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ABSTRACT

The impacts of hurricane disturbance and cli-
mate variability on carbon dynamics in a coastal
forested wetland in South Carolina of USA were
simulated using the Forest-DNDC model with a
spatially explicit approach. The model was vali-
dated using the measured biomass before and
after Hurricane Hugo and the biomass invento-
ries in 2006 and 2007, showed that the Forest-
DNDC model was applicable for estimating car-
bon dynamics with hurricane disturbance. The
simulated results indicated that Hurricane Hugo
in 1989 substantially influenced carbon storage
immediately after the disturbance event. The
simulated net ecosystem exchange (NEE) for the
58-year period (1950-2007) indicated that the
hurricane reduced CO, sequestration due pri-
marily to the increased decomposition of a large
amount of litter and woody debris, including
fallen trees (over 80% of pre-hurricane trees),
debris and branches, and dead roots. The in-
ter-annual fluctuation of soil CO, flux showed
that the climate variability interfered substan-
tially soil carbon dynamics in the forest. The
results showed that there were substantial spa-
tial and temporal differences in CO, flux (3.2 - 4.8
Mg-C-ha'1) and wood biomass due to the differ-
ences in physical and biogeochemical charac-
teristics in the forest.

Keywords: Greenhouse Gas; Forest-DNDC,;
Biogeochemical Model; Biomass; Climate Change

1. INTRODUCTION

The mean global surface air temperature has increased
by 0.8°C in last hundred years [1,2], and is increasing at
a rate of 0.2°C per decade in recent years [2]. The in-
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crease in surface air temperature may be mainly caused
by increasing greenhouse gases (GHG) emissions with
respect to human activities, such as land use change and
fossil fuel consumptions. Forest ecosystems, including
wetland ecosystems, are believed to be large carbon sinks
[3-6]. Future climate change is likely to influence forest
carbon sink strength [4]. Changes in temperature and/or
precipitation can influence the forest hydrology regulat-
ing C balance in forest ecosystems, especially in forested
wetland ecosystems where the hydrology is one of the
most important elements impacting on C accumulation
and consumption [3,7-9]. Understanding the interactions
of wetland hydrology and carbon balances is highly
needed to assess the role of forested wetlands in regulat-
ing global CO, that directly contribute to global warm-
ing.

Forested wetland ecosystems on Atlantic Coastal Plain
in South Carolina, especially those forests in the first-
order headwater watersheds, are characteristic of the
hydrology highly regulated by precipitation and evapo-
transpiration. However, observed climate warming and
precipitation variability in the subtropical area have
showed their potential in altering watershed hydrology
[10,11]. For example, climate change can decrease water
table level of the first-order forested wetland watersheds
in southeast Atlantic coastal area due to an increase in
evapotranspiration caused by temperature rise [12]. Wa-
ter table decrease can lead to changes in vegetation spe-
cies which have been observed in South Carolina [13],
and the decrease can influence soil C storage in forested
wetland ecosystems [3,7]. Pietsch et al. [7] found that
water table decrease did not influence C sequestration to
timber production in their forested wetlands. However,
they found the forest soil C loss to water table decrease.
This result indicates that global warming can influence
soil C storage in the first-order forested watersheds domi-
nated by a shallow water table, regulated by precipitation
and evapotranspiration, on South Carolina coastal plain.
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Understanding the impact of climate variability on C
dynamics in forested wetland ecosystems is needed to
estimate the role of the ecosystems in mitigating global
warming.

Except for anthropogenic factors affecting forest C
balance and storage, many natural disasters, such as
strong storms, flooding and wild fire, can substantially
disrupt forest C dynamics. Although, it is not clear if
global warming has increased the frequency and/or in-
tensity of hurricanes, tropical storms and/or tropical cy-
clones [14], many scientists argued that global warming
could affect those storms, including increasing their fre-
quency and/or rising the energy [15-18] due to sea sur-
face temperature increased by global warming. Those
disastrous storms (categorized as 3, 4 and 5) can destroy
forest. For example, Hurricane Hugo severely destroyed
the forests on the Francis Marion National Forest in
South Carolina in 1989 [19], the woody biomass reduced
by over 80% [19]. Hurricane Katrina in 2005 destroyed
forests along the Gulf coast [20-23], led to wood biomass
loss 50 - 370 m*ha ' in swamp forests along the Gulf
coast in Louisiana and Mississippi as reported by Mid-
dleton [23]. Accordingly, those disastrous storms can
substantially influence C storage in forests in a short time
period, such as within several years. Generally, only the
direct impact of the disastrous storms has been consid-
ered as assess their damage. However, to understand a
longer term impact of the storms may be valuable for
estimating C balance in the forested ecosystems.

