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Introduction and Conceptual Framework
The GCE LTER project is located on the central Georgia coast and encompasses upland
(mainland, barrier islands, marsh hammocks), intertidal (fresh, brackish and salt marsh) and
submerged (river, estuary, continental shelf) habitats. Patterns and processes in this complex
landscape vary on multiple scales, both spatially (within and between sites) and temporally
(tidal, diurnal, seasonal, and interannual). Overlain on this spatial and temporal variation are
long-term trends caused by increasing human population density, which influences land and
water use patterns; climate change, which affects sea level rise and precipitation patterns; and
other alterations, such as dredging or changes in fishing strategies. The goal of the GCE
program is to understand the mechanisms by which variation in the quality, source and
amount of both fresh and salt water create temporal and spatial variability in estuarine
habitats and processes, in order to predict directional changes that will occur in response to
long-term shifts in estuarine salinity patterns. To do this, we seek to understand how coastal
processes respond to environmental forcing, and to determine which scales of variability are of
primary importance.
The GCE domain (Figure 1, on the cover) includes three adjacent sounds (Altamaha, Doboy,
Sapelo). On the ocean side, the domain is bounded by the South Atlantic Bight, which extends
from Cape Hatteras, NC to West Palm Beach, FL. The broad expanse of the continental shelf in
this area helps to protect the coast from wave and storm activity but it also serves to funnel the
tides, which are semi-diurnal and range in height from 1.8 m (neap) to 2.4 m (spring). The
Altamaha River is the largest source of freshwater to the area and exports large amounts of
freshwater to Altamaha Sound. This freshwater can reach adjacent estuarine areas by flowing
through the wetland complex or by tidal movements of the Altamaha plume into other sounds.
We found that 75% of the variability in salinity in the Altamaha estuary can be explained by
discharge alone (Sheldon and Alber 2005). With increasing distance from the river (Altamaha to
Doboy and then Sapelo Sound), the correlation of salinity with discharge has an increasing time
lag, from 1 to 8 d (Di Iorio unpublished). As a result of these differences in freshwater inflow,
Altamaha Sound has low and variable salinities, whereas salinities at most sites in Sapelo and
Doboy Sounds are higher and fairly stable.
The central paradigm of GCE-II is that variability in estuarine ecosystem processes is primarily
mediated by the mixture of fresh and salt water flows across the coastal landscape. Our
conceptual model recognizes variability along both longitudinal (from upstream to downstream)
and lateral (from upland to submerged) gradients within the domain (Figure 2). Variability in
salinity along the longitudinal axes of the estuaries results from variability in riverine discharge,
groundwater input, and tidal mixing. Variability in water flow occurs over lateral gradients as
well, as a result of tidal exchange on and off the marsh platform and water flow from the upland
(in the form of both groundwater and overland runoff), as well as direct precipitation and
evapotranspiration. Changes in the quantity or quality of water in any of these flow paths can
potentially affect habitat conditions, biogeochemical cycles, and ecosystem dynamics.
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Figure 2. Conceptual models guiding GCE research. Left: Longitudinal perspective showing relative
contributions of river discharge, groundwater flow, oceanic influence and net flow in three coastal sounds.
Right: Lateral movement of water among subtidal, intertidal and upland habitats; A & B: river discharge and
tidal flow combine to move water up and downstream, C: tidal exchange brings water on and off the marsh
platform, D: precipitation, E: precipitation leads to overland flow (runoff) if soils are saturated or impermeable,
F & G: groundwater may flow directly into the marsh or may transit under the marsh to emerge subtidally, H:
evapotranspiration. By layering this model on top of the landscape model on the left, we will gain a more
sophisticated understanding of spatial variation in ecosystem processes across the GCE landscape.

Our goal is to elucidate the mechanisms that underlie variation across the domain and in
particular the extent to which variability in water inflow drives landscape patterns. In so doing,
we recognize the necessity of evaluating the interaction of inflow-driven changes with other
factors that influence estuarine processes (e.g., geologic setting, organismal interactions). Our
research is focused on 5 main inter-related questions:
Q1: What are the long-term patterns of environmental forcing to the coastal zone?
Q2: How do the spatial and temporal patterns of biogeochemical processes, primary
production, community dynamics, decomposition, and disturbance vary across the
estuarine landscape, and how do they relate to environmental gradients?
Q3: What are the underlying mechanisms by which the freshwater-saltwater gradient
drives ecosystem change along the longitudinal axis of an estuary?
Q4: What are the underlying mechanisms by which proximity of marshes to upland
habitat drives ecosystem change along lateral gradients in the intertidal zone?
Q5: What is the relative importance of larval transport versus the conditions of the adult
environment in determining community and genetic structure across both the
longitudinal and lateral gradients of the estuarine landscape?
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The sections that follow describe our research efforts directed towards each of these questions.
Our efforts in each area receive different emphases over the course of the project, as summarized
below:
Q1: External forcing – continuous
Q2: Patterns within the domain - continuous
Q3: Longitudinal gradients – focused on years 4-6
Q4: Lateral gradients – focused on years 1-4
Q5: Organism distribution – focused on years 1-5
The GCE is an interdisciplinary program, with biologists, geologists, physicists and
anthropologists involved in the project (Appendix A). There are currently a total of 25 Principal
and Affiliated Investigators from 10 Institutions. During this funding cycle, GCE scientists have
published a total of 76 journal publications and 29 books and other one-time publications on a
broad range of topics, including soil processes (e.g., Craft 2007), nutrient cycling (e.g., Porubsky
et al. 2009), plant ecology (e.g., Kunza and Pennings 2008), water chemistry (e.g., Jiang et al.
2008), microbial diversity (e.g., Lasher et al. 2009), trophic dynamics (e.g., Sala et al. 2008),
genetics (e.g., Robinson et al. 2009), and physical oceanography (e.g., Di Iorio and Kang 2007).
Our research program has examined a variety of estuarine processes at spatial scales ranging
from individual plots (e.g., Edmonds et al. 2009) to the watershed scale (e.g., Schaefer and Alber
2007) to the entire Atlantic Coast (e.g., Pennings et al. 2008). We also have publications in
anthropology (Thompson and Turck 2009) and conservation biology (Farina et al. 2009). A
complete list of publications can be found in Appendix B.
GCE investigators have also leveraged approximately $6.5 million in additional support during
this project period (see Appendix C).
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Program Area Research Summaries
Q1: What are the long-term patterns of environmental forcing to the coastal zone?
Coastal ecosystems are influenced by the characteristics of the upstream watershed (e.g., land
use, slope), by those of the ocean (e.g., wave climate, sea level), and by those of the atmosphere
(e.g., temperature, precipitation). Each of these external forcing functions is expected to
experience substantial changes over the coming decades due to factors such as climate change,
sea level rise, and human alterations of the landscape. The GCE project collects data on local
climate (temperature, precipitation, wind speed and direction), and on the water chemistry of the
tributaries that discharge into the Altamaha River. We also obtain data from other organizations
(NWS, USGS, NOAA and other sources) on river discharge, watershed characteristics, human
population demographics, sea level, oceanographic conditions and climate.
Atmospheric forcing
Five meteorological stations, operated and maintained by various institutions affiliated with the
GCE LTER program, are used to characterize the weather and climate over a large spatial scale
within the GCE LTER domain. The station at Marsh Landing, which is operated in collaboration
with SINERR, serves as our primary LTER meteorological station for inter-comparison studies
and ClimDB. The station at Hudson Creek in Meridian is operated in cooperation with the
USGS NWIS. Data from these two stations are acquired in near real-time from NOAA (via
GOES satellite uplink) and USGS (via microwave transmission) using the fully automated
climate data harvesting system developed by W. Sheldon (UGA) with supplemental NSF
funding for ClimDB/HydroDB participants. Both near-real-time and historic data and plots from

Figure 3. An example of the near-real-time weather data available on the GCE website.
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these and other relevant climate stations are publicly accessible on the GCE Data Portal website
(http://gce-lter.marsci.uga.edu/portal/monitoring.htm) (Figure 3). Climate data are also available
from two other stations on Sapelo Island: a station at Flume Dock, which is operated by
SINERR, and one at the UGA Marine Institute, which is operated in conjunction with the
National Weather Service. We also use data from the National Weather Service station in
Brunswick.
A. Burd (UGA) and J. Sheldon (UGA) are evaluating variability in freshwater delivery to the
GCE domain in relation to various climate indices: the Southern Oscillation Index (SOI), the
North Atlantic Oscillation (NAO) and the Bermuda High Index (BHI). They compared monthly
standardized anomalies of river discharge and climate indices to multi-decadal time series of
Altamaha watershed precipitation. They used empirical orthogonal function (EOF) analysis to
describe the precipitation patterns at 7-13 stations. The first EOF mode (65% of the variance)
was spatially uniform with temporal variability at the monthly scale. The second mode (11% of
the variance) showed a spatial gradient along the long axis of the watershed (NW-SE) whereas
the third mode (6% of the variance) showed an onshore-offshore pattern with higher variability
during June-September. There were no consistent relationships between NAO and precipitation.
The SOI showed correlations with discharge and weak correlations with modes 1 and 2 of the
precipitation. The BHI is correlated with May-January discharge with a 0-1 month lag, and is
also strongly correlated with EOF mode 1 of precipitation. These results were presented at the
2009 LTER All Scientists Meeting and will be presented at the upcoming Coastal and Estuarine
Research Federation (CERF) conference in November 2009.
Oceanographic forcing
We obtain real-time monitoring data on oceanographic conditions from the National Data Buoy
Center’s station at Gray’s Reef (Station 41008), which is approximately 39 km from the
University of Georgia Marine Institute in the Gray's Reef National Marine Sanctuary. Data from
this station serves as an oceanic end-member for various estuary studies and can be used to
characterize oceanic forcing in physical models.
We obtain sea level data from the NOAA/NOS Center for Operational Oceanographic Products
and Services web site (http://tidesandcurrents.noaa.gov/) for station ID 8670870 (Fort Pulaski,
Georgia). Data are extracted from the CO-OPS web
pages, standardized and documented using GCELTER metadata templates. Sea level has risen
about 0.3 cm/yr over the last 50 years along the
Georgia coast (Figure 4). Variation about this trend
reveals an annual fluctuation of about 20-30 cm
caused by the annual increase in specific volume of
the North Atlantic Ocean from solar heating. Less
obvious are fluctuations over a time scale of several
years due to interannual variations in atmospheric
Figure 4. Sea level at Fort Pulaski, Georgia.
pressure and the wind field associated with it.
In a paper in Frontiers in Ecology (Craft et al. 2008), several GCE researchers (C. Craft, IU; S.
Pennings, UH; S. Joye, UGA) describe the results of a leveraged study funded by the US EPA in
which they employed field and laboratory measurements and simulation modeling to predict how
7

tidal marsh area and delivery of ecosystem services will be affected by accelerated sea level rise
in the coming century. Model simulations based on the Intergovernmental Panel on Climate
Change Special Report on Emissions Scenarios A1B mean and maximum estimates of sea level
rise suggest that tidal marsh area along the Georgia coast will decline by 12% and 33%,
respectively, by 2100. Under the mean scenario, salt marsh area is predicted to decline by 20%
as these marshes convert to open water. Tidal fresh marsh area is unchanged (+1%), and
brackish marsh area is predicted to increase by 10% as the marshes migrate inland and replace
former freshwater habitats. The paper describes the implications of these results in terms of
delivery of ecosystem services (primary production, N retention in soil, and potential
denitrification), which vary across marsh type.
Upstream forcing
The USGS gage at Doctortown (Station 02226000) provides near real-time data on discharge
into the Altamaha estuary. We use harvesting technology developed at the GCE (based on the
GCE Data Toolbox for MATLAB by W. Sheldon) to automatically download and process data
from USGS so that it is documented and standardized to compatible units and date formats for
comparison with other GCE monitoring data, providing GCE investigators with high quality
standardized data in various file formats to support synthetic research projects.
Over the first half of GCE-II, discharge in the Altamaha River showed strong interannual
variability (Figure 5). Although it still displayed its typical seasonal pattern, drought during the
first two years of the project resulted in reduced spring runoff in 2007 and 2008. The maximum
discharge in 2007 and 2008 was approximately 900 m3 s-1, as compared to spring 2009 when the
discharge was over 2600 m3 s-1. Overall, discharge in water year 2009 (average 300 m3 s-1) has
still been lower than the long-term average of 400 m3 s-1.
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Figure 5. Altamaha River discharge at Doctortown for the first half of GCE-II.
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We collect water samples at the head of tide in the Altamaha River (weekly) as well as in the
main tributaries of the river (quarterly) to assess nutrient concentrations in the water entering the
GCE domain. Additional samples are collected during high or low-flow events. Samples are
collected by Jack Sandow (Aquatic Research South) and analyzed by the Joye lab for DIN, DIP,
DSi species, organics (DOC, DON, DOP), major ions, chlorophyll, and CN. Changes in
Altamaha River discharge are reflected in salinity and water quality, with NOx dominating
dissolved nitrogen loading during low flow but DON increasing in importance during high flow
(Weston et al. 2003). A paper describing temporal variations in concentrations and loading rates
of nutrients and dissolved organic matter was published this year (Weston et al. 2009) and
another paper on nutrient delivery variability is in preparation (Hunter and Joye).
M. Alber (UGA) and S. Schaefer (Ph.D. student, UGA) have developed complete nitrogen and
phosphorus budgets for the watershed of the Altamaha River for 6 time points between 1954 and
2002 (Schaefer and Alber 2007b, Figure 6). Fertilizer tended to be the most important input of
both N and P to the watershed, but net food and feed import increased in importance over time
and was the dominant source of N input by 2002. When considered on a sub-watershed basis,
fertilizer input tended to be highest in the middle portions of the watershed (Little Ocmulgee,
Lower Ocmulgee and Lower Oconee sub-watersheds) whereas net food and feed imports were
highest in the upper reaches (Upper Oconee and Upper Ocmulgee sub-watersheds). The
different patterns and sources of nutrients has implications for which types of management
actions would be most appropriate for reducing nutrient input from different sub-basins.

