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PREFACE

This international conference is a first-of-its kind specialty conference focused on hydrology and
management of forested wetlands. The idea of this conference was conceived in May 2003 in
discussions with Dr. Wayne Skaggs of North Carolina State University and Dr. Peter Farnum of
Weyerhaeuser Company at the USDA Forest Service Center for Forested Wetlands Research in
Charleston, South Carolina. This conference brings together scientists, engineers, researchers,
planners, land managers, and decision makers to exchange the latest research findings and
discuss relevant issues concerning forested wetlands. It also provides an opportunity to celebrate

- 20 years of collaborative forest hydrology and management research at Weyerhaeuser’s Carteret

site in North Carolina.

The conference participants have an opportunity to learn from presentations on a broad range of
topics including wetland hydrologic processes, biogeochemical cycling and transport, hydrology
and water quality, restoration and BMPS, monitoring and modeling, land use, climate change
effects, and sustainable management. Many of the sessions have been assembled by world
renowned scholars, and these 59 oral and 36 poster presentations will add significantly to our
current understanding and management of this important ecosystem.

We.would like to.acknowledge ASABE, Weyerhaeuser-Company;-and-the USDA-Forest-Service—-

* Southern Research Station for cosponsoring the conference, and also all other agencies who

endorsed this conference. Most importantly, we would like to sincerely thank all those authors
who contributed their important works for this wetlands conference and all participants without
whom it would not have been a success. Thanks are also due to all invited guests of the plenary
session, speakers, session moderators, invited panelists, members of the conference planning and
associated committees, volunteers, and the ASABE and Weyerhaeuser Company staff who have
been working hard for the success of this conference.

A special word of acknowledgement goes to Dr. Wayne Skaggs, Dr. Wendell Gilliam, and their
colleagues at North Carolina State University for their great vision and research direction that
has added so much to the field of forested wetlands.

Tt-wasa privitege to-serve-aschairmerrof this unique international specialty conference. We
hope this conference can be a basis for planning future similar conferences focused on issues
regarding the science and management of forested wetlands.

Devendra M Amatya

Conference Co-Chair

Center for Forested Wetlands Research
USDA Forest Service, Charleston, SC

Jami Nettles

Conference Co-Chair

Southern Hydrology Research
‘Weyerhaeuser Company, Columbus MS
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SIMULATING THE BIOGEOCHEMICAL CYCLES IN CYPRESS WETLAND-
PINE UPLAND ECOSYSTEMS AT A LANDSCAPE SCALE WITH THE
WETLAND-DNDC MODEL

G Sun', C. Li’, C. C. Trettin’, J. Lu*, and §.G. McNulty"

ABSTRACT )

- Amodeling framework (Wetland-DNDC) that describes forested wetland ecosystem processes has
been developed and validated with data from North America and Europe. The model simulates
forest photosynthesis, respiration, carbon allocation, and litter production, soil organic matter

-~ (SOM) turnover, trace gas emissions, and N leaching. Inputs required by Wetland-DNDC include
aily meteorological data, forest type and age, soil properties (e.g., texture, initial SOM content,
ulk density and pH), and forest management practices (e.g., harvest, thinning, fire, reforestation,

' drainage, wetland restoration etc.). For wetland applications, observed or modeled water table .

. depth data are required to drive the soil redox potential dynamics. Wetland-DNDC runs at a daily
time step; and produces daily and annual resuits of forest growth; niet €cosystem C exchange, o
uxes of CO,, CHy, N;0, NO, N,, and NH; emissions, and N leaching from the rooting zone.
. This study extended the original field-scale model to simulate the carbon, nitrogen, and water

landscape scale (41 kg N,O /year), and wetlands are sources of CH, emission (i.e. 2.5 tons
Ha/year). Wetlands reduced large amount of nitrites by denitrification, but nitrogen leaching into
surface water is also common.

