent quantum efficiency (),
b maximum ecosystem CO, uptake rate (P,.x), and ¢ ecosystem respiration (R;). 95 % confidence intervals

are shown as dotted lines

ability to sequester carbon as a function of light (Fig. 3a, b). There were no significant

differences between light response curves at the beginning and end of the study, except for

high (>800) PAR values in the mesic site. Because these curves include seasonal effects as
well, these results show the combined effect of seasonal changes in micrometerological

@ Springer



76 New Forests (2015) 46:63-90

—8— 190 days pre-fire
0 —e— 30 days pre-fire
= —— 7 days pre-fire
& —o— 7 days post-fire
g © —&— 30 days post-fire
o —%— 160 days post-fire
O
R
£
2
2
w | a
' T \ \ \ T
0 500 1000 1500 2000
PAR
—8— 190 days pre-fire
0 - —=— 30 days pre-fire
- —— 7 days pre-fire
» —$— 7 days post-fire
o —4— 30 days post-fire
EN © 7 —%— 160 days post-fire
O
O
R
£
2
i ]
2
o _| b
! T \ \ \ T
0 500 1000 1500 2000
PAR

Fig. 3 Predicted light response curves for a mesic site and b xeric site, generated pre- and post-burn. Day 0
corresponds to July 1, 2008, and burn took place on Day 199

effects and that of fire. The light response curves were not significantly different in either
site comparing 7 and 30 days post-fire (Fig. 3). After 30 days, the curves shift downward,
which showed increased carbon uptake capacity at each site. This suggests that the effects
of fire were temporary, with the influence of fire most pronounced in the 30 days post-fire.

Fire effects on NEE,;gn

GLMs of the parameter estimates for the temperature response curve (Eq. 4, Ry and b)
were estimated with fewer observations than with daytime light response curves due to the
high amount of nighttime data that had to be gap-filled. Only 171 dates (94 from mesic site
and 77 from xeric site) were <50 % gap-filled with stable and biologically reasonable
parameter estimates. As with the light response analysis, the interactions of burn, site, and
day number were added to the model with simple effects to enable different linear effects
to be estimated pre-and post-burn in each site. A quadratic effect for day number was also
added to the model to accommodate the curvilinear relationships of the parameters over
time apparent in the data. Results indicate that only the effect of day (quadratic) was
significant for Ry (p = 0.04; data not shown). Values of R increased up to the time of the
burn, then decreased, indicating that the base respiration rate decreased following burn, and
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Fig. 4 Predicted temperature response curves for a mesic site and b xeric site, generated pre- and post-
burn. Day 0 corresponds to July 1, 2008, and burn took place on Day 199

was lower (though not significantly so) in June 2009 versus July 2008. There were no
significant differences for any effect for the empirical parameter, b (p > 0.20).

Similar to the light response curves, least square means of the parameter estimates for
the temperature response curve parameters (Ry and b) were generated for each site at
various dates pre-and post-burn to facilitate comparisons. Although not significant, the
predicted temperature response curves shifted abruptly after the burn and in a different
direction in each site (Fig. 4a, b). In the mesic site, the temperature response curve shifted
downward, indicating an extremely attenuated NEE;qn response to Ty, whereas in the
xeric site the curve shifted upward, indicating an amplified NEE,gp, response to T, Post
burn, the temperature response curve gradually moved upward (less efflux) in the mesic
site, recovering to its pre-burn pattern about 4 months post-burn. The response curve in the
mesic site for June 2009 was much higher than that of July 2008 for temperatures above
15 °C, indicating an increased NEE response at higher temperatures. In the xeric site, the
curve recovered to its pre-burn pattern within 40-days after the burn. At the end of the
1 year period of measurement, the June 2009 xeric temperature response curve was
extremely attenuated versus the July 2008 measurement, indicating much less of an NEE
response to temperatures above 15 °C 6 months post-fire versus 6 months pre-fire. Though
our analysis of the nighttime temperature response curves lacked the statistical power to
show significant differences between sites or pre- versus post-burn, these results suggest
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that the burnt detritus pools and reduction in live ground cover contributed to the overall
respiration budget at short timescales (<1 day ™).