Computer models (e.g., MAESTRO [24], Forest-DNDC
[25], BIOME-BGC [26], CABALA [27]) are very useful
tools to assess C dynamics in forest ecosystems. How-
ever, some models, such as CABALA and Forest-DNDC,
can perform better than some models [5,28]. Forest-
DNDC [25,29] is a process-based biogeochemical model
used to simulate forest growth, C and N dynamics in
forest ecosystems, including trace gas emissions (e.g.,
CO,, N,O, NO, NHj, and CH,), based on the balance of
water, energy and nutrition in forest ecosystems [5,25,
29]. It integrates photosynthesis, decomposition, nitrifi-
cation-denitrification, carbon storage and consumption,
and hydro-thermal balance in forest ecosystems. The
model has been tested to simulate C and N dynamics in
forest ecosystems across different climatic regions, in-
cluding boreal, temperate, subtropical and tropical [29-
34]. Recently this model has been modified such that it
becomes a spatially explicit modeling tool for estimating
C and N dynamics in forest ecosystems; the new version
can utilize spatiotemporally physical and biogeochemical
characteristics of catchments or regions [35], including
soils, vegetation, hydro-geology and climate. The modi-
fied model is a flexible tool to assess carbon dynamics
on watersheds with complex physical and biogeochemi-
cal characteristics. The size and shape of simulating units
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are flexible, ranging from a single plant-soil profile to
watersheds [35]. The detailed modeling algorithm and
parameterization can be found in some publications [5,25,
29-34,36-38].

This study used the Forest-DNDC with spatially ex-
plicit modeling framework [35] to assess 58-year (1950-
2007) C dynamics in a forested wetland landscape on the
Santee Experimental Forest on coastal South Carolina
plain by using onsite climatic and hydrologic observa-
tions, which was used to estimate the impacts of climatic
variability and hurricane disturbance on the C sequestra-
tion in the forest. The spatially explicit physically-based
hydrologic model MIKE SHE [39] was linked to the
Forest-DNDC such that the differences in the spatiotem-
porally hydrologic and biogeochemical features in the
catchment can be considered. The 60-year onsite climate
observation showed a substantial climate fluctuation with
an increase in air temperature at an average rate of
0.19°C per decade and without substantially changing
precipitation from 1950-2007 in this forest [11]; and a
natural disaster, Hurricane Hugo categorized as IV storm,
severely destroyed the forest of the watershed in 1989
[19,40]. These conditions were good for testing whether
or not the model can capture the impacts of climate
variability and hurricanes on C sequestration to this for-
est. The simulated results were compared to observations,
which can be used to project the impact of future climate
change on C storage in this type of forested watersheds.

2. MATERIALS AND METHODS
2.1. Study Watershed

Watershed WS80, located at 33.15°N, 79.8°W on the
Santee Experimental Forest (SEF), 55 km northwest of
Charleston, South Carolina, was used for this study
(Figure 1). WSSO0 is first-order forested watershed with a
mosaic landscape consisting of uplands and wetlands.
Historically this forest was a part of agricultural wetlands
(rice paddies) along Cooper River [41]. However, it was
converted to a forested wetland in 19" century. The ear-
lier trees were clearly cut in earlier 20" century [42]. The
land was acquired by U.S. government in 1930’s and
used as forests. In 1938, SEF was established for the
studies on forest and water. Thereby, it has gauging re-
cords since 1967.

WS80 serves as the control watershed for a paired
watershed system within the second-order watershed
(WS79; Figure 1) draining into Huger Creek, a tributary
of East Branch of the Cooper River. The climate of this
area is characteristic of the subtropical region of the At-
lantic Coast with short, warm and humid winters and
long and hot summers; the annual average temperature is
18.5°C, and the mean annual precipitation (1946-2008) is
1370 mm [11]. The topography is planar, and the slope is
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Figure 1. Location of the study watershed (WS80) on the Santee Experimental Forest, South Carolina, USA. The location of the
groundwater wells is indicated on the topographic map figure as W1 through W10. WS79 is a paired watershed system; WS80
serves as a control catchment, WS77 as a treatment catchment, WS79b as a mixed watershed with treatment and control.

less than 4%. The elevation is between 4 - 10 m above
mean sea level. The watershed has a shallow water table,
and over 23% of the watershed is classified as wetlands
[43].

The soils developed in coastal plain sediments are hy-
dric [44,45], and typified by a loam surface and clayey
subsoil, which is moderately well to somewhat poorly
drained in the upland and poorly drained in the riparian
zone [46] (Figure 2(a)). Clay content is <30% in topsoil
(within 30 cm), 40% - 60% in subsoil (>30 cm) [46]. Soil
reaction is acidic; pH is between 4.5 and 6.5. Soil or-
ganic carbon content (SOC) is between 0.1% and 2.5%
from uplands to riparian zone [47,48]. Organic matter
(litter and duff, exclusive coarse woody debris) on the
forest floor is 0.6 - 2.2 kg'm * (unpublished data).

As a reference forested watershed in the paired water-
shed system, WS80 has not been managed more than five
decades. However, Hurricane Hugo categorized as IV
storm passed through the Francis Marion National Forest
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in September of 1989, over 80% of dominant trees in this
catchment were, therefore, broken or uprooted [19,49,
50]. After the hurricane, the watershed remained un-
managed, without biomass removal or salvage logging.
The current forest cover is from residuals and natural
regeneration, which consists of bottomland hardwoods in
the riparian zone and mixed pine-hardwoods elsewhere
(Figure 2(b)) [40]. The dominant trees are loblolly (Pinus
taeda L.), sweetgum (Liquidambar styraciflua) and a
variety of oak species (Queercus spp.) [19,40].