Figure 6. Spatial distribution of total inputs of N and P to sub-watersheds of the Altamaha River. All values in kg
km-2yr-1. (Source: Schaefer and Alber 2007b).

Schaefer has now completed N budgets for riverine watersheds in the southeast (Schaefer and
Alber 2007a) and west coasts (Schaefer et al. 2009) of the US and compared watershed N input
with estuarine export. In N budgets for 12 watersheds in the southeastern U.S., she found that
average N export was only 9% of input, suggesting the need for downward revision of global
estimates (which are commonly estimated as 25% of inputs). She also found that the proportion
of N exported was significantly related to average watershed temperature (% N export = 58.41e0.11*temperature
; R2=0.76), with lower proportionate nitrogen export in warmer watersheds. For the
west coast, proportionate export averaged 12%; however, in this case it was not related to
temperature but rather to streamflow.
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More recently, Alber and G. Kaufman (M.S. student, UGA) have completed an estimate of
nitrogen inputs to the Altamaha River estuary using a combination of GCE observations and
literature values. Sources of nitrogen examined were atmospheric deposition, downstream
advection of river water, flux from the marshes, flux from the subtidal sediments, and upstream
tidal mixing of ocean water. Overall nitrogen input to the Altamaha River estuary is strongly
dominated by riverine loading, which accounts for 95% of the input. Approximately 60% of the
input is organic material, which is primarily dissolved. This work was done in preparation for a
modeling study to link riverine input of nitrogen to estuarine nitrogen distributions.
Q2: How do the spatial and temporal patterns of biogeochemical processes,
primary production, community dynamics, decomposition, and disturbance vary
across the estuarine landscape, and how do they relate to environmental
gradients?
Variability in external forcing (see Q1) is manifest as environmental gradients (e.g., in salinity or
nutrients) within the coastal landscape. We collect data on physical oceanographic conditions,
nutrients and organisms in the water column; groundwater hydrology and biogeochemistry; and
intertidal marsh soil, plant, microbial and animal dynamics. Although data are collected
throughout the domain, we primarily focus on conditions in the Duplin River, which is at the
heart of our system. The variables of interest to us span all five of the LTER core research areas.
Water column
Moorings

Long-term measurements of conductivity, temperature, and sub-surface pressure are collected
every 30 minutes at 8 moorings distributed across the GCE domain (see http://gcelter.marsci.uga.edu/public/research/mon/sounds_creeks.htm). MicroCAT sondes are cleaned and
inspected biweekly to minimize data loss due to fouling, and logged data are manually
downloaded on a bimonthly to
quarterly basis by GCE field
technicians (J. Shalack, D. Saucedo,
UGA Marine Institute). Data are
processed by W. Sheldon and D. Di
Iorio (UGA).
The salinity measurements from all
GCE stations are shown in Figure 7.
The low upstream salinities in
Sapelo Sound (GCE 1) are thought
to be a consequence of groundwater
inflow, whereas the gradient in
Altamaha Sound (GCE 7 – 9) is due
to riverine discharge. Doboy Sound
(GCE 4-6) and the mouth of Sapelo
Sound (GCE 2-3) have a larger
oceanic influence. Note the
seasonal and inter-annual variability
evident in all records. This
Figure 7. Salinity measured at the sondes moored at 8 GCE sites.
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seasonality in salinity is easiest to see at GCE 8 and 9. Although GCE 7 is generally always
fresh, it shows increases in salinity during the weakest discharge periods as a consequence of
drought (e.g., in 2008). The GCE 9 salinity also shows subtidal variability that may be
correlated with wind events. For example, peaks in salinity at the end of September and
beginning of October 2007 corresponded to peaks in northeasterly downwelling events that tend
to drive oceanic waters into the estuary.
This past year M. Ait Amrouche (undergraduate, U. Toulon, France) worked with Di Iorio on
applying empirical orthogonal function (EOF) analysis to the sonde data in order to study salinity
variability and the relative influences of freshwater and oceanic inputs across the GCE domain.
(GCE 7 was excluded
because it is almost always
fresh water and GCE 1 was
excluded because it
responds primarily to
groundwater inflow from
local rainfall). For the
remaining 6 sites they
found that the first EOF
mode explains 85.6% of the
variability and the second
mode an additional 8.7%.
The temporal variability for
the first mode is negatively
correlated with river
discharge, with time lags
increasing from 1-3 d to 68 d with distance from the
river, from Altamaha to
Doboy and Sapelo Sounds,
respectively (Figure 8).
The coherence shows that
variability over yearly time
scales dominates. For the
second mode there is a
correlation with sea surface
height (SSH) but there is a
phase difference between
the sounds: In the Altamaha
River, salinity increases
when SSH increases,
whereas for Doboy and
Sapelo Sounds, salinity
decreases when the SSH
increases. For this mode
Figure 8. Results of EOF analysis of salinity in the GCE domain. The first
the coherence indicates a
mode is strongly correlated with Altamaha River discharge, while the second
more seasonal time scale of mode is moderately correlated with sea surface height.
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variability. Over these seasonal time scales when SSH increases during Nor’easter storms,
Altamaha River water may be forced through the Intracoastal Waterway or other channels
moving freshwater north, or may recirculate back in through the Sounds from the ocean. Further
investigation is needed to test this hypothesis.
Cruises

We run regular cruises to measure the surface water concentrations of dissolved and particulate
materials at core stations located across the GCE domain. This includes dissolved inorganic
nutrients (NO2-, NO3-, NH4+, HPO42-, and H2SiO42-), dissolved organics (DOC, TDN, DON,
TDP, and DOP); chlorophyll a samples; total suspended sediment and particulate CN samples.
We also deploy a Sea Bird CTD to collect vertical profiles of conductivity, temperature and
dissolved oxygen at each station. This program transitioned from quarterly cruise sampling
(during GCE-I) to monthly sampling during 2006-2007 (GCE-II). An additional monitoring
station was added in summer 2008 at the mouth of Altamaha Sound (AL-02) to better capture the
near-shore end member for that system.
Samples from the monitoring cruises are collected by the field crew (J. Shalack, D. Saucedo) and
analyzed by the Joye lab (S. Joye, K. Hunter). Table 1 shows the averages and standard
deviations for nutrient and DOC concentrations during 2008, showing the spatial and temporal
variations that are typical for these samples. The highest NH4 concentrations were observed in
Sapelo Sound (GCE 1); the average concentrations in the Altahama (GCE 8 and 9) were half
those at GCE 1. However, differences among the stations were not significant because of high
variability in NH4 concentration. The highest NOx concentrations were present in Altamaha
Sound (GCE 7 and 8). NOx concentrations in Sapelo and Doboy Sounds were significantly
lower than those in Altamaha Sound. In Altamaha Sound NOx concentrations usually exceeded
NH4 concentration whereas in Doboy and Sapelo Sounds, concentrations of NH4 usually
exceeded NOx. DON concentrations were highest in Sapelo Sound (GCE 1). Inorganic (PO4)
and organic (DOP) phosphorus concentrations were highest in Sapelo Sound (GCE 1).
Phosphorus concentration tended to decrease along the salinity gradient (higher at lower salinity)
in Sapelo and Altamaha Sounds. DOC concentrations were highest in Sapelo Sound, followed
by Doboy and Altamaha Sounds (which were not different from one another). Silicate
concentrations were also highest in Sapelo Sound (GCE 1).
Table 1. Dissolved inorganic and organic nutrients along the three sounds.
Site
Sapelo
GCE 1
GCE 2
GCE 3
Doboy
GCE 4
GCE 5
GCE 6
Altamaha
GCE 7
GCE 8
GCE 9

NH4 µM

NOx µM

PO4 µM

DOC µM

DON µM

DOP µM

Si µM

4.0 ± 4.5
1.1 ± 1.1
1.1 ± 1.3

1.4 ± 1.6
0.3 ± 0.3
0.4 ± 0.6

4.1 ± 2.1
1.6 ± 0.5
1.1 ± 0.4

2296 ± 1210
1288 ± 1066
1252 ± 1027

52.7 ± 17.9
25.4 ± 5.1
19.4 ± 3.8

1.1 ± 0.4
0.6 ± 0.2
0.6 ± 0.1

226 ± 90
89 ± 25
54 ± 24

1.1 ± 1.1
1.7 ± 1.4
1.4 ± 1.4

0.3 ± 0.3
0.9 ± 0.7
1.0 ± 0.9

1.3 ± 0.4
1.1 ± 0.3
0.9 ± 0.3

1369 ± 1059
1261 ± 999
1228 ± 983

26.5 ± 7.5
22.2 ± 4.1
19.1 ± 4.1

0.6 ± 0.2
0.6 ± 0.2
0.5 ± 0.2

95 ± 33
78 ± 26
61 ± 18

1.8 ± 1.5
2.2 ± 1.5
2.0 ± 1.5

18.3 ± 8.5
15.3 ± 7.0
10.8 ± 5.3

1.1 ± 0.4
1.1 ± 0.4
1.2 ± 0.4

1232 ± 536
1257 ± 587
1290 ± 717

21.8 ± 7.9
23.9 ± 6.5
23.3 ± 4.9

0.9 ± 0.3
0.7 ± 0.2
0.5 ± 0.3

188 ± 26
180 ± 26
155 ± 27
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The molar ratio of DIN:DIP was significantly below the Redfield Ratio (16:1) in Sapelo and
Doboy Sounds, suggesting N limitation of primary production. In Altamaha Sound, the
DIN:DIP ratio was not significantly different from Redfield at GCE 7 and 8 but was slightly
below Redfield at GCE 9. The ratio of DIN:DSi was significantly below Redfield (1:1) at all
sites, providing further support for N limitation in these three estuarine systems. The DON:DOP
ratio, in contrast, exceeded Redfield at all sites. The high concentrations of DON and DOP in
this system suggest that organic N and P fuel a good portion of biological production.
Chlorophyll concentrations were highest at Table 2. Chlorophyll and particulates along the three
GCE 1 in Sapelo Sound, and decreased
sounds.
along the salinity gradient (Table 2). In
Site
Chl a µg/L TSS mg/L
PN mg/L
PC mg/L
contrast, chlorophyll concentrations
Sapelo
increased with salinity in Doboy and
GCE 1
56 ± 50
99 ± 46
0.54 ± 0.20 4.6 ± 1.3
Altamaha Sounds. The pattern of TSS
GCE 2
25 ± 12
89 ± 21
0.21 ± 0.07 1.7 ± 0.4
GCE 3
18 ± 10
85 ± 34
0.19 ± 0.11 1.3 ± 0.4
concentration followed that of chlorophyll,
Doboy
with highest concentrations at the
GCE 4
28 ± 18
62 ± 15
0.20 ± 0.09 1.6 ± 0.7
freshwater end of Sapelo Sound (GCE 1)
GCE 5
29 ± 24
66 ± 15
0.20 ± 0.08 1.6 ± 0.6
and at the seaward stations in the other
GCE 6
38 ± 13
85 ± 24
0.20 ± 0.07 1.9 ± 0.7
two Sounds (GCE 6 and 9). Overall
Altamaha
concentrations of particulate carbon and
GCE 7
25 ± 27
34 ± 15
0.27 ± 0.17 3.0 ± 1.5
nitrogen were highest in Altamaha Sound
GCE 8
30 ± 22
69 ± 31
0.33 ± 0.13 3.6 ± 1.2
GCE 9
44 ± 34
99 ± 58
0.36 ± 0.20 3.9 ± 1.8
but the maximum concentrations were
observed at GCE 1.
Starting in July 2008, M. Booth (UGAMI) has collected bacterioplankton samples during GCE
cruises for analysis of bacterial cell numbers, leucine incorporation, and viral numbers. Samples
for extraction of bacterial DNA and RNA were also collected and stored for later processing.
We have also received supplement funds to conduct a survey of prokaryotic and small eukaryotic
(<5 µm) diversity over 1-2 annual cycles to determine whether prokaryotic and/or eukaryotic
diversity vary spatially and temporally within the GCE domain, and if they are related to one or
more biotic or abiotic factors. Microbial prokaryotes and eukaryotes will be sampled at four
sites concurrent with the GCE sampling routine over 12 months. The ribosomal RNA genes will
be sequenced using high-throughput sequencing technology, e.g., 454 pyrosequencing.
Additional studies