KEYWORDS. Wetlands, Hydrology, Biogeochemical Cycling, Modeling
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finer temporal scale (i.e. daily) for applicati
Zhang et al., 2002; Li et al., 2003; Cui et al.
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The objectives of this study were to: 1) link
 distributed groundwater table depths simula
system to a watershed with both upland and
of biogeochemical fluxes, and 3) examine h
fluxes in pine flatwoods at multiple spatial s

INTRODUCTION

About half of wetland areas of 20.5 million ha in the United States are forested (Dahl, 2000).
Forested wetlands have been widely valued beyond their roles in providing clean water, wildlife
habitat, and timber. Globally, wetlands cover about 5% of the land surfaces (Eswarn et al., 1995),
but contain 15-22% of total terrestrial carbon and contribute 15-20% of total emission of methane,
.2 powerful green house gas (Matthews and Fung, 1987). Wetlands are perceived as carbon, sulfur,
and nitrogen sinks. Forested wetlands have relatively high net ecosystem primary productivity
and store disproportionally more carbon than other landuses (Trettin and Jurgensen, 2003). Asa
unique type of ecosystem dominated by water, wetland biogeochemical processes are extremely
dynamic and complex, and inherently vary both in time and space at a landscape scale. For
example, a small change in water table depth due to either land topography or climate variations
can result in completely different redox- conditions and alter the rates of soil organic carbon
decomposition, plant respiration and photosynthesis, CH, production and consumption, and N
transformation and transport. Field experiments to examine the interactions of carbon, nitrogen,
water, and climate and the fluxes are often expensive, and thus data are often incomplete for
wetland ecosystems. A limited number of sites in the carbon and water flux network were
established for wetlands (Clark et al., 1999). Multi-factorial experiments are often conducted in a
controlled laboratory environment. It is largely unknown how future climate change, landuse

I

Wetland-DNDC model

The Wetland-DNDC model was a modified -
originally designed for simulating C and N ¢
forest ecosystems (Li et al., 2000) (Fig. 1). "~
(DeComposition and DeNitrification) model
catures of the DNDC family of models; bu
describe the groundwater table controls on re¢ -
decomposition, CH, production and consumj
anaerobic conditions (Zhang et al., 2002; Li «
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associated ecological values at a landscape scale.

Limited studies on forest-atmosphere carbon exchange in wetlands in the southern U.S. suggested
that cypress wetlands had highly contrasting daytime and nighttime carbon flux patterns when
compared to nearby drier pine flatwoods ecosystems (Clark et al., 1999; 2004). On an annual
basis, wetlands accumulated less carbon than pine uplands (Clark et al., 1999) mainly due to their
lower photosynthesis rates, higher respiration rates and short growing season. Methane emission
from pine flatwoods was highly controlled by site hydrology and soil moisture that can be altered

input =
X

P . Surface inflow
by forest management practices (e.g. bedding, tree harvesting) and climate variability. Castro et al., Snowfall«—] «
(2000) suspected that the coastal plain region might be a significant CH, source under certain 'T -
climatic and plantation management regimes. They called for an in-depth study of the interactions Snow L
between climate, soil moisture, and soil microbial dynamics (Castro et al., 2000). Individual :

carbon flux study such as on soil respiration processes in pine flatwoods was also available (Fang
et al.,, 1998). :

Computer simulation models are simplifications of the real world. 'I’héy provide tools for
examining complex ecosystem processes such as the biogeochemical cycling in wetlands. Several -

advantages of mathematical models are recognized: 1) Models are synthesis tools that integrate Hydrologic conditions

data collected for individual processes and functional relations using a systems approach. Such an

approach for data synthesis is often helpful for identifying deficiencies in field data measurements e

and knowledge about the interactions of various processes. 2) Models are useful for testing "'“"
hypotheses. Our understanding of the internal relationships of ecosystem processes are !

incomplete although we may have sufficient measurements of ‘end products’ such as discharge 1

amount and its concentrations at the watershed outlets and state variables such carbon or water . Hoat - Heatcapacly

v
Snow depth----» < -- and thermal «-
condu;:tlon uctivity

1]
I

Solltemperature |
profile .