Interactions between fire and carbon fluxes

All series required short-term lags of '2- and 1-h for pre-whitening prior to estimating
models of NEE and R..,. Wind speed, rainfall, and VWC required additional 1%2- and 2-h
lags, VPD and pressure indicated an additional daily lag, and PAR, and T, required 1-
through 5-day lags. After pre-whitening, some small (<0.05) but statistically significant
autocorrelation remained in pre-whitened series; however, this sensitivity resulted from the
large number of observations available and was judged to be biologically insignificant.
Initial cross-correlation analyses indicated small (CCF <0.10) but significant asynchronous
correlations between NEE and all input variables except rainfall at half-hourly timesteps
(i.e., one-period lags). There were also small, significant correlations between R.., and
wind speed at a half-hourly lag. This necessitated the inclusion of additional lagged
autoregressive (AR) terms for these variables as predictors in ARIMA models. The
autocorrelation and partial autocorrelation functions of the residuals for the models of NEE
and R.., indicated significant correlation patterns, which violate assumptions for testing.
However, these issues were alleviated by including ’2- and 1 h AR terms (one- and two-
period lags, AR(1) and AR(2), respectively) and at a lag of 1 day (48 periods, AR(48)), and
Y- and 1 h MA (MA(1) and MA(2), respectively) terms for the response variables
themselves.

The final form of the NEE ARIMA model indicated that several independent variables
had significant lagged effects at the half-hour time scale, but in all but one case the lagged
effects were of similar size and direction as that of the synchronous variable. For PAR,
however, the lagged effect was opposite, reducing the coincident effect by a small amount.
Based on the results of the light and temperature response curve analysis (hypothesis 1),
fire was included as an abrupt, temporary intervention lasting 30 days. This temporary
(30 day) effect was significant and interacted with air temperature (Table 3; p < 0.001).
While there was more uptake with increased T,;,, the magnitude of this effect was lessened
in the 30 days post-fire. In both the mesic and xeric sites, there was significantly more
uptake with increased PAR, and comparison of Bonferroni corrected means indicated that
uptake was significantly higher in the mesic site. On the other hand, there was significantly
more uptake with increased VWC, but only in the xeric site. The ARIMA model indicated
that there was significantly less uptake with increased rainfall in both sites. The Bonferroni
adjustment indicated that the effects of VPD and pressure were significantly different in the
mesic versus xeric sites; there was significantly less-uptake with higher VPD and signif-
icantly less uptake with higher pressure in the mesic site. These effects were not significant
in the xeric site.

While lag 2 (1 h) MA and AR parameters for R, in the xeric site were not significant,
removing these terms from our statistical model resulted in a higher AIC; thus these terms
remained in the models for both sites. In both sites, the final estimated model for R,
indicated that there was significantly less carbon release with increased atmospheric
pressure (Table 4), but that this trend was reversed in the 30 days post-burn. Though this
effect was not significant in the mesic site, removing it from the model resulted in a
substantially higher AIC, and it was therefore retained in the model. There was signifi-
cantly more carbon release with increased VPD and T, (p < 0.05; Table 4). This trend
was dampened in the 30 days post-burn, with a significant sign reversal for VPD in the
mesic site. There were small, but significant effects of PAR on release of CO, in both the
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Table 3 Parameter estimates from ARIMA model of net ecosystem exchange (NEE) by site