2.2. Data and Field Measurements

There are four weather stations on SEF. Daily precipi-
tation and daily minimum and maximum temperature
were measured manually at the weather station at the
Santee Experimental Forest Headquarters (SHQ) be-
tween 1946 and 1996 and automatically afterwards; rela-
tive humidity, evaporation, wind speed, wind direction,
vapor pressure, solar and net radiation were measured at
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Figure 2. (a) Distribution of soil types in WS80. Mgg is Meg-
gett, loam; Wa is Wahee, loam; GoA is Goldsboro, sandy loam;
CvA is Craven, loam; Be is Bethera, loam; (b) Vegetation types
on WS80.

30-minute intervals since 2003. The other three onsite
weather stations (Met 5 on WS77, Lotti adjacent to
WS79b and Met25 on WS80) started to manually record
daily precipitation and temperature from 1963, 1964 and
1990, respectively, and automatically collect data at
hourly intervals since 2003. Although the climate data
from these stations were comparable, there were some
differences in summer precipitation among the stations,
especially storms.

However, some of precipitation and temperature data
were missing at different stations and/or in different time
periods before 2003 due to equipment failure for some
time and natural disasters such as Hurricane Hugo in
1989. The missing temperature data were at first estab-
lished by using the regression equations developed from
the measurements of daily maximum and minimum
temperature between 1972 and 2001 at SHQ and Lotti
(about 3 km away from SHQ); and then the remaining
missing temperature for SHQ were established by using
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the regression equations developed from the measure-
ments between 1950 and 2008 at SHQ and Charleston
International Airport (CHS) located about 50 km away
from the SHQ, and the measurements between 1994 and
2008 at the SHQ and Moncks Corner (MC), about 20 km
away. The missing precipitation data for simulating hy-
drology and C dynamics were filled by the measure-
ments from the nearest weather stations in terms of
comparing those precipitation measurements from 15
weather stations around SHQ, based on the assumption
that there was no precipitation at SHQ if precipitation
was found only at one side of SHQ and/or without an
increase in observed steam flow, otherwise the precipita-
tion at SHQ was the same as the precipitation at the
nearest weather station or the average from the weather
stations at both sides of SHQ.

Stream flow gauge heights above a compound V-notch
weir were measured at 10-minute intervals in 1969-2007.
The stream flow was calculated using standard rating
curve method developed for the weir [51], and the 10-
minute values were integrated into daily, monthly and
annual flow in cubic meters per second (cms), and then
normalized from cms to millimeters (mm) per day by
dividing the watershed area to compare with daily pre-
cipitation [52]. However, a lot of flow data were missing
due to equipment failures, which remained missing. Daily
distributed water table depth was measured to calibrate
and validate the distributed hydrologic model MIKE
SHE [39] providing distributed water table depth for
simulating C dynamics using Forest-DNDC. Thirty three
manual wells were installed across the watershed with
weekly measurements in 1992-1994; eight manual wells
were selected from the 33 wells with biweekly meas-
urements in 2003-2005. Two automatic wells were in-
stalled in an upland area and a lowland location to record
water table depth at four-hour intervals since 2003.

Twenty four plots were set to measure tree height (TH,
m) and diameter at breast height (DBH, cm) for a bio-
mass inventory in the paired watershed in 2006 (unpub-
lished data), in which four plots were used to measure
TH and DBH in 2007. Eight plots were used to measure
soil temperature, moisture, and soil CO, in 2006-2008.
The plot size was about 1022 m* (fourth acre, 105 feet by
105 feet for the plots 1 - 16; 50 feet by 220 feet for the
plots 17 - 24). Soil temperature, moisture, and soil CO,
were measured at 4 - 6 collars in each plot. Soil tem-
perature and moisture were measured by using probes
inserted into soils 10 cm deep. Soil CO, was measured at
monthly intervals using LI-COR 6200 portable photo-
synthesis system included a LI-6250 infrared gas ana-
lyzer. The PVC soil collars were installed permanently 3
cm into the mineral soils [53]. The measured values from
the collars for each parameter in a plot were integrated
into plot average.
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The trees <10 and >10 cm in DBH and shrub were
measured, respectively, in 2006 and 2007. Four sub-plots
(9 m® each) were installed in each plot to measure the
aboveground biomass for those trees <10 cm in DBH;
the trees were harvested, dried and weighted. Shrub was
collected in the four sub-plots for every plot, and then
dried and weighted. The volume for those trees >10 cm
in DBH was calculated using the equation developed by
Saucier and Clark III [54] for tree species in Southern
U.S. based on the DBH and height. The aboveground
biomass was estimated by using the equation developed
by Smith et al. [55] on the basis of vegetation types in
Southeastern U.S. The total wood biomass of a plot was
the sum of the biomass of all trees in the plot, and then
normalized to unit weight, Mg-C-ha™!, by dividing the
plot area (1022 m?). There were four sub-plots in each
plot for collecting litter and duff. The area of the basket
for litter collection was 1470 cmz, and the area for col-
lecting duff was 729 cm?. The litter and duff were dried
under 60°C, and weighted.