We have also conducted directed studies to evaluate physical processes in the Altamaha River
estuary including sea surface waves, turbulence, and residual circulation using a combination of
observations and modeling (Kang 2005; Kang and Di Iorio, 2006, 2008; Di Iorio and Kang
2007). We found an increase of river discharge changed the estuarine turbulence flow and
density characteristics into a more ebb-dominated and stratified system. Numerical modeling
results revealed a complex depth dependence of turbulence intensity that varied with the tidal
cycle and with the level of stratification.
Another series of studies evaluated bacterially mediated transformation of aromatic monomers
and organic osmolytes, two important components of the dissolved organic (DOC) pool in
coastal seawater (Mou 2006; Mou et al. 2005, 2007). 16S rDNA clones of active
bacterioplankton indicated that both organic osmolytes [DMSP or glycine betaine] and aromatic
13

monomers [para-hydroxybenzoic acid or vanillic acid (VanA)] were transformed by bacterial
assemblages composed of the same major taxa, including Actinobacteria, Bacteroidetes, ±Proteobacteria (mainly members of the Roseobacter clade), ²-Proteobacteria, and ³-Proteobacteria
(mainly members of Altermonadaceae, Chromatiaceae, Oceanospirillaceae and
Pseudomonadaceae). Metagenomic sequences revealed a similar taxonomic structure for the
bacterioplankton enriched with both DOC types, and were generally consistent with the PCRbased 16S rDNA analysis of the same template.
Groundwater inputs
Groundwater enters the GCE domain via sub-marsh flow, at seepage fronts, and as baseflow to
tidal creeks. We have well fields at two sites (GCE 4 and 10) that are sampled regularly by the
Joye lab (W. Porubsky, C. Schutte) for nutrients and water level. (Wells previously installed at
GCE 3 are no longer operational.) We also have instrumented wells located on two marsh
hammocks that were set up as part of our efforts to evaluate controls of upland/intertidal
gradients (Q4).
Most of our efforts have concentrated on groundwater inputs to Moses Hammock, where wells
are located across a gradient from the freshwater upland, across the upland-marsh transition, and
into the ringing marsh (Figure 9). The well field captures the transition from freshwater to
saltwater in the aquifer; the redox interface lies between these wells and physical exchange
between the upland and marsh is modulated in this area by a strong gradient in hydraulic
conductivity. A minimum in permeability is located in this area, which generates an
amplification/focusing effect as the aquifer is forced by pressure variations resulting from tidal
(diurnal and spring-neap) variations.

Figure 9. The Moses Hammock transect. Black rectangles represent approximate relative well locations and depths
and are labeled with their respective well ID numbers. The black circles represent locations where sediment samples
were collected.

In a study by Porbusky et al. (submitted), field measurements were used to characterize the
biogeochemistry of groundwater along this transect. Radium isotope data indicate considerable
discharge of groundwater into the river bordering the hammock. Nutrient measurements
indicated a switch in the redox status of the dissolved inorganic nitrogen (DIN) pool in the well
closest to the upland/saltmarsh transition over the spring-neap tidal cycle. The DIN pool was
dominated by NOx (NO2- + NO3-) during spring tide and by ammonium (NH4+) during neap tide.
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A two-dimensional density-dependent reaction-transport model was employed to investigate the
processes responsible for the observed redox switch. The model represents a saturated vertical
plane from the upland to the upland/saltmarsh transition; measured pressure heads were used to
constrain transport over spring and neap tides. Using process parameterizations derived from
laboratory experiments, the observed N redox-switch was evaluated with regard to the relative
roles of denitrification (DNF), dissimilatory nitrate reduction to ammonium (DNRA),
ammonium adsorption, and variations in flow regime between spring and neap tides. The spring
tide flow was found to cause increased intrusion of sea water into the near marsh zone and
promote higher NOx concentrations under spring conditions. Additionally, the impact of
increased dissolved organic matter and DIN loading was evaluated by the inclusion of septic
effluent simulations which indicated that while the DNF rate increased ~95%, the increased rate
could not keep pace with the increase in DIN loading, removing only ~40% of the NO3- load and
resulting in export of DIN.
The Joye lab has also conducted several additional studies of porewater biogeochemistry. In a
study published in PNAS, Weston and Joye (2005) demonstrated system-scale correlations
between the inorganic products of terminal metabolism (dissolved inorganic carbon, ammonium
and phosphate) and sulfate depletion. They used anaerobic flow-through bioreactors to
investigate the temperature-driven decoupling of the production and consumption of key DOC
intermediates due to variable temperature responses of these functional microbial groups.
Production of labile DOC exceeded terminal oxidation at colder temperatures, resulting in
accumulation of labile DOC. At higher temperatures, potential terminal oxidation rates exceeded
those of labile DOC production and labile DOC availability limited rates of terminal oxidation.
Another study involved a large data set of porewater inventories of nutrients and metabolites
collected in intertidal creek-bank sediments at eight sites in three estuarine systems over a range
of salinities and seasons (Weston et al. 2006); a characterization of prokaryotic community
composition in creek sediment (Edmonds et al. 2008); and a study of benthic microalgalmediated DOC flux (Porubsky et al. 2008).
Marshes
Soil processes

The ability of estuarine marshes to grow upwards or accrete vertically is controlled by both
physical and biological processes. Under the direction of C. Craft (IU), we are measuring rates of
marsh accretion, sedimentation and organic matter (as organic C) accumulation at the ten GCE
core sites to characterize spatial and temporal patterns of marsh accretion and to identify
relationships between freshwater pulses and processes that control marsh stability. Over the first
several years of observation, we found that cesium-137 derived vertical accretion (3.8±0.3 mm
yr-1), sedimentation (1060±390 g sediment m-2 yr-1) and organic C (110±1 g m-2 yr-1)
accumulation were greater in the marshes of freshwater-dominated sites (Altamaha River and
Sound) than in those of marine-dominated sites (Doboy Sound) (1.5±0.2 mm yr-1, 660±260 g
sediment m-2 yr-1, 40±4 g C m-2 yr-1). Percent soil organic matter was also greater in freshwater
dominated marshes (20±4%) than in marine-dominated marshes (8±2%), making it
proportionally more important to marsh accretion in freshwater-dominated watersheds. Across
all sites, accretion, sedimentation and organic C, N and P accumulation were consistently greater
at creek bank (levee marshes) compared to interior marshes.
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We measure changes in marsh
surface elevation and sediment
deposition every six months at
the ten GCE study domain sites
and at three sites of a directed
study on Dean Creek. Results
from 6+ years of data collection
indicate no clear trends in marsh
surface elevation across the ten
core sites of the GCE domain.
However, the SET at GCE 6,
which was installed in 2001, is in
an area that experienced marsh
dieback. At the height of the
dieback (2004), the plot was
Figure 10. Marsh surface elevation changes at GCE 6 since 2001.
Timing of salt marsh dieback and recovery noted with arrows.
completely bare and the marsh
surface elevation had decreased
by 20 mm relative to the pre-dieback elevation (Figure 10). By 2006 vegetation began to recolonize the site, and by 2008 the surface recovered to its pre-disturbance elevation.
Plant dynamics

S. Pennings (UH) and his lab monitor plant biomass with the goal of testing the hypothesis that
end-of-year biomass varies as a function of freshwater discharge from the Altamaha (especially
in low-marsh plots), local rainfall (especially in high-marsh plots), and average sea level. In
2000 they set up permanent plots at all 10 GCE monitoring sites. Plots were established at
creekbank and mid-marsh zones (8 plots/zone/site). Most sites are dominated by Spartina
alterniflora, but some zones at some sites are dominated by Juncus roemerianus, Spartina
cynosuroides, or Zizaniopsis miliacea. An additional set of high marsh Juncus plots were
established at site 10 in 2005 to increase replication of sites dominated by Juncus. Plants have
been non-destructively monitored (stem counts, heights, flowering status) in October of every
year since 2000.
A preliminary analysis of data for S. alterniflora
(means and SE averaged over sites dominated by
S. alterniflora) from 2000-2006 shows that endof-year biomass in creekbank plots varied more
than two-fold among years (Figure 11). The two
years with highest biomass (2003 and 2005) were
years with high discharge from the Altamaha
River during the spring months, which reduced
water column salinities and provided superior
growing conditions. End-of-year biomass in the
mid-marsh plots varied slightly less than two-fold
among years and did not vary in synchrony with
biomass in the creekbank plots (in particular, midmarsh plots showed no peak in biomass in 2003,
Figure 11). Variation in biomass in mid-marsh

Figure 11. End-of-year biomass at GCE monitoring
sites dominated by Spartina alterniflora, 2000-2006.
Data are means and SE of creek bank (solid circles)
and mid-marsh (open circles) sites.
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plots is likely driven by variation in sea level and local precipitation, rather than Altamaha River
discharge. A rigorous analysis of these data leading to a publication will be conducted once
several more years of data have been collected.
These plots are also proving useful in documenting spatial and temporal variation in disturbance
from physical (floating dead plant material called wrack) and biotic sources. Wrack disturbance
is high in creekbank plots at some sites and low in mid-marsh plots. Biotic damage from snail
grazing and pig digging is high in some mid-marsh plots at some sites. (Disturbed plots were
omitted from above analyses of annual variation in biomass).
In a separate set of plots, Pennings is testing the hypothesis that annual variation in high-marsh
plant species composition is driven by variation in rainfall. Salt marsh vegetation often consists
of discrete stands with abrupt borders between different species or associations. Pennings has
monitored mid-summer plant composition at permanent plots located on 3 types of vegetation
borders (Spartina alterniflora-Juncus roemerianus, S. alterniflora-meadow, meadow-Juncus
roemerianus), at two sites each, since 1996. Vegetation composition in these plots is dynamic
and appears to be related to variation in rainfall, although again more years of data will be
needed to test this hypothesis rigorously.
Finally, Pennings is conducting parallel experiments in GA and AL to examine 1) how rapidly
marsh vegetation can recover from disturbance, and 2) the role of competition in secondary
succession. In 3 vegetation zones (Spartina alterniflora-meadow border, meadow-Juncus
roemerianus border, J. roemerianus zone) at each of 2 marshes in each state, replicate 3 x 3 m
plots were cleared using herbicide and clipping and maintained free of vegetation for 2 years.
Control plots were marked but unmanipulated. In 2000, individual plots were divided into
halves or quarters, depending on the diversity of the vegetation in each zone, with one section
allowed to recover without further manipulation and the other section(s) treated by periodically
removing 1 or 2 dominant plant species occurring in each zone. To date, succession has been
fastest in plots on the Spartina alterniflora-meadow borders, which have already converged on
control plot values, and slowest in the J. roemerianus plots, which are still early in the
successional trajectory. Removal treatments indicate that competition plays a strong role in
mediating the composition of the vegetation in each zone.
Additional plant studies