Parameter Mesic site Xeric site

Estimate Standard t Value Approx Estimate Standard t Value Approx

error >tl error >tl
Intercept 37.83 11.192 338  0.001 45.82 18.909 242 0.015
MA(1) 0.874 0.044 20.01 <0.0001 0.831 0.044 18.76  <0.0001
MA(2) —0.236 0.028 —8.43 <0.0001 —0.244 0.028 —8.80 <0.0001
AR(1) 1.094 0.044 25.08 <0.0001 1.047 0.045 23.39 <0.0001
AR(2) —0.300 0.036 —8.36 <0.0001  —0.259 0.037 —6.97 <0.0001
AR(48) 0.127 0.007 19.15 <0.0001 0.134 0.007 19.71 <0.0001
Burn 1.442 0.560 2.57  0.010 0.684 0.545 125  0.210
PAR —0.005 23E-04 241 <0.0001* —0.004 2.1IE-04 —-20.8 <0.0001
PAR (1) 0.001 2.3E—-04 4.39  <0.0001 0.001 2.1E-04 3.90 <0.0001
Tair —0.928 0.095 -9.77 <0.0001  —0.609 0.090 —6.79 <0.0001
Tair (1) —0.969 0.095 —10.2  <0.0001 —0.619 0.090 —6.89 <0.0001
VPD 3.113 0.466 6.67 <0.0001* 0.844 0.441 1.91 0.056
VPD (1) 2.438 0.464 5.26 <0.0001* 0.507 0.442 1.15 0.251
Pressure —2.409 0.709 —3.40  0.001* 0.263 0.598 0.44  0.660
Pressure (1) —2.033 0.708 —2.87  0.004* 0.709 0.596 1.19  0.234
VWCioiis —0.683 0.409 —-1.67  0.095 —1.375 0.460 —-2.99  0.003
VWCs (1)  —0.697 0.405 —-1.72  0.085 —1.363 0.453 —3.01 0.003
Rainfall 0.191 0.046 4.11 <0.0001 0.149 0.039 3.83  0.000
Burn x Ty, 0.542 0.200 2.71 0.007 0.521 0.197 2.65  0.008
Burn x Ty, 0.620 0.199 3.11 0.002 0.532 0.196 2.71 0.007
@

MA(1) and MA(2) are estimated moving average terms at 1- and 2- period lags (%2- and 1-h, respectively),
and AR(1), AR(2), and AR(48) are estimated autoregressive terms at 1-, 2-, and 48- period lags ('2-, 1-h, and
1 day, respectively); lagged values of independent variables are denoted similarly

PAR photosynthetically active radiation, 7,;, air temperature, VPD vapor pressure deficit, VWCi,;;, soil
volumetric water content. The averaging period of this analysis is 0.5 h

* Significant difference between sites

mesic and xeric sites (p < 0.02), as well as a significant effect of windspeed and its half-
hour lagged value (p < 0.0001), and a marginally significant effect of VWC (p = 0.057) in
the mesic site. As PAR and windspeed increased, there was more release and as VWC
decreased, there was more release. The Bonferroni correction indicated that only the effect
of windspeed was significantly different by site, with a much stronger effect in the mesic
site.

Discussion
Annual carbon dynamics
Differences in carbon dynamics varied by site, mainly due to the lower water holding

capacity of the soils at the xeric site, which in turn altered the composition of the forest
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Table 4 Parameter estimates from ARIMA model of ecosystem respiration (R..,) by site

Parameter Mesic site Xeric site

Estimate Standard t Approx Estimate Standard  t Approx

error Value >ltl error Value >ltl
Intercept 0.291 0.095 3.08  0.002 0.613 0.167 3.67  0.000
MAC(1) 0.545 0.103 5.31 <0.0001 0.700 0.162 431 <0.0001
MA(2) 0.241 0.082 294  0.003 0.085 0.130 0.65 0.515
AR(1) 0.669 0.104 6.45 <0.0001 0.792 0.163 4.87 <0.0001
AR(2) 0.202 0.091 221 0.027 0.064 0.142 045  0.653
AR(48) 0.045 0.006 7.78 <0.0001 0.041 0.007 5.89 <0.0001
Burn —0.367 0.379 —-0.97  0.333 —0.749 0.410 —1.83  0.068
PAR 2.6E—-06 1.1IE—06 234 0.019 3.16E—06 1.0E—06 316 0.002
Tair 0.004 1.3E—-04 29.74 <0.0001 0.004 1.2E—-04  33.08 <0.0001
VPD 0.011 0.001 9.59 <0.0001 0.007 0.001 7.02 <0.0001
Pressure —0.003 0.001 —2.84  0.005 —0.006 0.002 —-3.70  0.000
Windspeed 0.004 0.001 5.98 <0.0001* 4.7E—-04  0.001 0.80 0.421
Windspeed 0.005 0.001 6.93 <0.0001* 0.001 0.001 1.46  0.145
@