Soil thermal conditions

storage in soils. Hypotheses can be tested by linking the ecosystem processes using mathematical
equations and by validating the model performances with certain measurable ‘end products’. 3)
Models are prediction tools. Once a model is properly validated against a wide range of
measurements, it becomes a powerful tool to test the sensitivity to ecosystem model parameters or
input variables to answer ‘what if* type of management questions.

Large numbers of biogeochemical models at different scales has emerged in the past two decades -
due to the advances of information technology and wetland sciences. However, few
comprehensive models are available to fully describe forested wetlands ecosystems. A review of
12 widely used carbon models suggested that most of the existing models do not allow for
anaerobic conditions, do not explicitly simfilate wetland hydrology, and can not track daily
biogeochemical dynamics (Trettin et al., 2001). Efforts have been devoted to develop a new
integrated modeling framework that simulates wetland carbon, nitrogen, and water cycles at a

Figure 1. Framework of the Wetland-DNDC
groundwater hydrology, plant growth and product
factors (from Zhang et al., 2002). GPP=gxssLl:
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finer temporal scale (i.e. daily) for application at landscape to regional scale (Trettin et al., 2001,
Zhang et al., 2002; Li et al., 2003; Cui et al., 2005). The modeling framework has been tested
with site-level data (i.e. forest productivity, carbon eddy flux, CHy) in temperate and subtropical
climate zones for both upland and wetland ecosystems in North America (Li et al,, 1992; Zhang et
al., 2002) and Europe (Li et al., 2000; Butterbach-Bahl ef al.,, 2004; Kesik et al., 2005).

The objectives of this study were to: 1) link the field-scale Wetland-DNDC model with spatially
distributed groundwater table depths simulated by hydrologic model; 2) apply the linked modeling
system to a watershed with both upland and wetland components to map the spatial heterogeneity

of biogeochemical fluxes, and 3) examine how climate variability affects the biogeochemical
fluxes in pine flatwoods at multiple spatial scales.

METHODS
Wetland-DNDC model

The Wetland-DNDC model was a modified version of the PnET-N-DNDC model that was
riginally designed for simulating C and N dynamics including trace gas emissions in upland
orest ecosystems (Li et al., 2000) (Fig. 1). The PnET-N-DC model was a variant of the DNDC
(DeComposition and DeNitrification) model family. The Wetland-DNDC model inherited many
features of the DNDC family of models, but significant improvements have been made to better
escribe the groundwater table controls on redox potential, soil temperature, carbon fixation and
lecomposition, CHy production and consumnption; aiid other biogeochemnical processes under

naerobic conditions (Zhang et al., 2002; Li et al., 2003; Cui et al., 2005).

nput [ (Daily climate data } ([Solltydrotogical foat es ] (Veg P ]

Precipitation-~«--cenvv, + Surface inflow
Snowfall «— &

[— Interception | -
Meit— 3
Soil ;
in unsaturated zone
-
H

F-+Eh-Jy
Water table ‘l
ow Saturated 20ne - Litter

Hydrologic conditions : Plant growth

Surface ] LAl Very labile] fabile [ Resistant| (o)

) E Oxidation
: . Lablle | Resistant

3 Woat | Heatcapacity icrobes! micgobes [She n soi]
Snow depth---~» <+-- and th P
! conductivity Labile | Resistant
i 2 ads CH, production
Soll temperature
profile l Passive humus I € substrates Root

Soil thermal conditions Soil ca}bon dynamics

Figure 1. Framework of the Wetland-DNDC modeling system showing the intimate interactions of
undwater hydrology, plant growth and production, soil biogeochemical cycling, and other environmental
ctors (from Zhang et al., 2002). GPP=Gross Primary Productivity; NPP = Net Primary Productivity;
LAI=Leaf Area Index.
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- ecosystem exchange of COy, soil and plant carbon storage, soil and plant respiration, CH,

-
%
!