The impact of Hurricane Hugo on the biomass C stor-
age in the stands in the entire Santee Experimental Forest
was estimated by Hook et al. [42]; the aboveground
biomass was about 78.0 Mg-C-ha™' before the hurricane,
and 13.9 Mg-C-ha' after the hurricane; the mean above-
ground wood biomass loss was about 64.1 Mg-C-ha™" in
the entire forest. In this study catchment, all the above-
ground biomass C loss to the hurricane remained on for-
est floor due to without biomass removal and salvage
logging; the dead roots produced by the hurricane was
about 19.2 Mg-C-ha™', estimated using the coefficient of
roots to aboveground biomass [56,57], in which most
were in the soils, a few were on the ground due to some
trees uprooted by the hurricane.

2.3. Model Validation

Both Forest-DNDC and MIKE SHE were validated.
MIKE SHE was validated using six years of daily stream
flow and spatial water table for assessing the impact of
climate variability on hydrology in this watershed [11,
58]. It was validated against stream flow and water table
observed in 2003-2007 for this study. The Forest-DNDC
was validated using the biomass inventory for a biomass
study in 2006 and measurement in 2007 for this study; it
was also validated against the soil CO,, soil temperature
and moisture measured in 2006-2008.

The model performance was evaluated employing
widely used quantitative methods, coefficient of deter-
mination (R* < 1) (squared correlation coefficient) and
model efficiency (—o < E< 1) [5,35,59]. The model per-
formance efficiency is calculated as

_Y(a-R)

— (D
>(0-0)
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where O, O and P; are the observed values, mean
observation and simulated values, respectively.

2.4. Model Setup and Parameterization

In order to obtain a better understanding the C dy-
namics in forested wetland ecosystems, Forest-DNDC
was configured to simulate C dynamics for forested wet-
land ecosystems [31] with a spatially explicit modeling
approach to utilize spatiotemporal physical and biogeo-
chemical characteristics of the watershed, including vege-
tation, hydrology, soil, and managements across the for-
est [35]. Therefore, the catchment (160 ha) was divided
into 675 simulating cells with a size of 50 m x 50 m to
simulate carbon dynamics using the spatially explicit
modeling approach. The main parameters for modeling C
dynamics in this catchment were presented in Table 1.

The simulation started from 1950 with the assumption
that the mean tree age of the dominant trees at that time
(1950) was 17 years old due to clear cutting in 1930°s
[41,42,60] (also see the assumption 1 below). GIS-based
data files for model inputs were created using ArcGIS
9.2 [61] and Microsoft Excel 2003 for the spatial varia-
tion in hydrology, soil and vegetation. The spatial hy-
drologic data were supplied by MIKE SHE [39] cali-
brated and validated using spatial (water table) and tem-
poral (water table and flow) observations [58,62]. The
soil organic carbon (SOC), pH, clay, and hydraulic prop-
erties were obtained from soil survey and field samples
for previous studies [40,46]. The details of some soil
parameters can be found in the publication for simulating
hydrology in this watershed [58]. The vegetation species
and distribution were obtained from the assessment of
Hurricane Hugo damage [19,42] and biomass inventories
in 2006 and 2007 (unpublished data). For this study,
every file was a dataset with 675 elements (cells), and
each represented 0.25 ha (50 m x 50 m) of the water-
shed.

All assumptions for this study were that 1) the vegeta-
tion in this watershed before the hurricane naturally re-
generated in 1930’s when the government obtained the
land used as forestland due to clear cutting before the
land acquired by the government [41,42,60]; 2) only
15% of pre-hurricane trees remained for all simulating
units based on the assessment of the impact of the Hur-
ricane Hugo on the forest in Francis Marion National
Forest [19] and the current forest cover is from residuals
and natural regeneration; 3) vegetation type before the
hurricane was similar to the current type on the basis of
the study of South Carolina forest land research and
management related to the storm conducted by Hook et
al. [42], Nix et al. [49] and Wilson et al. [50].

3. RESULTS AND DISCUSSION
Sharing a same set of input databases, MIKE SHE and
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Table 1. Key vegetation and soil parameters for Forest-DNDC.

Parameter Value (hardwood/pine)
Initial leaf N (%) 2/1.3
AmaxA (mol-g s —46/9.3
AmaxB 71.9/21.5
Optimum photosynthetic temperature ("C) 24/24
Minimum photosynthetic temperature ("C) 4/2
Amax fraction 0.76/0.76
Growth respiration fraction 0.25/2.5
Dark respiration fraction 0.1/0.075
Wood maintain respiration fraction 0.07/0.07
Root maintain respiration fraction 1/1
Light half saturation constant 200/200
Respiration Q10 2/2
Canopy light attenuation 0.5/0.58
Water use efficiency 13.9/13.9
DVPDI1 0.05/0.05
DVPD2 2/2
Maximum leaf growth rate (%-yr ') 0.9/0.35
Maximum wood growth rate 0.8/0.9
Leaf start TDD 400/900
Wood start TDD 400/900
Leaf end TDD 1300/1600
Wood end TDD 1300/1600
Leaf N retrainslocation 0.5/0.5
Senescence start day 260/270
Leaf C/N 23/35
Wood C/N 200/200
Leaf retention years 1/2.25
C reserve fraction 0.75/0.75
C fraction of dry matter 0.45/0.45
Specific leaf weight (g-m™?) 100/280
Minimum wood/leaf 1.4/1.25
Leaf geometry 2/1
Maximum N storage (kg*N-ha ") 200/200