VWCsoiis —0.001 4.0E-04 —191 0.057 6.2E—05 4.4E-04 0.14  0.888
Burn*Ty;, —0.001 45E-04 —2.03 0.042 —0.001 37E—-04 —4.03 <0.0001
Burn*VPD —0.017 0.006 —-2.76  0.006 —0.001 0.006 —0.14  0.887
Burn*Pressure 0.669 0.104 6.45 <0.0001 0.792 0.163 4.87 <0.0001

MA(1) and MA(2) are estimated moving average terms at 1- and 2- period lags ('2- and 1-h, respectively),
and AR(1), AR(2), and AR(48) are estimated autoregressive terms at 1-, 2-, and 48- period lags ('2-, 1-h, and
1 day, respectively); lagged values of independent variables are denoted similarly

PAR photosynthetically active radiation, T,;, air temperature, VPD vapor pressure deficit, WCj,;;, soil vol-
umetric water content. The averaging period of this analysis is 0.5 h

* Significant difference between sites

and the ecosystem physiology (Addington et al. 2006; Ford et al. 2008). Addington et al.
(2006), using the same sites as used here, reported that LAI varied from 0.22 to
0.39 m* m~2 for the xeric site, while the mesic site showed LAI almost three times
larger (ranging from 0.65 to 1.1 m* m~?). Ford et al. (2008) reported that greater water
availability both due to greater water holding capacity of soils and enhanced access to
the water table resulted in greater net primary production (NPP) in the mesic site. This
contributed to a higher basal area, and above ground biomass was nearly 3-fold higher at
the mesic site (Ford et al. 2008). The differences in soil VWC and LAI between sites
controlled patterns in the carbon dynamics (NEE, Reco, GEE) reported in this study at
both short-time scales (days-to-weeks) and at the annual scale in the absence of dis-
turbance, i.e., fire.

When the C losses due to fire are not considered, the mesic site was a moderate carbon
sink (—157.7 £25.1 g C m~? year '), while the xeric site was carbon neutral
(5.9 + 32.8 g C m~? year ") during the course of this study. Annual NEE rates reported
here were also similar to those from mixed longleaf and slash pine flatwoods in North
Central Florida also maintained with fire (Powell et al. 2008). Beringer et al. (2007) found
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in Australia that an open woodland savanna had NEE exchange rates that were approxi-
mately double those found in our study, yet the ecosystem responded similarly in pro-
portion to low intensity, high frequency fire.

After the application of prescribed fire, our sites transitioned from carbon sinks to
sources. Prior to this prescribed burn, 2 years’ worth of detritus accumulated from
grasses and forbs (from the ground layer and overstory litter) and was largely released
during the fires, resulting in fluxes on the order of 407.6 and 152.6 g¢ C m~? year ' for
the mesic and xeric sites, respectively. These data point to: (a) the important and
complex role that fires have in controlling C pools and fluxes in frequent fire systems,
and (b) the need to understand the long term (decadal-scale) carbon balance over mul-
tiple fire cycles. Much of the past work has only evaluated C dynamics as a function of
single stand replacement events, rather than multiple fire cycles (Wiedinmyer and
Hurteau 2010). Our study provides information that begins to fill a gap in the scientific
knowledge regarding the effects of frequent low intensity fire effects on the source/sink
status of savanna ecosystems. In this study, we burned 2 years’ of groundcover growth
and detritus, and incorporated it in our annual NEE estimates. Yet, the understory and
leaf litter biomass consumed by the fire was also part of NEE estimates in the time
period between fires. As such, the effect of fire could be carbon neutral (when only
considering all the production and consumption of fuels) when studying NEE over the
2-year fire cycle imposed on the sites.

While most of the environmental variables were similar at both sites, with the exception
of soil moisture, there were some differences in carbon uptake and respiration responses.
The higher respiration seen in the xeric site in June 2009 compared to July 2008 could be a
result of an increase in heterotrophic respiration driven by fine root mortality following the
fire. Since the uptake data showed no increase following fire, and primary producers would
have to dedicate resources to rebuild aboveground organs, there could have been a com-
pensatory decrease of fine root biomass to maintain optimal root-shoot ratios (Mokany
et al. 2006). The higher uptake following fire in the mesic site was likely a result of
increased nutrient availability (Wan et al. 2001) combined with the site’s higher moisture
availability that allowed the vegetation to recover before there was a reduction in root
biomass.