The Wetland-DNDC model consists of four major components including: wetland hydrology,
thermal conditions, forest overstory and-understory including mosses and herbaceous, soil carb
and nitrogen dynamics (Zhang et al., 2002). All four of these components interact closely ata =
daily time interval. The outputs from the model include almost all carbon and nitrogen pools as
fluxes in a forested ecosystem. Examples are net ecosystem primary productivity (NPP), n

emission, N>O emission, NO; and NH, concentration in soils and leaching from the rooting zon

Wetland hydroperiod is a key variable that drives the entire biogeochemical processes. The
Wetland-DNDC model has the options of accepting external inputs or estimating hydroperiod by
.an empirical submodel for this variable (Zhang et al., 2002). In this study, we employed a

physically based hydrologic model MIKE SHE (DHI, 2004) to provide spatially distributed wa
table depths. The MIKE SHE model will be described late: '

The Wetland-DNDC model sinlulafes growth and productivity of both overstory and ground
vegetation. Tree growth and carbon allocations were modeled by the algorithms described in th
PnET model (Aber and Federer, 1992). Growth, litter production, and respiration of mosses and

herbaceous plants under the forest canopy were modeled by the SPAM model (Frolking et al.,
1996). . ) :

Soil thermal conditions for different soil layers are modeled within the Wetland-DNDC model
using a vertical one-dimensional heat conduction equation. Soil moisture content, organic matter
content, snow pack, and leaf area index all have influences on the heat transport and soil
temperature distributions. Seil carbon pools and fluxes were closely related to redox potential.
"Redox potential is calculated as a function of oxygen concentration in the soil layers. An
‘anerobic balloon’ concept was introduced to track the reduction-oxidation reactions in the
anaerobic and aerobic microsites in the soil. Based on the size of the ‘balloon’, or proportion of
the soil under an anaerobic state, Wetland-DNDC allocates substrates (e.g. DOC, NOy, NH) antlri"
estimates productions, consumptions, and emissions of N,0, NO, Ny, CHs. Details of the complex
algorithms describing the biogeochemical interactions are found in Li et al., (1992, 2000, 2003),
Zhang et al. (2002), and Cui et al. (2005).

MIKE SHE Hydrologic Model

As the first generation of spatially distributed hydrologic model, the MIKE SHE model simulates
the full hydrologic cycle of a watershed across space and time, including spatial distribution of
groundwater table depth, soil moisture content, and evapotranspiration (Abbot et al., 1986; DHI,
2004). The model simulates both surface and groundwater flows and their interactions, so the
model is especially appropriate for wetland conditions. The infiltration processes are modeled
using the Richard’s equation or a simple wetland soil water balance equation. Saturated water

flow in the subsurface is simulated by a 3-D groundwater flow model. The modeling package is r?j
user-friendly with an interface to Geographic Information Systems (GIS) (DHI, 2004). A major gfi
advantage of this model is its window-based program and can directly use GIS database as model al(
inputs for watershed topography, geology, soils, vegetation distributions, and climate variables. :

We have tested this model at selected forested watersheds across a physiographic gradient in the Ni
southern U.S. (Jianbiao Lu, personal communication). : al
Linking the Distributed Hydrology Model (MIKE SHE) with the Wetland-DNDC Model 2‘]
We adopted a ‘loosely coupled” approach in linking wetland hydrology and the biogeochemical ec

processes. The main reason is that both the distributed hydrologic model and the biogeochemical
mode] are extremely complex. A fully interactive integration is ideal, but it is not practical at this
stage. This ‘loosely coupled’ approach entails two steps: 1) simulate the spatial distribution (GB0m
grid) daily groundwater table dynamics with MIKE SHE using the same soil and vegetation
parameters in Wetland-DNDC. The output files of water table depth were used as inputs to the
wetland-DNDC model; 2) run the Wetland-DNDC model for each of the grid cells delineated by
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the MIKE SHE model. Qutputs of daily biogeochemical variables were presented in the same
spatial resolution as the hydrology model.