Spatial soil, climate, vegetation and hydraulic parameters

Soil organic carbon (%)
pH
Clay (%)
Soil depth (cm, <150 cm)
Overstory species
Understory species
Ground growth (sedge and moss)

Daily maximum temperature (°C)

Hydraulic conductivities (cm*hr ")
Wilting point (0 - 1)
Capacity (0-1)

Porosity (0 - 1)
Overstory age
Understory age
Daily minimum temperature (°C)

Daily precipitation (mm)
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Forest-DNDC worked in conjunction that passed the
MIKE SHE simulated water table data to Forest-DNDC
on daily basis. The modeled results are reported as fol-
lows.

3.1. Model Validation

MIKE SHE [39] was calibrated and validated using
daily flow measurements during the period from 1969-
1971 (before Hurricane Hugo) [11] and another period
from 2003-2007 (after the hurricane), and monthly flow
in the period from 1969-2007 (only 238 months due to
data missing) [11]. The simulated stream flow was in
agreement with the observations with model perform-
ance efficiency (—oo < E < 1) [59] from 0.66 - 0.72 for
daily flow, 0.92 - 0.94 for monthly flow in the two peri-
ods, 0.88 for monthly flow in the period from 1969-2007
(Table 2). The E was within the range of very good
model performance rating [63].

The spatial water table dynamics are important to
simulate C dynamics at watershed scale. Daily water
table depth was used to calibrate and validate MIKE
SHE model. The simulated daily water table depth for
the 33 manual wells from 1992-1994 [11], and for two
automatic wells and 8 manual wells in 2003-2007 was in
good agreement with the observations, with E of 0.81
and 0.79 and the small difference in mean water table
depth, less than 10 cm (between —3.5 and 3.9 cm) [11],
between the observation and simulation for the two vali-
dation periods. These quantitative assessments show that
MIKE SHE is applicable to provide proper water table
dynamics for this C simulation using spatially explicit
modeling approach.

The results from Forest-DNDC validation using soil
CO,, soil temperature and soil moisture, and biomass
were presented in Figure 3 and Table 3. Although the
simulated average soil moisture was approximately to
observed and the slope of regression model between the
observations and simulations was close to 1 (b = 1.02),
the model efficiency (Table 3) from the validation showed

that the simulated soil moisture was in general agreement
with the field measurements (E = 0.4 and R* = 0.64, n =
216) (Figure 3(a)). However, there was good agreement
between the observations and simulations for soil tem-
perature (E = 0.7 and R* = 0.78, n = 216; Figure 3(b)),
soil CO, (E = 0.67 and R* = 0.67, n = 200; Figure 3(c))
and aboveground biomass (E = 0.82, R?>=0.85, n =24,
for plots p1 - p24 in 2006; and E = 0.86, R* =0.99, n =8,
for plots p21 - p24 in 2006 and 2007; Figure 3(d)).

There were small differences between the field meas-
urements and simulations for soil moisture. The simu-
lated soil moisture trended to be slightly higher than the
field measurements during wet periods and slightly lower
during dry periods. These differences may be related to
the location and distribution of the measurement plots,
which include both upland and wetland. The field meas-
urements may also be influenced by the micro-topogra-
phy within a measurement plot; whereby the 4 - 6 meas-
urement points chosen for a plot were inadequate to pro-
vide a representative mean for the plot (0.25 ha). The
distribution of measurement points tended to be on the
slightly higher (i.e. 10 - 20 cm) micro-topographic posi-
tions, which would not be submerged during periods of
high-water table, although those events are not uncom-
mon. Since the simulated results represent an average
across the plot, it is reasonable that the simulated soil
moisture could be higher than the measured values for
wet periods, especially in the riparian zone.

The Figure 3(d) showed that the Forest-DNDC
slightly over predicted the biomass C accumulated in
wood product for plots 5, 13, 14, 19 - 23, and under pre-
dicted for the plots 1, 3, 4, 8, 12, 17 and 18. There are
many factors that can produce these errors, including
vegetation distribution, differences in plot sizes between
inventory (fourth acre, about 0.1 ha) and simulation
(fourth hectare), and errors from measurements of tree
height (m) and diameter at breast height (DBH) (cm). An
important error with respect to the over or under estima-
tions of the wood mass can be resulted from estimating

Table 2. The simulated (S) and measured (M) mean water table and mean stream flow in watershed WS80 and rainfall in the 5-year

period, and model efficiency (E), and number of samples (n).