Environmental drivers of ecosystem carbon dynamics

The time series model estimates indicated that there are complex relationships between
ecosystem physiological activity and environmental drivers within each of these two sites.
These relationships increase in complexity when fire is incorporated into the model
analyses. While many effects interact, the models do not indicate complex lags in the
system and all data series were stationary. On the other hand, ecological processes that
experience disturbances from both internal and external forces may not be adequately
described by ARIMA models (Gnauck et al. 2010). Moreover, the framework of the
ARIMA models estimated here may not be adequate to capture low frequency, irregularly
spaced disturbance (fire), since small perturbations to the system will be incorporated into
residual error. Since flux data are influenced by inherent physical forces as well as dis-
turbance, a model formulation which includes higher order statistical momenta, or mul-
tiresolution wavelet transformation may be appropriate to robustly account for multiple
disturbances in longer time series. Nonetheless, this method presents a great improvement
over data summarization techniques, allowing for an unbiased presentation of the complete
record of flux data records in quantifying the drivers of carbon dynamics in these systems.
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Our measurements of NEE were strongly affected by T, and this effect interacted
with prescribed fire. While uptake increased with increasing T, this effect was sig-
nificantly dampened during the 30 days post-fire, suggesting the combined effect of fire
reducing understory leaf area and the respiring detritus pools. Nevertheless, uptake rates
recovered quickly. We interpreted this effect as being caused by the rapid increase in
understory LAI related to the fires occurring just prior to spring understory growth. In
addition, during this same period we see candling and a new flush of pine needles from
the canopy that also enhances the photosynthetic capacity of the system (Powell et al.
2008). These findings give support to our hypothesis that fire would not have a signif-
icant long lasting effect (<30 days) on longleaf pine ecosystem physiological activity as
it relates to carbon dynamics since these systems have evolved with fire. This rapid
recovery was similar to that observed in a mixed longleaf-slash pine ecosystem in North
Central Florida (Lavoie et al. 2010). Once 30 days passed, the interactions between rates
of recovery and seasonal warming during spring were difficult to separate, and due to the
release of nitrogen caused by the fire, leaf area increased beyond those recorded prior to
the fire. In a different study, Aubrey et al. (2012) showed that consecutive growing
season canopy scorch manipulations resulted in a temporary reduction in ecosystem
processes (lasting 1 month). Nonstructural carbohydrate reserves allowed for rapid
recovery of the longleaf canopy which allowed for ecosystem processes to statistically
remain the same for the year of the manipulations.

The effects of PAR, VPD, and atmospheric pressure varied significantly by site. PAR
increased uptake in both sites, but more strongly so in the mesic site which could be
associated with its greater LAI, soil VWC, and nutrient availability compared to the xeric
site (Addington et al. 2006; Ford et al. 2008). VPD decreased uptake in both sites, but
interestingly the effect was much stronger in the mesic site. The xeric site, which exhibits
dry conditions for long periods of time may have evolved to maintain its physiological
activity and hydrologic conductance as long as conditions do not reach critical levels
(Addington et al. 2006).