Pennings has also conducted numerous shorter-term studies of various aspects of plant dynamics,
including a study that compared marsh plant diversity in replicate marshes in GA and TX (Kunza
and Pennings 2008); a study of spatial variation in nutrient effects on marsh community structure
(McFarlin et al. 2008); and several studies of plant-herbivore interactions (Ho and Pennings
2009; Pennings et al. 2007; Goranson et al. 2004). Pennings also has an ongoing collaboration
with M. Zimmer (Univ of Kiel) to understand detrital food webs in marshes; numerous
undergraduates from Univ. of Kiel have visited the GCE site to work with Pennings (Buck et al.
2003; Zimmer et al. 2002, 2004). Pennings is also collaborating on a large-scale project to
develop a synthetic understanding of plant zonation patterns in Georgia tidal marshes, evaluating
1) spatial associations between different plant species and abiotic conditions, 2) the results of
experiments transplanting plants into new habitats and removing neighbors, 3) the results of
experiments altering abiotic conditions, 4) variation among 55 sites in vegetation zonation
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Animal dynamics
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Figure 12. Mean number of snails observed at GCE midmarsh monitoring sites, 2000-2006.

but we found no significant difference in population
size estimates made in the spring or fall for most of the
common species so sampling was reduced to the fall
only. Animal sampling areas, which are located
several meters away from each permanent vegetation
plot, are sampled for epifauna and macroinfauna.
One of the striking patterns since monitoring began in
2000 is that densities of the periwinkle snail, Littoraria
irrorata, are lower in the Altamaha than in the other
sounds (Figure 12). This may be a result of the
inability of larvae to recruit upstream, or else reduced
survival of the new recruits. Another striking pattern is
that snail densities are higher at barrier island sites
(GCE 3, 6, 9) than at mainland sites on the same
estuaries (GCE 1, 4, 7). We are currently investigating
mechanisms creating these patterns (see Q5).
In addition, Pennings and his lab collect annual data on
grasshopper abundance to test the hypothesis that it
varies as a function of site characteristics and
angiosperm production. An initial analysis of temporal
variation in grasshopper densities (means and SE
averaged over the three sites with highest densities)
from 2000 through 2006 shows that densities have
varied more than five-fold among years (Figure 13,
top). The two years with highest biomass (2004 and
2006) followed years (2003 and 2005) of high
Figure 13. Grasshopper abundance at GCE
monitoring sites over time (top), compared with creekbank Spartina biomass. More generally, there is
creekbank Spartina biomass in the previous
a strong trend (P=0.07) for grasshopper densities to be
year (middle), and compared across sites
correlated with the previous year’s biomass of
(bottom).
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creekbank Spartina (Figure 13, middle); this trend is driven by two “bumper years” in plant
biomass followed by years with high grasshopper populations. We hypothesize that vigorous
growth of creekbank Spartina in one year leads to high egg production by grasshoppers, leading
to high grasshopper population densities the following year.
An analysis of spatial variation in grasshopper densities (means and SE averaged over years)
from 2001-2008 found that densities (all species combined) differed more than ten-fold among
sites (Figure 13, bottom). Grasshoppers were common on barrier island sites, moderately
abundant at mainland sites, and almost absent at mid-estuary sites. Several mechanisms might
explain these spatial patterns in grasshopper population density, and experiments to address these
hypotheses are planned (see Q5).
Additional animal studies

We are also conducting additional studies of animal dynamics. Graduate students C. Ho and J.
Jimenez (both Ph.D. students at UH), in collaboration with Pennings, are investigating top-down
and bottom-up control of arthropod food webs. It is generally believed that the diverse and
reticulate interactions promoted by omnivory will tend to reduce strong trophic cascades. In
both laboratory and field experiments, however, Ho found that an omnivorous crab suppressed
both predator and herbivore populations on the shrub Iva frutescens, releasing plants from
herbivore pressure and promoting plant performance. A similar experiment, but focusing on the
arthropod food web of Spartina alterniflora, was conducted by Jimenez, who graduated in 2009.
At a larger spatial scale, Pennings is working with Ho to evaluate whether high-latitude plants
are better food for herbivores than low-latitude plants by conducting growth experiments in the
greenhouse. Preliminary results support this hypothesis, but suggest that the results may vary
among feeding guilds. To the extent that superior foods lead to larger body sizes, high-quality
plants at high latitudes could be one mechanism behind Bergmann’s rule (animals are larger at
high latitudes). A manuscript discussing this idea is in press at the American Naturalist.
J. Nifong (MS student, UF) and Silliman are assessing population densities of the American
alligator on Sapelo Island. They have found that alligators spend significant time feeding and
moving in marine waters and can be abundant in marsh creeks with full strength salt water
(Table 3). T-tests (P<0.05) revealed three
categories of alligator density: high (Oakdale),
Table 3. Population density of A. mississippiensis
in tidal creeks of Sapelo Island in 2007.
low (Factory, Blackbeard to Cabretta, Duplin),
and medium (all others). They hypothesize that
Creek Name
Alligators km-1
alligators cope with osmotic stress by moving
Dean Creek
1.21
every week or two into freshwater to drink and
Southend Creek
1.05
rest, and then moving back into marine waters to
Oakdale
Creek
4.29
feed. They have also taken tissue samples from
Bighole Creek
1.36
over 80 individuals to assess the level of
Post Office Creek
1.3
connectivity between these predator populations
Factory Creek
0.33
and marine food sources. Their initial results
show a change in diet with age: adult alligators are Cabretta Creek
1.19
at higher trophic levels, as demonstrated by their
Blackbeard Creek NW END
1.36
enriched 15N signal, and their 13C signal indicates Blackbeard Creek S to Cabretta
0.25
increased reliance on marsh-derived material.
Duplin River
0.43
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Nifong and Silliman plan to sample alligator density across the entire domain and use isotopic
data to better understand their feeding habits and role in the marsh food web.
Microbes

Current microbial work in GCE-II includes our focus on biogeochemical processes in the water
column and groundwater described above, our collaboration with SIMO
(http://simo.marsci.uga.edu/), and studies of microbial food webs and decomposition processes.
Studies of microbial food webs were conducted by M. First (UGA PhD student) and J.T.
Hollibaugh (UGA) and focused on spatial and temporal variation in the food web. One major
conclusion was that protists are unlikely to exert strong top-down control on microbial
populations (First 2008; First and Hollibaugh 2008; First et al. 2009). Studies of decomposition
were conducted by J. Lyons (PhD student, UGA), J. Hollibaugh (UGA) and M. Alber (UGA),
and focused on characterizing the ascomycetes involved in the decomposition of various
Spartina species collected from salt marshes along the east, Gulf, and west coasts (Lyons 2007;
Lyons et al. 2009). Fungal communities differed in composition and diversity among different
species of Spartina, but did not show a clear geographic pattern within species.
Duplin River estuary
The Duplin River estuary represents a core focus of our efforts to produce an integrated
understanding of both water and marsh processes in estuaries. The 12.5 km tidal inlet is part of

Figure 14. Water level curves for 15 April 2004 along the axis of the Duplin River. The red vertical lines (T1
through T7) show the times of each aerial pass. The locations of the three curves are shown in the image on the
right. Water level at a given time varies within 0.1 m over a distance of 7 km, so water surface is assumed to be
horizontal over the 2 min duration of a single pass of the airplane.
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the Sapelo Island National Estuarine Research Reserve and at the geographic center of the GCE
domain. It represents a defined “tidal-shed” in which we can couple water column and marsh
processes at a spatial scale that is more manageable than our entire study system. Water
exchange with the marsh occurs in a complex network of channels that alternately flood and dry
large intertidal areas: approximately 80% of the watershed of the Duplin is intertidal salt marsh
and mudflat. During GCE-I we used a series of aerial infrared images of the Duplin River to
determine the extent of marsh flooding over the course of the tidal cycle (Figure 14), used
thermal IR images to identify areas of freshwater input into the system, and studied
biogeochemical links between the Duplin River and adjacent marshes. In GCE-II we have
conducted additional analyses of the hydrology in the Duplin River and collected remote sensing
imagery to develop a detailed spatial understanding of the system that will allow us to address
the interactions between the estuarine water and the extensive intertidal areas that surround it.
Hydrological studies

Hydrological studies of the Duplin River involved the development of heat budgets by D. Di
Iorio (UGA) and P. McKay (Ph.D. student, UGA) (McKay and Di Iorio 2008). They identified
three water masses with differing temperature and salinity regimes, the characteristics of which
were dictated by channel morphology, tidal communication with the neighboring sound, ground
water hydrology, the extent of local intertidal salt marshes and side channels, and the spring–
neap tidal cycle (which controls both energetic mixing and, presumably, ground water input).
The lower Duplin is dominated by tidal processes with cool, salty water being brought in on each
flood tide thus temporarily suppressing the along-channel temperature gradient and mixing cool
water up the channel. Short period temperature cycles are predominately at M2 tidal frequencies.
In contrast, the upper Duplin is fresher and warmer, presumably reflecting the influence of
ground water input, the shallow nature of the waters and the greater extent of intertidal marshes
and side creeks.
D. Di Iorio and P. McKay have also quantified tidal salt fluxes in the upper portion of the river
(McKay and Di Iorio 2009). An unusual pattern exists in that the along-channel salinity gradient
reverses in sign on a spring/neap cycle. On early spring tide, flood tide brings in higher salinity
water while ebb tide brings in lower salinity water and thus gives a positive along-channel
salinity gradient. On neap tide this pattern is reversed and the salinity gradient is negative. The
reversal in the upper Duplin is a consequence of the interactions that occur over a fortnightly
cycle between tidal energy pushing salty Doboy Sound water up from the lower Duplin, and
fresh groundwater entering and diluting water in the middle Duplin. They created a simple box
model of subtidal processes to allow a better understanding of the salinity structure in the Duplin
River. The model implements
both water volume and salt
budgets in order to derive an
estimate of the unmeasured
groundwater input and the
unmeasured salt input due to
interactions with the intertidal
marsh, which can include salt
storage in and release from the
marsh, transport due to tidal
Figure 15. Estimated groundwater discharge into the upper Duplin River
trapping, and other unmeasured during a neap-spring-neap transition during August of 2003.
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processes. They concluded that groundwater input is fairly constant in the upper Duplin, at
around 4 m3 s-1 (Figure 15), and that this input is the driver of the net water export, which
reaches as high as 3 cm s-1 in this region.
Remote sensing