Year Rainfall (mm) Streamflow (mmd ") Water table depth from ground surface (m)*

M S R? E n M S R? E n
2003 1671 2.01 2.00 0.62 0.55 365 0.58 0.63 0.88 0.87 556
2004 962 0.28 0.37 0.63 0.56 366 0.88 0.98 0.79 0.76 477
2005 1540 0.84 0.82 0.66 0.63 365 0.77 0.86 0.77 0.75 699
2006 1255 0.38 0.52 0.83 0.81 365 1.02 1.09 0.66 0.65 736
2007 923 0.16 0.21 0.78 0.78 365 1.06 1.26 0.73 0.56 483

*The water table depth is the distance from ground surface to water table level where is below the ground surface, and annual average water table depth from all
wells. M is measurement; S is simulation; R’ is the coefficient of determination; E is Nash-Sutcliffe model efficiency (1970); the unit of stream flow is mm per

day, normalized from cms (cubic meters per second).
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Figure 3. (a) Observed and simulated daily soil moisture (0 - 1) for eight plots (plot average) (n = 216); (b) Observed and simulated
daily soil temperature (°C) for eight plots (plot average) (n = 216); (c) Observed and simulated soil CO, fluxes (kg-C-ha '-d™") for
eight plots (plot average) (n = 200); (d) Observed and simulated aboveground biomass (Mg-C-ha ") for plots pl - p24 in 2006 and
p21 - p24 in 2007 (O-biomass is the measured biomass C; P-biomass is the simulated); (¢) Temporal changes in biomass and mineral
soil organic carbon (Mg-C-ha™") within a depth of 30 cm; ([Wood C] is simulated annual mean aboveground biomass C for the
58-year period from 1950-2007; [Measured C] is the estimated aboveground biomass for 2006 and 2007 using plot average based on
the biomass measurements in 2006 and 2007, respectively; [Biomass C before and after Hurricane Hugo in 1989] is the aboveground
biomass C estimated by Hook et al. (1996); n = 39 for the linear (Soil C) regression).

biomass loss to Hurricane Hugo in 1989. Because plot- were not available, an average wood mass loss was used
based measurements for the biomass loss to the hurricane for all simulating units in this study. The estimated aver-

Copyright © 2013 SciRes. Openly accessible at http://www.scirp.org/journal/ns/




Z. H. Dai et al. / Natural Science 5 (2013) 375-388 383

Table 3. Observed (M) and simulated (S) averages, model efficiency (E), the slope (b) of regression between observations and simu-

lations, and numer of samples (n)*.

Parameter M S E b n
Soil CO, (kg-C-ha™'-d™") 433 42.6 0.67 0.94 200
Soil temperature ("C) 20.4 18.6 0.70 0.91 216
Soil moisture (m*-m™?) 0.48 0.46 0.40 1.02 216
Biomass (Mg-C-ha™')° 55.0 58.9 0.86 1.13 8
Biomass (Mg-C-ha™")* 76.1 74.5 0.82 0.96 24

M is observed mean; S is simulated mean; E is model efficiency (Nash and Sutcliffe, 1970); b is the slope of regression model between observations and simu-
lations; “The biomass was only aboveground part and measured for plots p21-p24 in 2007; The biomass was the sum of aboveground and belowground bio-

mass and observed in twenty four plots in 2006.

age loss was about 85% based on the damage investiga-
tion and studies [19,49,50]. In fact, the wood mass loss
to the hurricane in this catchment was heterogeneous.

The Figure 3(e) presents the simulated annual mean
aboveground biomass across the study catchment in the
58-year period from 1950-2007, and the biomass before
and after the hurricane estimated by Hook et al. [42]
(blank square) and the biomass inventoried in 2006 and
2007 (triangle) (unpublished data). The figure shows that
the biomass simulated for pre-hurricane (79.3 Mg-C-ha™")
is in good agreement with the estimated biomass (78.0
Mg-C-ha™') (blank squares on Figure 3(€)) for assessing
the hurricane damage. However, the modeled biomass
(12.1 Mg-C-ha™") for post-hurricane was slightly lower
than the biomass measurements (13.9 Mg-C-ha™") for the
hurricane damage assessment. The under-estimation from
this study might be related to an overestimate in the
mean biomass loss (85%) to the hurricane for the simula-
tion. The simulated annual mean biomass across the
catchment for the two inventories in 2006 and 2007 was
slightly lower than the inventoried averages, differenti-
ated about —1.8% and —5.0%, respectively. This differ-
ence might be in relation to the overestimation of the
biomass loss to the hurricane leading a subsequent under
prediction, but the difference should be within the errors
produced by biomass measurements and the methods
used to computing biomass based on DBH and heights of
trees.

The model validation showed that the Forest-DNDC
performed properly well for simulating soil CO, flux,
soil temperature and biomass, with E = 0.86 for biomass,
E = 0.7 for soil temperature, and E = 0.67 for soil CO,,
which are within the range of good model performance
rating (0.5 < E < 0.75) [63]. Although the E (0.4) is
within the range of general model performance rating for
modeling soil moisture, the slope of the regression model
between the observations and simulations is close to 1.0
(b = 1.02), and the simulated mean soil moisture is ap-
proximately to the measured. The differences in the bio-
mass between the simulation and measurements are
small (4.9% for biomass loss to the hurricane and 3.4%
for biomass inventories). The metrics indicate that the

Copyright © 2013 SciRes.

Forest-DNDC can be applicable for modeling biomass
and soil CO, dynamics for this forest with hurricane dis-
turbance.