R..o was strongly affected by T,;;, VPD and pressure, with these effects interacting with
prescribed fire. While release increased with increasing T, this effect was significantly
dampened in the 30 days post-fire. We attribute this decrease in R, to both decreases in
autotrophic respiration caused by the removal of the understory vegetation during the fire,
and in heterotrophic respiration through the removal of detritus pools (e.g., litter and coarse
woody debris). Several studies have also shown the importance of elapsed time between
fires, type and structure of vegetation, and the recovery rates of NEE and R, (Amiro et al.
2003; Trumbore 2006; Xu and Wan 2008). These interactions again show the complexity
of ecosystem recovery from fire and the rapid onset of spring. For example, in the spring
when temperatures increase, new needles flush, and soil VWC increases by rain events, all
of which stimulate ecosystem respiration rates. There was significantly more release of
carbon with increased windspeed in the mesic site, while in the xeric site the effect was not
observed. We interpret this result as an increase of CO, storage below the canopy at the
mesic site which has a slightly taller and denser canopy (Addington et al. 2006; Ford et al.
2008). This difference in canopy density allows for greater build up in CO, concentration
during stable conditions and leads to larger CO, fluxes as a function of increased U. Soil
VWC had a small, but significant effect in the mesic site’s R..,, where it led to smaller
carbon loss with decreased VWC. Similar studies have also shown that in xeric conditions
soil and ecosystem respiration rates were reduced with decreasing soil VWC, and that
when wetting does occur significant increases in respiration rates are observed (Jarvis et al.
2007; Unger et al. 2012).
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Even though most all EC studies measure atmospheric pressure, it is often used for unit
conversions through the use of the ideal gas law, not as part of the statistical analyses of
process rates and the abiotic drivers. We found that respiration rates were suppressed
during periods of high pressure. Xu et al. (2014) found a similar association with atmo-
spheric pressure constraining methane releases from landfills, while Kiihne et al. (2012)
found increased CO, diffusivity rates of soils with higher porosity. Given the high porosity
of sandy soils at our sites, it is possible that conditions of higher static atmospheric
pressures measurably reduced the diffusivity in the upper soil horizons. While more study
is needed, this result may have an impact on how we measure soil efflux using surface soil
chambers over highly porous soils.

Fire impacts on savanna-pine ecosystems

The productivity of these savanna-pine ecosystems shown here and elsewhere (Mitchell
et al. 1999; Addington et al. 2006; Ford et al. 2008) are largely driven by available
water. Hydrologic conditions prior to a fire, e.g., drought versus well-watered, deter-
mines how much of the carbon derived from the understory and leaf litter from mature
trees is available for combustion. For example, one would expect that above average
annual precipitation in years preceding the fire would result in larger C losses to fire.
Drought after fire likely results in low productivity rates and longer times needed to
accrue carbon due to the (previous) fire. As a consequence, knowledge of the hydro-
logic conditions, fire return interval, and the subsequent biomass accrual consumed
during combustion over multiple fire cycles at the decadal is needed to fully understand
savanna carbon source/sink trajectories which are very different than other systems that
experience fire.

Many other ecosystems experience high intensity, low frequency, stand replacing
wildfires that have a large impact on long-term C cycling (Amiro et al. 2003; Randerson
et al. 2006; Rocha and Shaver 2011). Fire has an ability to re-organize the ecosystem
structure and function in these ecosystems which can reset the trajectory of carbon
dynamics. The intensity of this reorganization may be dependent on prior fire legacy and
could have a long-lasting impact on the ecosystem (Harden et al. 2000). This is quite
contrary to the effect of fire in longleaf pine systems reported here. Rather, the dynamics
of high frequency and low intensity prescribed burns in longleaf systems maintain the
forest structure and plant communities. For example, low intensity ground fires consume
understory vegetation and litter as fuels and the overstory trees recover after being
damaged from scorching (Beringer et al. 2007), in contrast to near entire removal of all
above-ground carbon pools in high intensity fires. The relative effects of partial-to-total
removal of carbon pools from differing ecosystems with varying fire frequency and
intensity have only recently become the focus of studies in the context of ecosystem
function (e.g., Litvak et al. 2003; Amiro et al. 2006; Nave et al. 2011). This is the first
such study from longleaf pine forests contrasting work from high intensity, stand
replacing fires.