We obtained aerial, hyperspectral AISA imagery (http://calmit.unl.edu/champ/) for the Duplin
River watershed in June 2006. This past year, C. Hladik (Ph.D. student, UGA) worked with J.
Schalles (Creighton) to classify two of the flight lines using both the Maximum Likelihood
Classification (MLC) and Spectral Angle Mapper (SAM) supervised classification algorithms in
Environment for Visualization Images (ENVI). The following salt marsh plant classes were used
in the classification based on ground data obtained in 2006 and 2007: Batis maritima, Borrichia
frutescens, Salicornia virginica, Spartina alterniflora (short, medium and tall forms) and Juncus
roemerianus. Nonvegetated cover classes (mud, creek bank, salt pan) were also included. The
best overall classification accuracies for the two flight lines were 75% and 66% and were
obtained using the MLC algorithm after a land and water mask had been applied. The classes
most often confused were short and medium Spartina, short Spartina and Salicornia, and short
Spartina and mud. Continued improvement of the classification is planned using advanced
hyperspectral procedures and analysis of training data. A paper on this effort is currently in
preparation. Hladik will also present this work at the CERF conference in Fall 2009.
We further contracted with the National Center for Airborne Laser Swath Mapping (NCALM) to
acquire LIDAR data for both the Duplin River and Blackbeard Island in March 2009 (Figure 16).
NCALM processed and filtered the data to
produce a Digital Elevation Model (DEM)
with vegetation removed (bare earth
interpolated from the last return) and a canopy
DEM (from the first return). Approximate
vertical and horizontal accuracies of the
geolocated laser return points are 7-10 cm and
20-30 cm, respectively. In order to enhance
this data set, C. Alexander (SKIO) is working
to classify the LIDAR intensity data, which is
part of the data return that is not used to obtain
elevation, and to evaluate the correlations
between intensity and the physical and
biological characteristics of the study area
(e.g., LIDAR elevation data, National Wetland
Inventory plant classifications, observations
that can be obtained from aerial imagery, such
as the presence of manmade structures). This
work will advance the field as the
interpretation of LIDAR intensity data in these
types of applications is currently the subject of
on-going research by scientific users of
LIDAR data.
Figure 16. LIDAR image of the Duplin River.
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Hladik is currently in the process of performing an accuracy assessment of the LIDAR and DEM
models. In summer and fall 2009, she worked with C. Connor (undergraduate, UGA) and K.
Anstead (GCE technician) to do a field survey of marsh platform elevation using a Real Time
Kinematic (RTK) GPS. At least 100 ground LIDAR points were selected and surveyed for each
of the major vegetation classes found in these marshes (S. alterniflora, J. roemerianus, S. patens,
Batis maritima, Salicornia virginica, and Borrichia frutescens) as well as nonvegetated classes
(mud, creekbank, salt pan). In addition to the RTK data, a preliminary sampling of vegetation
characteristics (plant composition, height, percent cover and density) were done to groundtruth
the imagery, with more planned for the upcoming year. LIDAR and RTK data will be analyzed
using ArcGIS (version 9.3, ESRI) and ENVI (version 4.5, ITT Visual Information Solutions)
software packages. Once this is complete, Hladik will be in a position to use the LIDAR
information on elevation in conjunction with the hyperspectral information on plant species to
model the relationship between observed salt marsh species distributions and potential
controlling factors, including elevation, proximity to tidal creeks, and proximity to uplands.
More generally, a detailed GIS of the Duplin River that includes elevation and vegetation layers
will allow us to address a wide variety of questions within a detailed spatial context as we move
forward into GCE-III.
Q3: What are the underlying mechanisms by which the freshwater-saltwater
gradient drives ecosystem change along the longitudinal axis of an estuary?
The data collected to answer GCE question 1 (external forcing to the domain) and question 2
(patterns within the domain) can be used to describe the longitudinal salinity gradient of the
estuary over time and space, and to examine how well salinity correlates with observed patterns
in ecosystem processes. To predict how future changes in salinity distributions might affect the
ecosystem, it is necessary to understand the mechanisms that drive these patterns. In particular,
we are interested in separating the effects of salt from that of sulfate on ecosystem processes,
given that these factors are correlated across the estuarine gradient.
This portion of the project is just getting underway under the direction of Joye (UGA). In 2009
we hired a technician to manage this portion of the project, and in summer 2010 we will 1)
conduct sampling at multiple sites along the salinity gradient from tidal fresh to tidal salt sites,
and 2) set up a field experiment at a freshwater site along the Altamaha River about 30 km from
the ocean (in the vicinity of GCE 7). The experiment will consist of four treatments (control,
salinity-amended, sulfate-amended and salinity+sulfate-amended) in which freshwater sediments
will be amended with increasing salinity (from 0 to 10) and/or sulfate (proportional increases,
from 0 to 9 mM) in an orthogonal design over 12 months. In addition to the field experiment,
the effect of short-term variations in substrate concentrations, ionic strength, pH, and H2S on
potential rates of nitrification, denitrification, methane oxidation, methanogenesis and sulfate
reduction will be evaluated in slurry experiments in the laboratory. Our objectives are to: 1)
document existing down-estuary patterns of salinity and sulfate, sediment biogeochemical
parameters, soil characteristics, and plant and animal populations, 2) experimentally assess the
responses of sediment biogeochemistry, microbial activity, soil characteristics, decomposition
rates, and plant and animal populations to increased salt and sulfate availability, and 3) integrate
the results in a quantitative framework using mathematical models.
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We have conducted several other projects that address
the general issue of variation along the estuary. Craft,
Pennings and Joye received leveraged funding from an
EPA grant to examine how ecosystem services vary
among tidal fresh, brackish and marine marshes. As
part of this, Pennings, H. Guo (PhD student, UH) and K.
Wieski (UH) are examining factors creating plant
community structure along the estuarine salinity
gradient. They sampled plant biomass and diversity at
replicate fresh, brackish and marine tidal marshes on the
Satilla, Altamaha and Ogeechee Rivers. Standing
biomass was greatest at brackish sites (Figure 17). Total
carbon stocks paralleled patterns of biomass in that they
were greatest at the brackish sites and lowest at the salt
marsh sites. Nitrogen stocks decreased across sites as
salinity increased and were greatest in the creekbank
zone. Phosphorus stocks did not differ between fresh
and brackish sites, but were lower at salty sites (Figure
17). An overview of the results of this collaborative
project were published in Frontiers in Ecology and the
Environment in 2009 (Craft et al.2009), and a more
detailed manuscript describing vegetation patterns is in
review (Wieski et al. in review).
S. White (Ph.D. student, UGA) and Alber conducted
reciprocal transplant studies, greenhouse experiments,
species removals in mixed Spartina stands, and
vegetation surveys in the estuary of the Altamaha River,
where S. cynosuroides occurs upstream of S. alterniflora
(White 2004; White and Alber 2009) In reciprocal
transplant experiments, each plant survived and
performed best in its natural habitat. During an
extended drought (2000-2002), Spartina alterniflora
density increased to a greater extent than S.
cynosuroides in mixed stands and the location where
Figure 17. Plant biomass, carbon, nitrogen,
and phosphorus in three salinity zones.
Spartina cover was 50 % S. cynosuroides and 50 % S.
alterniflora shifted approximately 3 km upriver,
suggesting that Spartina communities can respond rapidly to increasing estuarine salinity.
In another study, N. Weston (Ph.D. student, UGA) and S. Joye (UGA) evaluated the effects of
upriver salinity intrusion on the biogeochemistry of sediments from the tidal freshwater portion
of the Altamaha River (Weston et al. 2006; Edmonds et al. 2009). A laboratory experiment
using flow-through bioreactors found that a 10‰ increase in salinity resulted in rapid and
dramatic changes in microbial activity, materials fluxes, and organic carbon mineralization rates
(Figure 18). Methanogenesis, which dominated in the freshwater sediments, declined quickly
following salinity intrusion. Sulfate reduction was the dominant pathway of microbial organic
matter mineralization within two weeks of salinity intrusion, although increased iron-oxide
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availability during initial salinity
intrusion appears to have stimulated
high rates of microbial iron
reduction for a short period.
Salinity-driven desorption of
ammonium and increased rates of
silica and phosphorus mineral
dissolution following salinity
intrusion increased overall export of
ammonium, phosphate and silicate
from salinity-impacted sediments.
There is continuing interest in
SqueezeBox, a modeling framework
developed by J. Sheldon and Alber
as a way to estimate mixing time
scales (e.g., residence time) to
compare the relative susceptibility
of estuaries to nutrient loading
Figure 18. Total carbon production (ΣDIC+CH4 production) in
(Sheldon and Alber 2003; 2005;
control and salinity-amended reactors (top). Dashed line indicates
amount of organic carbon added to reactors (nmol C cm-3 d-1), right
2006). SqueezeBox generates
axis indicates salinity in the salinity-amended reactors. Estimated
tidally averaged 1-dimensional
contribution of denitrification (DNF), methanogenesis (MG), sulfate
optimum-boundary box models
reduction (SR) and iron reduction (FeR) to total organic carbon
constructed so that simulations of
oxidation in (middle) control and (bottom) salinity-amended flowflows among boxes are numerically through reactors (Weston et al. 2006a).
stable and may be used to estimate
mixing time scales and track the transport of inert tracers. It uses smoothed equations for crosssectional area and upstream flow of seawater vs. distance along the longitudinal axis of the
estuary, so that box boundaries may be drawn at any points along the estuary and the
characteristics of the resulting boxes (e.g., salinity) may be determined. SqueezeBox can be used
to predict salinities for given river flow rates in the Altamaha River estuary as well as to estimate
transit times. In one analysis, we compared chlorophyll a concentrations in the Altamaha River
estuary with estimated transit times of the estuary. We found that at high flows, the tidal
freshwater zone is long (>35 km) but transit time through it is very short (<1 d), and chlorophyll
concentrations are nearly zero except in the lower estuary. As flows decrease, most of the extra
transit time is spent in higher-salinity zones, and chlorophyll increases in these zones.
Chlorophyll in tidal freshwater remains minimal until the freshwater zone transit time surpasses
1.3 d, then rises rapidly, suggesting that net phytoplankton production has overcome flushing.
Q4: What are the underlying mechanisms by which proximity of marshes to
upland habitat drives ecosystem change along lateral gradients in the intertidal
zone?
The GCE project is investigating the underlying mechanisms by which proximity of marshes to
upland habitat drives ecosystem change along lateral gradients in the intertidal zone. Our
approach to this question involves taking advantage of marsh hammocks as a natural laboratory
for evaluating the influence of landscape structure and freshwater input on marsh processes.
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Marsh hammocks are upland areas nested between the mainland and larger barrier islands.
There are approximately 1,670 marsh hammocks in coastal Georgia, ranging in size from less
than a hectare to tens of hectares. Most are remnants of high ground of either Pleistocene (1,110
hammocks) or Holocene (294) age, but there are also man-made hammocks that have developed
from dredge spoil or ballast stones (270). GCE hammock research includes basic
characterization of groundwater flow as well as physical and biological characteristics at selected
sites, experiments designed to understand the effects of manipulating water flow on marsh
processes, and modeling. We hypothesize that uplands of different size will support a different
extent of upland marsh, and that hammocks of different elevation will have different associated
marsh plant and invertebrate communities.
Survey
In summer 2007 a team of technicians, graduate and
undergraduate students led by M. Alber (UGA) and C. Alexander
(SKIO) conducted a broad survey of hammocks representing a
range of sizes and origin (20 each of Pleistocene and Holocene
origin; 9 dredge spoil islands; 6 ballast stone islands; 4 mainland
transects). They used GIS and field methods to characterize each
site in terms of its geomorphology, stratigraphy, water table
characteristics, flora and fauna (Figure 19).
Our analyses to-date suggest that there are differences in grain
size, pore water salinity, and plant community in hammocks of
different origin and/or size. Grain size analysis (C. Alexander)
shows clear differences in the sediment associated with
hammocks of different origin. Holocene hammocks contain the
Figure 19. Field team surveying a
greatest amount of sand, followed by Pleistocene hammocks and hammock.
GCE monitoring sites (as would be expected from their locations
on Pleistocene upland bodies), followed by dredge
spoil hammocks, which are created from an
indiscriminant mixture of flocculant muds and
sands rapidly deposited in channels over time. An
example comparing the grain size distributions of
the sediments from three hammocks is shown in
Figure 20. Hammocks created by ballast stone are
comprised of large rocks and do not have soil
suitable for grain size analysis. Although there
was variability in pore water salinity of the
different hammocks sampled, there is an
indication that salinities were lower on larger
hammocks. This is consistent with our
predictions, based on the fact that these
hammocks have larger water tables. Nutrient data
are still being evaluated but no statistical
differences were observed in our initial analysis of Figure 20. Grain size distribution in hammocks of
pore water DOC and TDN concentrations.
Holocene (black), Pleistocene (green), and dredge
spoil (red) origin.
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Figure 21. Area of high marsh plant community adjacent to the
Juncus roemerianus were most
upland area of hammocks (“halo”) compared with hammock area.
often the dominant plants in these
areas, but there were differences related to hammock size and origin, with Borrichia mostly
dominating the smaller hammocks and those comprised of ballast stone.

Intensive characterization
In 2008 two hammocks were selected for more detailed study: HNi1 is of Holocene origin and is
located west of and adjacent to Blackbeard Island to the north of Sapelo; PCi29 was thought to
be of Pleistocene origin and is located adjacent to the south end of Sapelo Island (Figure 22).
These two hammocks are of similar size, with similar vegetation zones in the high marsh. We set
up transects that run from the nearby upland (Blackbeard and Sapelo Islands, respectively),
through the marsh, and up and over each hammock to the marsh adjacent to the Sound (Sapelo
and Doboy, respectively) and took cores at each vegetation zone in each site.