3.2. Spatial Differences in Net Ecosystem
Exchange (NEE) and Soil CO; Flux

The cell-based (simulation unit) annual average soil
CO, flux in this watershed spatially ranged from 3.2 - 4.8
Mg-C-ha™' during the period from 1950-2007 (Figure
4(a), Table 4), which showed that there was a substan-
tially spatial difference in the flux. The spatial difference
in soil CO, flux is likely resulted from differentiated soil
conditions, including soil moisture and soil organic con-
tent, and vegetation distribution [64,65]. The arithmetic
mean, median and geometric mean of the 58-year soil
CO; flux on WS80 were same, 3.8 Mg-C-haﬁl, which
indicates a spatially normal distribution in this watershed.
High CO, flux occurred in the uplands, and low flux in
wetlands.

The spatial variation of NEE in the catchment was
large, but the annual mean C storage was low (high
NEE). The cell-based annual average NEE ranged from
—0.4 to —2.5 Mg-C-ha™' (Figure 4(b)) with an arithmetic
mean of —1.1 and geometric value of —1.0 Mg-C-ha™"
during the time period from 1950-2007. The high NEE at
this site was primarily resulted from the decomposition
of large amount of debris left by Hurricane Hugo in 1989,
including fallen trees (178 m*ha™' - 24 m*ha™' = 154
m’ha' woody debris) due to without salvage logging
and biomass removal after the hurricane and dead roots
(about 19.2 Mg-C-ha™") produced by the destruction of -
the forest (see more discussion on the hurricane impact
below). This is because CO, released from the decompo-
sition of the residues remained in the forest was much
higher than the amount consumed by the regenerating
forest within several years after the storm.

Compared to the NEE (—1.85 Mg-C-ha "yr'") in the
same period from 1950-2008 at Savannah River Site in
South Carolina where the forest was not disturbed by any
hurricane [62], the high NEE in this catchment showed
that the hurricane was highly impacted on the C seques-
tration to this forest.
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Figure 4. (a) Spatial differences in annual average soil CO, flux (Mg-C-ha '-yr ') in the period from 1950-2007; (b) Spatial differ-
ences in annual average NEE (Mg-C-ha '-yr ') in the period from 1950-2007.

Table 4. Simulated spatial differences in annual averages of GPP, NPP NEE, biomass C and soil CO,-C*.

Parameter Min Max AM Median GM

GPP (Mg-C-ha'-yr'™") 12.3 28.4 16.5 16.9 16.4
NPP (Mg-C-ha'-yr™") 2.1 6.1 43 42 43

NEE (Mg-C-ha '-yr ") -0.4 -2.5 -1.1 -0.9 -1.0
Woody C (Mg-C-ha'-yr)° 2.1 6.0 3.8 3.6 3.7
Soil CO, (Mg-C-ha™"-yr'") 32 4.8 3.8 3.8 3.8

*All values were annual average; Min is minimum; Max is maximum; AM is arithmetic mean; GM is geometric mean. bNegative values here for NEE represents
C sink; normally —0.4 should be larger than —2.5; however, from the C sink, the value of —0.4 represents a smaller C sink than —2.5; “The woody C is above-
ground biomass C that is the sum of overstory and understory biomass; number of samples (n) is equal to the number of cells, 675.

3.3. Temporal Changes in Soil CO, Flux

The hurricane did not only destroy the forest in this
catchment, but also it added a large amount of coarse
wood debris (CWD) to forest floor and dead roots to
mineral soil. Therefore, CO, flux was substantially
higher within a short time period after the hurricane than
before the disastrous wind due to the contribution from
the decomposition of organic C added to the soils (SOC)
by the hurricane, excluding CWD, litter and duff, (Fig-
ure 5), which was primarily as the result from the dead
roots. However, the Figure 5 also shows that the impact
of dead roots added by the hurricane has likely been
small at present, about 15 years after.

The annual soil CO, flux from the study catchment
between 1950 and 2007 was presented in Figure 5. The
figure showed an abnormally high CO, flux in a short
time period after the hurricane. The abnormal flux was
mainly resulted from decomposition of the dead woods
and debris left by the hurricane, added over 64 Mg-C-ha™'
to forest floor and about 19 Mg-C-ha ' to soils (see the
Impact of Hurricane Hugo on C sequestration below),
because this watershed serves as control in the paired
watershed system. However, the CO, flux is not constant
even if there is no a hurricane disturbance. Figure 5 indi-
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Figure 5. Temporal changes in soil CO, flux (Mg-C-ha™-yr™)
in the period from 1950-2007 (n = 39 for the pre-hurricane
period, n = 19 for post-hurricane period).

cated that the annual flux fluctuated and linearly in-
creased at an average rate of about 27 kg:C+ha "-yr ' be-
fore the hurricane. The slow and linear increase in soil
CO, before the hurricane was likely resulted from two
factors, an increase in biomass, including roots and leaf
that can be the main factor leading to an increase soil
CO; flux, and the increase in air temperature which can
cause a small increase in SOC decomposition [64] be-
cause the temperature increased at an average rate of
0.21°C per decade during the time period from 1950-
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1988 (the pre-hurricane period) [11]. However, the in-
ter-annual soil CO, flux fluctuation in the same period
was principally related to the changes in soil moisture
regime (see more discussion below). Figure 5 also
showed that the hurricane significantly influenced soil
CO, flux. This was because the hurricane left a large
amount of debris on the forest floor and dead roots in the
soils, and those fine and small residues can decompose
fast under the subtropical climate, producing a high CO,
flux within a short period after the hurricane.