Study Site

The study site selected for model testing was a flatwoods Jandscape that consists of cypress
swamps and slash pine stands. The sit

e was located 15 km northeast of Gainesville, Alachua
County in north central Florida, USA. Plio-Pleistocene terrace deposits and the Hawthorne -
Formation dominate the geology. The flatwoods landscape had a small topographic relief ranging
from 0 to 1.6%. Impermeable blue-gr

een clays (> 4 m thick) below the sandy soil layers (2 - 3 m
thick) separate the shallow ground water from the underlying secondary aquifer consisting of
various materials. Approximately 30% of the res

earch site (about 40 ha) was in cypress swamps
dominated by pond cypress (Zaxodium ascendens Brongn.), with wetland sizes ranging from a few
square meters to more than 5 ha. The remaining ‘upland’ areas (~30 ha) were in a 29-year old
- mature slash pine (Pinus elliottii Engeélm.) plantation, Th

¢ average annual temperature in the
region was 21°C, with a mean monthly low of 14°C in Jan

uary and high of 27°C in July. Average

annual rainfall was about 1330 mm, with dry periods during the spring and the fall. The study

3 with 1995 and 1996 being normal. The

(Bliss and Comerford, 2002). The actual

ea level.

n the early 1990s, extensive studies were conducted at the research site to examine how forest

harvesting affected groundwater hydrology, ecosystem evapotranspiration;-soil-chemistry, plant
generation, and wildlife habitats as part of the forested wetland research initiatives (Sun et al.,

000; Bliss and Comerford, 2002). Long-term (1991-1996) spatial groundwater table depth data

were collected bi-weekly using over 140 1.5-m shallow wells (Bliss and Comerford, 2002). Three

RESULTS

"Both the MIKE SHE model and the Wetland-DNDC model were validated with field data
. measured at the research site as described

above on hydrology and published reports on carbon
: from similar nearby pine flatwoods eco

'\
|
g

systems (Clark et al., 1999; Clark et al., 2004: Castro et al

.

0): SHE model was calibrated with data from 1992 and 1993 and validated with
*data in 1994-1996 at selected points and across the landscape by comparing simulated and
easured groundwater table depths. In general, the model captured the seasonal fluctuation

~dynamics of groundwater table and matched groundwater table depth at most of the upland wells
ig 2.). The Nash-Sutcliffe coefficients (Nash and Sutcliffe, 1970) and correlation coefficient
ranged from -1.23 to 0.69, and from 0.73 to 0.91, respectively, during the 3-year model validation
‘period (1994-1996). The model tended to underestimate wetland water level when flooded (Fig
2.), probably due to the inadeqzuate representation of land topography of this flat landscape
although a manual 100*100 :

m” grid elevation survey was made prior to the study.
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Figure 2. Differences between MIKE SHE simulated and measured water table level on October 29, 1992.

became a carbon source (negative NEE) during the fall, winter, and early spring when it was
leafless and soil carbon decomposition was active. The model performed better for the pine

uplands than for the wetlands, but under-predicted carbon gains were found for the winter months.
The model could track the transition between a “sink’
wetlands. However, the model overestimated NEE in
underestimated NEE in other seasons. On an annual
strong sink of atmospheric carbon with a measured
the cypress swamp (wetland) was a weaker sink wi

t C/ha).

50

40 4ol

Mean NEE flux

Figure 3. Comparing daily averaged NEE (kg/ha/day) by month between simulated and measured by the eddy.

30 4 --oo-o

€ Sinulated
W Measured ~

Mean NEE flux

covariance,
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(positive NEE) and a ‘source’ in the cypress .
the summer months (June and July), but
basis, the slash pine forest (upland) was a
NEE of 7:4 t C/ha (modeled 6.72 t C/ha) while
th measured NEE at 0.84 t C/ha (modeled 0.65

Pine upland




odel Application at the Landscape Scale
atial Distribution of Carbon flux

fier the model was validated individually for the paired ecosystems of a cypress swamp and a
ine upland stand, we applied the Wetland-DNDC simulation system to the pine flatwoods
andscape. The landscape has a total area of 39-ha consisting 30 ha slash pine upland and 17
ypress swamps with a total area of about 9 ha (Fig. 2). The daily spatial distribution of

drought episode could turn a landscape that is normally a carbon sink to a carbon source. This
phenomenon is largely controlled by a dramatic rise in decomposition and carbon emission rates in
the wetland portion of the landscape during dry periods.