Figure 22. Locations of Holocene (HNi1) and Pleistocene (PCi29) hammocks (left). Locations of wells (yellow) and
vibracore samples (white) on HNi1 (center) and PCi29 (right). Tables show dominant vegetation at each location.
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Cores were analyzed by the Alexander lab. The cores from HNi1 generally exhibit profiles
consistent with a sand body deposited onto back-barrier marsh by storm processes. A single,
continuous marsh deposit, dated by AMS C-14 at about 3500 y BP, underlies HNi1. Sedimentary
structures in the cores suggest that energetic forces washed beach sand back onto the marsh,
creating a shore-parallel, linear sand body that has been modified over the past few thousand
years (see core 5 detail in Figure 23). This Holocene hammock consists of clean medium- to
fine-grained sands that contain parallel to cross-bedded laminations. Cores from PCi29, along
with AMS C14 and OSL dating, suggest that this hammock has had a complicated history
spanning multiple environments of deposition.

Figure 23. Core 5 from Holocene hammock HNi1 west of Blackbeard Island. Panels show stratigraphic
interpretation; average grain size; percent sand, silt and clay; photographs and paired x-radiographs; and core
location.

Information from the stratigraphic data was used as a guide to install wells across a
hydrologically connected sand layer. Pressure, salinity, and temperature loggers were placed
into the select wells at both sites to collect data at 10-minute intervals. Monthly monitoring of
wells at the two hammocks began in August 2008. To date, we have found that chemical
constituents are at least an order of magnitude higher in the groundwater than in surface water
collected from the sites. Concentrations of dissolved organic carbon (DOC) as high as 15 mM
have been observed in the groundwater, and DOC in nearby surface water (~2 mM) exceeds that
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in open sound water (hundreds of µM). Concentrations of dissolved inorganic nitrogen tend to
be dominated by ammonium, which is not surprising since the groundwater is anoxic and
sulfidic.
The observations collected on groundwater nutrients, flow, and radium isotopes as part of the
intensive hammock characterization will form the core data set for calibration and validation of
water balance models for each hammock (C. Meile, UGA). Large scale shallow subsurface flow
patterns between hammock and creeks will be established by building upon available finite
element codes. Measured hydraulic head and permeability measurements will be spatially
interpolated. Together with infiltration/evapotranspiration rate estimates, they will be employed
to assess water movement using a Darcy approximation and water continuity.
Plant model
To investigate how changes in the relative amounts of groundwater and sub-surface flow affect
plant species growth and competition, we (A. Burd, UGA) plan to develop a plant model linked
to the water balance model. The plant model will involve explicit descriptions of plant belowand above-ground biomass of Spartina, Juncus and Borrichia, with particular attention to rooting
depth (since that will affect pore water availability and quality). The biomass models will be
driven primarily by irradiance within the canopy, salinity and sediment nutrient availability.
Competition between the species will be based upon salt tolerance and light competition.
In order to help parameterize the model, we are collecting data on high marsh plant communities
and associated soils. In 2009 we collected light profiles and associated data on plant heights and
densities in stands of S. alterniflora, J. roemerianus, and B. frutescens. We also collected data
on soil texture, porewater content and porewater salinity from stands of the same three plant
species. Finally, we collected pre-dawn xylem pressure potential readings on all three species of
plants to determine if plants are in fact rooting in the soils that we are sampling. (In theory, predawn XPP readings are in equilibrium with soil water potentials.) We are also conducting a
greenhouse experiment to evaluate the sensitivity of these three plants to varying levels of shade
(0 to 80% of light blocked) and salinity (0 to 60) in order to help parameterize the model.
Archeological studies
We are particularly interested in the distribution of shell deposits left by the Native American
occupants, because such deposits affect soil chemistry and landform exposure, and therefore may
mediate high-marsh ecosystem processes by affecting the quality and quantity of water reaching
the high marsh. Other legacy effects on current ecosystems might be mediated by changes in
soil nutrient structure and permeability associated with fire, latrines, and seafood processing.
V. Thompson (OSU) and his students and colleagues have performed archeological surveys of
four hammocks to date. Surveying these areas involves shovel test probes at 20 meter intervals.
All sites are mapped and drawn according to standard archaeological procedures using GPS and
a total station. All observable human modification to the landscape such as existing historic
structures, canals, fences indicating livestock, etc. are also included. Results indicate heavy use
of many hammocks by Native Americans, with artifacts present in a high proportion of shovel
test probe samples.
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Changes in sea level also affect human populations. Thompson and Turck (2009) suggest that,
despite major destabilizing forces in the form of sea level lowering and its concomitant effects
on resource distribution, cultural systems rebounded to a structural pattern similar to the one
expressed prior to environmental disruption. They propose, in part, that the ability for people to
return to similar patterns was the result of the high visibility of previous behaviors inscribed on
the landscape in the form of shell middens and rings from the period preceding environmental
disruption. This past year J. Turck (Ph.D. student, UGA) and Alexander used a vibracorer to
take six sediment cores from the marsh near one of our study hammocks (Marys Hammock, a
Pleistocene hammock on the west side of the Duplin R.) in an attempt to locate former ground
surfaces and understand the depositional history of the marsh surrounding the hammock as
related to changes in sea level.
Q5: What is the relative importance of larval transport versus the conditions of
the adult environment in determining community and genetic structure across
both the longitudinal and lateral gradients of the estuarine landscape?
We have documented a variety of distribution patterns of different plant and invertebrate species
across the GCE domain. These include 1) a close correlation with salinity (most plants, marine
invertebrates), 2) densities decreasing from the barrier islands to the mainland (most marine
invertebrates), 3) densities low at mid-estuary sites (grasshoppers), and 4) no systematic spatial
variation (beetles). Some of the variation in population density is likely driven by longitudinal
and lateral gradients in the estuarine environment (Questions 3 and 4). However, population
density may also be affected by transport mechanisms and larval shadows that affect larval
delivery, habitat suitability for adults, and competition. We are using a combination of
recruitment studies, transplant studies, and genetic approaches to begin to understand these
patterns.
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Figure 25. Results from 2008 transplant experiments of salt (Batis
maritima), brackish (Schoenoplectus americanus), and fresh (Pontederia
cordata) marsh plants into different salinity zones, with or without
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Results from 2007 (S. alterniflora, J. roemerianus and Z. miliacea, Figure 24) and 2008 (B.
maritima, S. americanus and P. cordata, Figure 25) indicate that the freshwater plants were
excluded from saltier sites by physical stress (they died with or without neighbors, indicated in
figures by “N/A”), and that the intensity of competition increased at less-saline sites, excluding
salt marsh species. There were hints of facilitation of some plant species by background
vegetation (positive values of RII) at the saltiest sites. The third set of transplants in 2009 is
underway and appears to show similar results. These results suggest that salinity and plant-plant
interactions are the primary drivers of vegetation
pattern.
Mechanisms explaining animal distributions
In 2008, B. Silliman (UF) and his students surveyed
the GCE domain and found that densities of both
periwinkles and barnacles were highest in the
barrier-island marshes followed by mid-estuary and
then mainland marshes (P < 0.01, all cases, Figure
26). The pattern was consistent across both species
and life stages (adults and recruits). There was also a
strong main effect of zone (tall-Spartina zone at the
creekbank versus short-Spartina zone in the midmarsh, P < 0.01 in all cases), but no interaction
between zone and site. Adult snail density was

Figure 26. Locations of sampling sites along an
off-shore on-shore gradient. Barrier island sites
are in the orange box, mid-estuary sites are in the
white box, and mainland sites are in the blue box.
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always higher in the short zone, whereas barnacle and snail recruits were always most abundant
in the tall zone. These patterns suggest a strong recruitment shadow effect, where larval supply
to marshes is highest closest to the ocean source and trails off toward the mainland. Combined
with tethering experiments (ongoing), which suggest strong predation in the tall zones at all sites
but lower predation rates in the short zones, these data suggest that high densities of marsh
invertebrates occur in areas where recruitment is high enough to overcome losses due to high
predation, i.e., short Spartina zones on barrier islands.
To further assess the relative effects of habitat quality, larval transport, and predation in
governing invertebrate densities along the off-shore, on-shore gradient, the Silliman lab is
assessing recruitment rates (using integrative methods) and adult densities (using quadrats) for
all major marsh invertebrates at all sites. Ongoing work includes transplanting tethered
periwinkle snails, ribbed mussels and mud snails with animals of each species in paired uncaged
and caged treatments (i.e., with and without predators), across the GCE domain (2009-2010).
They will use a multiple regression model to compare separate and combined effects of
recruitment rates and predation rates (as assessed by tethering all invertebrates) on adult
invertebrate density. This work will be integrated with similar planned work by the Pennings
laboratory on grasshopper distributions to compare drivers of distribution between marine and
terrestrial invertebrate taxa. To date, we hypothesize that densities of marine invertebrates are
strongly driven by variation in larval supply coupled with predation, but that densities of
grasshoppers are strongly coupled to the availability of terrestrial habitat, which may be
important for reproduction or for a refuge from extreme high tides.
Genetic structure across the GCE domain
The Wares lab conducted a survey of the genetic structure of organisms in the GCE domain. The
results illustrate the importance of examining processes of site diversity and diversification at
multiple scales and levels of biological organization. Spartina alterniflora showed no significant
pattern across the domain. As might be predicted based on the larval life history of most of the
invertebrate species,
there is little to no
significant
differentiation of
marine invertebrates
across GCE sites.
Figure 27 shows the
distribution of
pairwise estimates of
Wright’s Fst from
mitochondrial data in
the invertebrate
species; only a few
pairs of populations
have statistically
significant results, but
these results are
neither consistent
Figure 27. Distribution of pairwise estimates of Wright’s Fst from mitochondrial data
in invertebrate species (see text for details).
across taxa nor
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reliable when you consider the effect of multiple comparisons (i.e., after Bonferroni correction).
Contrasts of Fst > 0.10 are summarized below with the initials of each species and the pair of
populations exhibiting that value (Li = Littoraria irrorata; Up = Uca pugnax; Mb = Melampus
bidentatus)
Although there was little genetic differentiation among sites, detailed examination of the data
revealed two interesting patterns. First, examination of nucleotide diversity (a measure of the
amount of polymorphism harbored in a DNA sequence data set) indicated that populations closer
to the ocean side of the domain were more than twice as diverse on average as populations in the
interior or mainland regions of the domain. This preliminary result suggests that even if sites in
the GCE domain were not evolutionarily differentiated from one another (and thus adaptation
was not driving ecological differences), some element of larval recruitment or other effect of the
environment on diversity at a site was important. Second, the spatial pattern of nucleotide
diversity across all sites and eight species, including the invasive porcelain crab Petrolisthes
armatus, was strongly correlated with site species diversity (using previous GCE data for
molluscan and plant diversity at each site). Although the pattern was only marginally significant
for Geukensia demissa and a couple of other species, the combined analysis suggested a highly
significant relationship between genetic and taxonomic diversity at GCE sites (as well as
between appropriate measures of genetic and species richness when only the molluscan species
data were included). These results, which were published in Estuaries and Coasts (Robinson et
al. 2009), are consistent with our hypothesis that densities of marine invertebrates are strongly
driven by larval supply.