3.4. Impact of Climatic Variability on CO,
Sequestration

We only analyzed the C dynamics in this forest in the
period from 1950-1988 in order to understand well the
impact of climate variability on C sequestration due to
without a hurricane perturbation in the period. The re-
sults from simulation showed that climatic variability
hardly influenced C sequestration to the forest product in
this study catchment during the period from 1950-1988
(before the hurricane), including without substantial im-
pacts of the variation in temperature (R* = 0.0004) and
precipitation (R* = 0.015). However, the climate variabil-
ity influenced C sequestration to the forested ecosystems,
even if there were no impacts of hurricanes. The NEE
increase significantly with a decrease in precipitation
before the hurricane in this forested watershed (P < 0.02)
(Figure 6), but insignificantly with an increase or de-
crease in temperature (R*=0.01, P> 0.1). The increase
in NEE was principally resulted from an increase in soil
CO, flux caused by the changes in soil moisture regime
regulating C dynamics in this watershed. Soil CO, flux
from this forest was lower in the wet years than in dry
years because the soil was saturated for a long period in
wet years [62]. For example, mean soil CO, flux from
this watershed in 2004 was over 1 Mg-C+ha™' higher than
the flux in the two adjacent years (2003 and 2005) be-
cause 2003 and 2005 were much wetter than 2004, about
710 and 580 mm precipitation higher than 2004, respec-
tively, but the temperature in the three years was ap-
proximate. High soil CO, flux in dry years is primarily as
wetlands loss to a decrease in the water table level regu-
lated by precipitation and evapotranspiration in this for-
est. This result was similar to the finding of Pietsch et al.
[7] that water table level decrease in their sites led to an
increase in soil carbon loss. This result implies that global
warming can lead more soil CO, release from this type of
forested wetlands because the warming does not bring
more rain to this subtropical area [10,11].

3.5. Impact of Hurricane Hugo on Carbon
Sequestration

Carbon sequestration in this forest did not monoto-
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Figure 6. Impact of precipitation on NEE during the period
from 1950-1988 (n = 39, the pre-hurricane period).

nously change in time, although the forest has not been
managed near six decades, because there was a large
fault (Figure 3(€)). The fault of C sequestration in the
forest is primarily resulted from the disastrous storm,
Hurricane Hugo in 1989, which blew down over 80% of
trees in this watershed [19]. Both the simulation and
measurements showed the hurricane substantially influ-
enced C storage in the stands in this forest. The simu-
lated mean aboveground biomass altered from 79.3
Mg-C-ha™' before the hurricane to 12.1 Mg-C-ha™' after
the hurricane; the measured biomass reduced from?78.0
Mg-C-ha™! to 13.9 Mg-Cha'. These results indicated
that the hurricane reduced the wood biomass C storage in
the stands by over 82% in the forest in 1989.

Hurricane Hugo did not only cut the C storage in the
stands of the forest, but also it impacted the soil CO, flux
due to the decomposition of the residues left by the
hurricane (Figure 5). A substantial increase in CO, flux
(the abnormal high flux) occurred in this forest within
several years after the hurricane. The abnormal CO, flux
after the hurricane is primarily as the result of this
catchment (WS80) serving as a control watershed within
the paired watershed system (see Figure 1) that is used
to study forest and hydrology (see Section of Materials
and Methods). Accordingly, all fallen trees and debris
(about 64 Mg-C-ha™") left by the hurricane remained on
the forest floor, led to a subsequent increase in CO, flux
due to the decomposition of those residues. Another
factor with respect to an increase in soil CO, flux is the
dead roots, about 19.2 Mg-C-ha ' estimated on the basis
of the radio of aboveground biomass to the roots [59,60],
left in the soils due to the destruction of the forest.
However, the impact of the dead roots on soil CO, flux
has become very small about 10 years late after the
hurricane due to decomposing year-by-year with an
exponential decrease in the mass [66].
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4. CONCLUSIONS

This study indicates that Forest-DNDC with a spatially
explicit modeling approach is applicable for estimating C
sequestration for the coastal forested watershed with a
mosaic landscape consisting of wetlands and uplands.
The agreement result between observation and simula-
tion for biomass with a disastrous hurricane disturbance
shows that this model can simulate C sequestration not
only for the forested ecosystems without impacts of hur-
ricanes but also for the similar forested ecosystems with
hurricane perturbations.

This study indicates that hurricane can substantially
influence CO, sequestration in the coastal forest ecosys-
tems, including reducing C storage in the stands and in-
creasing soil CO, flux within a short period. Climate
variability and change can alter soil CO, flux from this
forested watershed. CO, fluxes can increase with a de-
crease in water table level regulated by climate. Project-
ing those impacts to future climate change, soil CO, flux
can increase due to temperature rise without bringing
more precipitation to this forest, leading to an increase in
evapotranspiration demands that incurs a decrease in
water table level.
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