Table 1. Summary of simulated annunal Net Ecosystem Exchange at the flatwoods research site.

Climate - . ... Precipitation- Slashpineupland - -~ Cypress " Atinual ~ Carbon Balance at

characteristics (mm) (tC year™) wetland - fotal - landscape
' (tC year™ (tCyear)
1992 (wet) 1553 157 47 110 Sink
1993 (dry) - 1104 77 ~125 48 Source
1996 (Normal) 1290 167 -8 159 Sink

Figure 3. Simulated spatial distribution (30 m resolution) of net ecosystem exchange (left panel) and CH4
(right panel) emission at the landscape scale. .
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~ Spatial Distribution of N Flux

Similar to carbon fluxes, nitrogen emission in the form of trace gas N,O was highly affected by

Bliss, (
in a FI

268

the spatial distribution of groundwater table depth and vegetation characteristics. Cypress swamy But_teri
were the major soutce of N,O during the drought year (Table 2). Wetlands were also sources of region:
N emission. About a total of 356 kg nitrogen gas (N2) was released to the atmosphere from the procest
9-ha wetlands in 1996 due to denitrification in wetland soils. The simulation results also Castro,
--suggested N leaching is mostly. common in wetland soils and little N was lost-below the rooting- - on soil
zone in the upland pine stands (Table 2). ' : : Resean
) Clark,’
Table 2. Summary of simulated annual NoO emission and N leaching from the pine flatwoods sil of slast
Climate N0 KgN year") ) N leaching (Kg N year’) Clark,
Characteristics Slash pine Cypress Total Slash pine Cypress Total Z.ontg)l
. swamp swamp cotog
' Cui, .
1992 (wet 4 0 132 O
(wet) 1 3 , 17 1 13 carbon
1993 (dry) 2 62 " 86 0 51 51 167,
1996 (normal) 24 17 41 0 43 43 . Dahl, 1
- US. D ‘
+ CONCLUSION . DHIL 2
A modeling framework, Wetland-DNDC, was developed and tested with limited observation data . Bswara
(e.g. carbon) at the field and landscape scales. This modeling study demonstrated the important P.27-4
controls of wetland hydrology on the chemical fluxes at multiple spatial scales. Depending on CRCP
climatic conditions (e.g. precipitation), the pine flatwoods ecosystems can be an either carbon sink -
or source. Modeling results had important implications regarding the roles of wetlands in 12. Fang, C
contributing to carbon sequestrations and greenhouse gas emissions under global climate and variatic
landuse changes. We developed a research tool to guide future studies on how disturbances affect . 13. Frolkin
wetland biogeochemical balances. Crill, J,
The modeling system is also a management tool to assess potential management effects on ‘tempor,
wetland ecosystems (Li et al., 2003). Future studies are needed to validate the internal 20343
relationships and interactions of carbon and nitrogen-in plants and soils under variable hydrologic 14. Kesik,;
conditions. Field data on CH, and N,O emissions across multiple geographic and management ‘ L. Hony
gradients and scales are needed to improve the existing model. A tighter model coupling of Simpsd
groundwater hydrology and the biogeochemical cycling, and plant growth and productivity will - N;O an
enhance the feedback functions of the model. Finally, watershed-scale and regional scale data will 15. Li.C

be helpful for examining how the model responds to the spatial heterogeneity of climate, ) ;’Nz"d
groundwater table depth, soil moisture, nutrient gradient, and plant community. 23 69-4
Acknowledgements ’ 16. Li.C..
This study was supported by the Southern Global Change Program, USDA Forest Service, Raleigh, sez]uegﬁ
NC. . " Managi
17. Li, C,¢
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