Fire is still often viewed as a disturbance that can re-set the whole ecosystem, driving
the community composition, structure and function toward new trajectories. These tra-
jectories are often described as a non-linear path incorporating severity and frequency of
perturbations and their legacies, mechanisms of recruitment and establishment and time
(Chapin et al. 2009). Here, fire does re-set this system through: (1) the removal of litter,
(2) maintaining the existing plant diversity (Kirkman et al. 2004; Glitzenstein et al.
2012), and (3) limiting the migration and recruitment of ruderal species. In addition, fire
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has limited to no effect on canopy mortality rate due to the low intensity of the fire.
Hence, fire maintains the existing structure, function, and carbon process of the ecoy-
stem. Fire exclusion on the other hand, fosters the establishment of Quercus sp., that
alter fuel characteristics such that areas dominated by oaks are often resistant to sub-
sequent fires (Glitzenstein et al. 1995). This resets this ecosystem on an entirely different
trajectory with different stability (Scheffer 2009; Carpenter 2003). To restore the func-
tion of longleaf pine ecosystems after such a transition is difficult, costly, and time
consuming (Provencher et al. 2001). Our study establishes a foundation for under-
standing the linkages between ecosystem resiliency and fire in longleaf pine dominated
systems; however we acknowledge that our study was limited to one prescribed fire and
1 year of study. To strengthen the idea of longleaf pines resiliency to fire longer-term
study will need to be pursued.

Conclusions

This study develops an understanding of the complex interactions between abiotic and
biotic factors controlling longleaf pine ecosystem carbon dynamics under controlled fire
regimes and provides a proof of concept for using analytical time series models with EC
data. Fire was associated with the immediate release of carbon to the atmosphere through
combustion and had a role in altering the sink/source capacity of these two ecosystems
during the short period of this study. Analysis of the non-linear behavior of fluxes pre-
and post-fire indicated that fire has a role in NEE and R, processes for 30 days
following fire. Although there is a complex interaction between fire, ecosystem phe-
nology (new needle production) and changing environmental conditions, this study
provides a method for improving our understanding of fire’s direct effects on longleaf
pine ecosystems. There are still many uncertainties associated with how these interac-
tions change with fluctuating environmental conditions and whether this system is a
carbon sink, source, or neutral over long time scales (Sierra et al. 2009). Our study does
suggest, however, that if climate in the southeastern United States experience greater
periods of drought longleaf pine ecosystems may reduce their ability to sequester carbon.
In closing we argue that fire is a cyclical event and must be studied within ecosystems
for multiple fire events to truly understand the complex interactions that occur between
soil water availability, fire, environment, and structure and function of longleaf
ecosystems.
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Table 6 Distribution of parameters from nighttime net ecosystem exchange (NEE,gn) bootstrap
simulations

Site Year Month Ry (umol CO, m2s7h b (umol CO, m2s7h

Estim. LCL Median UCL  Estim. LCL Median UCL
param. param.

Mesic 2008 9 2213 1.243 2.244 3.501 0.035 0.013 0.034 0.061
11 1.164 0912 1.164 1.476 0.057 0.036 0.057 0.076
12 1.122 0.952 1.129 1.311 0.054 0.042 0.054 0.065
2009 1 1.141 0.975 1.136 1.299 0.048 0.039 0.048 0.057
2 1.102 0.748 1.097 1.519 0.051 0.027 0.050 0.080
3 1.318 0.952 1.318 1.681 0.051 0.035 0.051 0.072
4 1.020 0.711 1.011 1.343  0.069 0.052 0.070 0.089
5 2.928 1.614 3.018 4.457 0.026 0.005 0.025 0.055
Annual 1.171 1.062 1.171 1.278 0.062 0.058 0.062 0.066
Xeric 2008 9 1.449 0.674 1.448 2.657 0.052 0.024 0.052 0.085
10 1.478 1.123  1.480 1.880 0.039 0.024 0.039 0.055
11 1.073 0.667 1.085 1.430 0.069 0.046 0.068 0.100
12 1.351 1.161 1.355 1.554 0.030 0.021 0.030 0.040
2009 1 1.077 0914 1.077 1.255 0.068 0.056 0.068 0.078
2 1.067 0.892 1.059 1.265 0.040 0.029 0.040 0.051
3 1.284 0.896 1.236 1.548 0.052 0.042 0.054 0.069
4 1.391 1.010 1.371 1.828 0.058 0.043 0.058 0.075
Annual 1.304 1.206 1.302 1.420 0.055 0.051 0.055 0.059

LCL lower limit of 95 % confidence region, UCL upper limit of 95 % confidence region. R, is the base
respiration rate when air temperature is 0 °C and b is an empirical coefficient
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