33

LTER Network Activities
As detailed below, GCE scientists are active within the LTER network, collaborating on crosssite comparisons, information management, and network planning and governance.
S. Pennings is a member of an LTER cross-site synthesis group examining whether the traits of
plant species can predict different responses by different taxa in fertilization experiments. This
work will enhance our ability to predict the impacts of anthropogenic inputs of nitrogen into
natural systems. The group has published five manuscripts based on this work, one in PNAS, one
in Ecology Letters, two in Ecology and one in Oikos. They have another manuscript in review
and several more in preparation.
M. Alber has been involved in a broad effort to evaluate the effects of climate change on coastal
systems. In 2008 she co-authored a paper for a special issue of Frontiers about continental-scale
research (Hopkinson et al. 2008). This grew out of a coordinated effort by coastal sites to
establish a network of observational towers aimed at understanding and forecasting the effects of
sea level rise and intense windstorms. Alber and C. Hopkinson (UGA) led a working group at
the 2009 Science Council meeting in May 2009 to discuss climate change and coastal systems
more broadly, and have put together a prospectus describing our approach to the question of how
human and natural templates interact to affect vulnerability to different aspects of climate
change. Alber gave talks on coastal climate effects at both the NSF LTER mini-symposium in
February 2009 and the Science Council meeting in May 2009, and helped to run a workshop at
the All Scientists Meeting in September 2009.
The GCE is participating in the “Maps and Locals” initiative that grew out of the SocialEcological Systems (SES) cross-site workshop in Puerto Rico in December 2008. We have
received supplement funds to work with R. Pontius and C. Polsky (Clark University) to evaluate
changes in land use in the watersheds of the GCE domain. As part of his dissertation, Dan
Runfola (Ph.D. student, Clark Univ.) is comparing development in coastal Georgia with that in
Plum Island Ecosystems LTER in Massachusetts. Alber is also a co-author of the synthesis
document that came out of the SES workshop (“The Common Denominator”).
J. T. Hollibaugh serves on the LTER Network's Microbial Sciences Working Group, and in 2007
participated in a workshop, “Catalyzing Cross-Site Comparisons of Microbial Diversity and
Function”. In 2009 he chaired a workshop at the LTER ASM meeting on microbial diversity and
ecosystem dynamics across sites. He and Booth are also collaborating with L. Amaral-Zettler
(MBL) on the MIRADA project, which is a cross-site microbial inventory of all aquatic LTER
sites.
In addition , we have contributed samples for other scientists involved in network comparisons,
including collecting soil samples for a cross-site comparison of the Q10 of soil organic matter
decomposition (J. Craine, UMN); tardigrades for Josh Heward (Brigham Young University); and
water samples for Mark Williams (Colorado University).
GCE scientists are also active in network governance and business. S. Pennings is near the end
of a three-year term on the LTER Executive Board; M. Alber served on the planning committee
for the LTER Science Council Meeting in San, Diego, CA (May 2009); A. Burd served on the
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planning committee for the LTER All Scientists Meeting in September 2009. W. Sheldon served
on the mid-term review panel for the MCR LTER site.
We also have a strong network presence in terms of information management, through the
activities of W. Sheldon and J. Carpenter (UGA). Since 2007 W. Sheldon has served as co-chair
of the LTER Network Information System Advisory Committee, which is developing a cyberinfrastructure implementation plan for the LTER network. He chaired a working group on CI
implementation at the 2009 LTER IM committee meeting; collaborated with the LNO Network
Information System team to develop and test a data access server (DAS) architecture to log
access to LTER site data centrally through proxy data URLs in EML metadata; participated in a
working group that is developing a controlled vocabulary of keywords for annotating LTER
metadata documents; and served as a lead software developer for an LTER research project
database working group, and designed XQueries, XSLT stylesheets and example XHTML code
to support embedding project search and display forms on any LTER site’s web page. J.
Carpenter served as a lead developer of a cross-site, web-based mapping application for the
LTER GIS working group, and coordinated collection of GIS data describing research areas for
all 26 LTER sites.
The GCE hosts the USGS Data Harvesting Service for HydroDB (see http://gcelter.marsci.uga.edu/public/im/tools/usgs_harvester.htm). Data from 57 USGS stream flow
gauging stations are automatically harvested on a weekly basis for 11 LTER sites (AND, BES,
CWT, FCE, GCE, KBS, KNZ, LUQ, NTL, PIE, SBC) and one USFS site. Recent provisional
and finalized data are automatically acquired, standardized, quality-checked, formatted, and
uploaded to HydroDB to provide the LTER community with the best available stream flow and
precipitation data for synthetic research at no cost to individual site research programs.
We also provide near-real-time USGS streamflow data harvesting for the CWT site
(http://coweeta.ecology.uga.edu/ecology/hydrologic_data/hydrologic_data.html), including
automated plots and metadata generation for acquired data sets for 5 stations.
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Project Management
M. Alber serves as the Lead PI of the GCE project, providing overall direction, management and
coordination. S. Pennings serves as co-PI, and works with Alber on day-to-day project
administration, with support from the GCE Executive Committee (see below). Project
management involves submitting supplementary proposals, overseeing the core budget
(including setting up subcontracts, approving purchase orders, travel, etc.), taking care of routine
reporting, supervising core project personnel, and writing letters of support for collaborative
projects. Pennings also coordinates our field efforts, including supervising field technicians at
Sapelo Island and overseeing repair and maintenance of boats and field instruments. We
currently have six core GCE employees. Two (Sheldon and Carpenter) work on information
management, and are supervised by Alber, and four (Shalack, Saucedo, Anstead, Robinson)
work on field activities, and are supervised by Pennings, with Shalack responsible for
supervising day-to-day activities of Saucedo, Anstead and Robinson.
GCE scientists are classified as either Project Investigators or Affiliated Professionals. PIs are
scientists with a major commitment to GCE research. They are typically funded through the
GCE and are expected to participate regularly and fully in site research, project meetings, and
decision-making. Affiliated Professionals have an interest in GCE research, may be pursuing
independently funded research at the GCE sites, and follow our data reporting protocols, but are
not obligated to participate in GCE activities at a high level. At present, the GCE has 14 Project
Investigators and 11 Affiliated Professionals representing 10 institutions. We also have 23
graduate students and 17 technicians and post-docs.
We also encourage non-LTER scientists to become affiliated with the GCE project by extolling
the twin benefits of working at Sapelo Island and working with the LTER. The UGA Marine
Institute is a world-renowned center for marsh research, allowing access to pristine marshes that
have a rich history of previous research that provides context for new studies. The LTER
program offers the opportunity to coordinate with ongoing and past research at a network of
sites, with ready access to datasets through our web site. We expose new scientists to GCE
research through seed funding and postdoctoral positions, with the hope that they will generate
external funding to continue their work. We work with these scientists to develop new research
proposals, and we write letters of support for related proposals.
The entire GCE membership meets once a year. Meetings last 1.5 days and focus on reviewing
research progress and planning future activities. GCE annual meetings are attended by our
Advisory Committee, who represent a breadth of disciplines from both inside and outside LTER.
The GCE Advisory Committee currently consists of Iris Anderson (VIMS/VCR), Jane Caffrey
(UWF), Mark Hay (Georgia Tech), George Jackson (TAMU), Cathy Pringle (UGA), and Wim
Kimmerer (SFSU). At the end of each meeting they provide input to the GCE program on all
aspects of project research and administration.
In 2005 we developed a formal Executive Committee (EC) and adopted formal bylaws
(http://gce-lter.marsci.uga.edu/public/app/resource_details.asp?id=94). The project is now
governed by the EC, which has responsibility for administration and oversight. The EC consists
of the lead and co-PIs (Alber and Pennings), 3 additional PIs (Hollibaugh, Joye, Burd), and the
Information Manager (W. Sheldon). All major project decisions are now made by the EC, with
input or final approval solicited from the larger GCE membership. The EC discusses GCE issues
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by email on a daily basis. EC meetings are held several times a year, with Pennings (University
of Houston) included by web-cam or traveling to UGA when possible. EC members have
administrative responsibility for different aspects of the GCE program (Table 4), and to this end
communicate and meet with appropriate subgroups of personnel as needed. Procedures for
election and removal of EC members by the GCE membership are detailed in our bylaws.
Table 4. Executive Committee. Members are elected for renewable 6-year terms, to include the year
preceding and the first five years of each NSF proposal, following procedures detailed in GCE bylaws
(http://gce-lter.marsci.uga.edu/public/app/resource_details.asp?id=94).

Personnel

Administrative Responsibilities

Merryl Alber, Lead PI

Represent GCE to NSF and LTER network
Oversee Upland-Marsh Linkage research

Steven Pennings, Co-PI

Field operations
Oversee Population Distribution research

James Hollibaugh

PI of GCE-I
Oversee Network interactions

Samantha Joye

Oversee Freshwater-Marine Linkage research

Adrian Burd

Oversee modeling

Wade Sheldon

Information Management
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Training and Development
GCE Schoolyard Program
The GCE Schoolyard program provides critical in-service training for K-12 educators in field
ecology, immersing science and math teachers in hands-on research activities in the field to
enable them to bring lessons and actual research data back to the classroom. From 2000 to 2008,
over 50 teachers participated in one or more sessions of the GCE S-LTER program, representing
113 teacher slots and a collective impact on 11,278 students. Teachers split their time between
doing research alongside GCE scientists and graduate students and discussing ways to implement
the information in their classrooms.
A hallmark of the program is its emphasis on continued participation of teachers. Long-term
teacher participation allows mentoring on multiple levels and provides teachers with a sense of
continuity within the research process and a depth of understanding about those processes that
can never be replicated in textbooks. Our program, built around long-term contact between
teachers and researchers, is obtaining lasting results.
One teacher wrote:
“I need this every summer to show myself and my kids that I am a scientist. Only
now do I feel like I can call myself a science teacher. It used to be so much work
to teach – especially using inquiry. But now, after this, it makes so much sense.
Now, I have an easy job and am a better teacher. My kids believe me because they
see the pictures of me really doing what it is I’m teaching them. It’s even now a
rare thing to have to write any kid up for bad behavior. They don’t want to miss
class! I guess what I’m saying is that I have been empowered personally and
professionally because I now know what science really looks like. I’ve done it. I
think about it all very differently. I am a scientist!”
In 2009, we expanded the Schoolyard program in partnership with the “Science Education and
Applied Research in Coastal Habitats”, or “SEARCH” program, which was administered by the
UGA Marine Extension Service. The SEARCH program was directed by Dr. Joseph Riley,
Professor Emeritus in the Science Education Dept. in the UGA College of Education, and Mr.
Bob Williams, Associate Director for Marine Education in the UGA Marine Extension Service,
with additional support from Dr. Steve Oliver, who is also a Professor of Science Education at
UGA. LTER activities were directed by Dr. Dale Bishop of the GCE project. It provided
participants with an intensive week of coastal ecological study at the Marine Education Center
and Aquarium facilities on Skidaway Island, GA prior to their GCE experience on Sapelo Island.
One of the 2009 participants wrote to say:
“Thank you” for the amazing time I had during the SEARCH program. The
lectures, labs, and research involvement were incredibly fulfilling and life
changing. The experience has forever altered the way I plan to teach in the
classroom.”
The GCE program is obtaining lasting results. In 2008, one of our longest running participants
(Ken Leach) was selected by the Siemens Company as one of 20 top science teachers in the
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country. Through him, Dr. Patricia Hembree, who ran the Schoolyard program, was also
recognized as an outstanding mentor. Another long-running participant (Halley Page) was
recognized as the 2008 Elementary Science Teacher of the Year by the Georgia Science
Teachers Association. In 2009 she was further honored and named one of two teachers in the
state and 108 in the nation who will receive the prestigious Presidential Award for Excellence in
Science and Mathematics Teaching at a special White House ceremony.
GCE is also a partner in the Center for Ocean Sciences Education Excellence (COSEE) Coastal
trends project, which seeks to increase literacy in ocean science with a focus on understanding
coastal trends through partnerships among scientists, educators and the general public. In 2009
J. Shalack gave a presentation at the COSEE Coastal Legacy Workshop.
Undergraduate and graduate education
We routinely involve undergraduate students in our research, averaging approximately 10 per
year. Undergraduates who have participated in GCE-II have come from UGA, Univ. of South
Carolina, Univ. of Houston, Indiana Univ., Univ. of Florida, Univ. of West Florida, and Georgia
Southern. We have also had international students, from Univ. of Toulon and the Var., France
and Christian-Albrecht University, Kiel, Germany. These students have had opportunities to
give presentations about their research at meetings (Benthic Ecology, Southeastern Estuarine
Research Society, Estuarine Research Federation) and helped to write papers (Wason and
Pennings 2008, Ewers et al. submitted).
One of our former REU students (Nathan McTigue), who worked on the hammock project,
recently contacted us to state the following:
“I think often about the summer's work, and how much I really enjoyed it. It was
so gratifying to finally get my nose out of the books and do some field work.
Although the books are important, I had so much fun participating in the "doing"
part of science. By about the beginning of July, I had a totally new and improved
understanding of the word "ecology." I really only understood that which I
previously learned (the books) by the doing (the field). On top of that, the amount
of data we collected this summer is just awesome. Maybe I have a skewed
opinion since I've never worked in the field like that before, but I'm impressed by
us. Anyway, thanks for the experience.”
A. Burd includes GCE data in both his undergraduate and graduate courses. In his undergraduate
“Biological Oceanography” course and as well as in his freshman seminar, “Earth: The Ocean
Planet”, GCE data are used in discussions of coastal marine systems and in explanations of
processes occurring in these systems. In his graduate level course, "Quantitative Methods in
Marine Science", students undertake small projects analyzing GCE time series data, examining
relationships between variables such as discharge and salinity, salinity and productivity etc.
In the spring of 2009, C. Meile conducted a Seminar series at UGA that focused on GCE-LTER
research. The series used video-conferencing to include researchers from other sites (Univ. of
Houston, Skidaway Inst. of Oceanography, UGA Marine Institute) and included presentations by
5 GCE PIs and 5 graduate students. This was supplemented by in-class meetings where LTER
synthesis papers were discussed. In 2008 S. Pennings participated in a cross-institution graduate
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course on Functional Ecology that was facilitated by NCEAS and involved scientists from 7
universities. Students at UH analyzed GCE data as part of the course activities, and plan to
publish a paper based on their work.
Graduate students are an integral part of the research at the GCE LTER. There are currently a
total of 22 students from 4 institutions engaged in LTER activities. Over the past three years, 10
LTER students have completed their degrees:
First, M.R. 2008. Benthic Microbial Food Webs: Spatial and Temporal Variations and the Role
of Heterotrophic Protists in Salt Marsh Sediments. Ph.D. Dissertation. (Major professor:
J. T. Hollibaugh)
Ho, C.-K. 2008. Plant-herbivore interactions in U.S. Atlantic Coast salt marshes: the effect of
omnivory and geographic location. Ph.D. Dissertation. University of Houston. (Major
professor: S. Pennings)
McKay, P. 2008. Temporal and Spatial Variability of Transport and Mixing Mechanisms: Using
Heat and Salt in the Duplin River, Georgia. Ph.D. Dissertation. University of Georgia.
(Major professor: D. Di Iorio)
Porubsky, W.P. 2008. Biogeochemical dynamics in coastal sediments and shallow aquifers.
Ph.D. Dissertation. University of Georgia. (Major professor: S. Joye)
Hartmann, J. 2007. Determination of gas exchange velocities based on measurements of air-sea
CO2 partial pressure gradients and direct chamber fluxes in the Duplin River, Sapelo
Island, GA. M.S. Thesis. University of Georgia. (Major professor: W.-J. Cai)
Lyons, J.I. 2007. Molecular description of ascomycete fungal communities on Spartina spp. in
the U.S. Ph.D. Dissertation. University of Georgia. (Major professors: M. Alber and J.T.
Hollibaugh)
Kunza, A.E. 2006. Patterns of plant diversity in two salt marsh regions. M.S. Thesis. University
of Houston. (Major professor: S. Pennings)
Lee, R.Y. 2006. Primary production, nitrogen cycling and the ecosystem role of mangrove
microbial mats on Twin Cays, Belize. Ph.D. Dissertation. University of Georgia. (Major
professor: S. Joye)
Mou, X. 2006. Culture-independent Characterization Of DOC-Transforming Bacterioplankton in
Coastal Seawater. Ph.D. Dissertation. University of Georgia. (Major professor: M. A.
Moran)
Schaefer, S.C. 2006 Nutrient budgets for watersheds on the southeastern Atlantic coast of the
United States: temporal and spatial variation. (M.S. Thesis, University of Georgia. Major
professor: M. Alber)
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Outreach
GCRC
The GCE provides outreach to coastal managers through partial support of the Georgia Coastal
Research Council (GCRC), which is directed by Alber. The GCRC has103 affiliates
representing 17 academic units and 10 state and federal agencies. It promotes science-based
management of coastal resources by hosting workshops, assisting management agencies with
scientific assessments, and distributing information on coastal issues. GCRC staff meet regularly
with managers in the Coastal Resources Division of the Georgia Dept of Natural Resources and
respond to technical requests (i.e. requests related to climate change, water quality, and
identification of marine species). The GCRC website (www.gcrc.uga.edu), which is linked to
the GCE site, features a frequently updated announcement page and has more than 1000 pages
and documents plus 1600 external links.
The GCRC works to synthesize information on coastal issues and has produced a number of
technical summaries in response to requests from state managers over the past two years. This
includes summaries of such topics as Vegetative Buffers in the Coastal Zone; Literature on
Impervious Surfaces in the Coastal Zone; and Climate Change Research. Our update of marsh
dieback research in Georgia was passed on to Dr. Carol Couch, Director of the Georgia DNR Environmental Protection Division. One of our documents (Stormwater Treatment in Coastal
Areas) was distributed to the Georgia DNR Board at their February 2007 meeting during which
they voted to double the buffer associated with permits granted under the Coastal Marshlands
Protection Act. More recently we have responded to requests from CRD staff to provide
guidance on setting priorities for their water quality monitoring program, and we also provided
an external review of an analysis of beach sanitary survey data.
In October 2008 the GCRC convened a Coastal Research Forum, which brought together 40
researchers and coastal resource managers to hear presentations highlighting current research
projects, including the GCE LTER hammock project. Written evaluations were positive:
everyone who filled out an evaluation said they were either satisfied (61%) or very satisfied
(29%) with the forum, and 100% said they would be interested in attending future events. In
August 2009 we convened the third “Georgia Coastal Colloquium” which was attended by more
than 60 scientists and coastal managers. Colloquium ’09 included speakers on three
management-critical themes (Development, Restoration & Remediation, and Climate).
The GCRC is currently managing the South Atlantic Regional Research Program, a separately
funded project that involves the identification of priority regional-level research needs for the
South Atlantic Region (North Carolina to Florida). In summer 2008 we collected stakeholder
input on issues of importance through a widely distributed web-based survey and public
meetings. The results of all of these efforts were used to develop a draft “SARRP Alliance
Framework”. In April 2009 SARRP convened a Strategy Team Workshop with broad
representation from state and federal agencies, research and educational institutions throughout
the southeast. Workshop participants were charged with reviewing the Framework document
and identifying priority research needs for the region. The workshop report is available at
http://www.gcrc.uga.edu/SARRP/Documents /SARRPStrategyTeamWorkshop09Report.pdf
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Finally, the GCRC has just completed a National Park Service project to create a metadatabase
of long-term coastal water quality monitoring efforts in southeast coastal waters (N. Carolina, S.
Carolina, Georgia and the Atlantic coast of Florida). As part of this, GCE Information
Management staff developed a database of water quality monitoring program metadata for the
SE USA coast, plus a web portal and map resources. Data mining software developed for GCE
was used to populate the database and both the database and web portal are currently hosted on
GCE servers. Information about GCE monitoring activities and data is included in the database,
so this water quality metadata portal (http://www.gcrc.uga.edu/wqmeta/) will provide the public
and GCE investigators with a broad view of regional monitoring activities and support discovery
of GCE data by a broader audience, including government agencies and environmental
managers.
Additional outreach
GCE scientists also speak directly to the public in a variety of forums. GCE scientists regularly
give seminars and public presentations, contribute articles to newsletters and other popular
publications, and talk to the media about coastal issues. GCE personnel on Sapelo Island
routinely provide tours of the site to visitors to both the Sapelo Island National Estuarine
Research Reserve and the UGA Marine Institute.
Finally, the GCE web site provides public access to information and data from decades of
research on Sapelo Island and the Georgia coast for scientists, educators, students, policy makers
and the general public. Over 350,000 visits from 198 distinct countries and territories have been
logged on the GCE web site since its introduction in December 2000, accounting for over 1.2
million page views. More than 70,000 visits to the GCE web site were logged over the past year
alone. We also host the UGA Marine Institute bibliography in our database and provide access
to citations and a reprint request service. In addition, we provide web hosting for the Georgia
Coastal Research Council (http://www.gcrc.uga.edu) and Sapelo Island Microbial Observatory
(http://simo.marsci.uga.edu), plus several legacy web sites including the Georgia Rivers LMER
(http://lmer.marsci.uga.edu/) and the Sea Grant Georgia Coast Data Set
(http://coastgis.marsci.uga.edu/ga.html).
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Information Management
Overview
The GCE Information Management Program is led by W. Sheldon (UGA. The initial
development of our IM program was guided by the following goals:
• Develop procedures and technology to facilitate efficient acquisition, standardization,
analysis and synthesis of all GCE data
• Develop an integrated information system to manage all products of GCE research, support
site science, and build a well-documented archive of long-term ecological observations
• Establish web sites to provide secure, convenient access to project information and research
results for GCE members, the LTER Network, the scientific community and the public
• Support all LTER Network Information System protocols and standards to facilitate
network-level science, cross-site comparisons and large-scale synthetic research
Our information management system continues to evolve in response to changing technology
and project and network requirements, but to date our IM program has successfully met or
exceeded these goals at both the project and network level. We have also developed a number of
innovative informatics approaches, database designs and software applications in the course of
establishing our system, which we have openly shared with the LTER and broader scientific
community.
GCE information system
The GCE information system is housed in the Dept. of Marine Sciences on the main campus of
UGA due to the remoteness of the study area and superior network and computing infrastructure
available in Athens. The system is highly centralized, with user access primarily provided
through public and private web sites and network applications (see below). This approach
accommodates the wide geographic distribution of project participants and the large array of
computer platforms and operating systems in use by GCE investigators.
IT resources

We currently manage three production servers to support GCE research and operations,
including a general database server, dedicated web server and enterprise GIS database server.
We operate an additional limited-access server to support GCE software development and
testing, which also houses our software version control system (SVN). All servers are equipped
with RAID-5 hard drive configurations and uninterruptible power supplies to provide fault
tolerance, and are backed up daily to disk and weekly to tape to protect against data loss. We
currently have approximately 5 TB of secure disk storage available for GCE use at UGA, in
addition to an LTO-3 tape backup system.
We also manage four high performance workstations to support core GCE information
management activities as well as several field computers. We provide database client software
and ArcGIS software and licenses to GCE investigators, staff, students and affiliates in the Dept
of Marine Sciences at UGA and the UGA Marine Institute on Sapelo Island to support working
with data in relational and GIS databases and general GIS analyses.
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Data acquisition

Data from instrumented monitoring sites, such as weather stations, are automatically downloaded
hourly to computers in the GCE IM office, and data from moored instruments and hydrologic
wells are transmitted immediately after downloading (semi-monthly) by monitoring technicians.
Data from research cruises, marsh monitoring and individual PI research projects are submitted
to the IM office at varying intervals, depending on project schedules. Raw data and other
submissions are organized in a data file management system that is mirrored between servers and
routinely backed up to tape and DVD, which are stored off-site to protect against data loss. We
are also working with the LTER Network Office to establish remote storage for core GCE data.
Data processing and quality control

In order to standardize the processing, quality control, and analysis of all GCE project data, we
developed a well-defined standard for storing tabular data along with structured metadata,
QA/QC rules and flags. We also developed a toolbox of metadata-driven MATLAB programs
(GCE Data Toolbox) for working with this standard (http://gcelter.marsci.uga.edu/public/im/tools/data_toolbox.htm), which we have shared with the scientific
community (2840 public downloads since 2002). Data from various sources, including
spreadsheets, MATLAB files, instrument data loggers, USGS and NOAA data servers, and SQL
database queries, are converted to GCE data structures for validation, quality analysis, and postprocessing. Metadata are initially added from pre-defined templates or imported directly from
the GCE metadata database (below), and then augmented with information derived from
analyzing the data set itself (e.g. geographic lookups, code list generation, date/time analysis,
numeric ranges). All transformations and data changes are automatically documented throughout
processing, resulting in comprehensive metadata that describe the complete lineage of the data
set. Finalized data sets are archived in native data structure format as well as standard text and
MATLAB formats for distribution.
Geospatial data collection and analysis (GIS)

We added a formal geospatial data management component to the GCE information system in
2006. We began by establishing a Geographic Information System (GIS) lab on Sapelo Island (in
collaboration with the Sapelo Island NERR and UGA Marine Institute) to improve access to
spatial data resources for both GCE scientists and other investigators working on Sapelo.
SINERR research staff provide baseline GIS data and support to researchers on Sapelo, and GCE
IM staff provide hardware, software and network support for the facility. We are currently
working with SINERR to establish an Internet-accessible clearinghouse for Sapelo-related GIS
data and imagery.
We also hired a full-time assistant information manager / GIS specialist at UGA in 2007 (K.
Meehan, replaced by J. Carpenter in 2008), and expanded our server storage capacity at UGA to
accommodate large volumes of spatial data. We have created several geographic databases for
the project using ESRI ArcGIS SDE to provide centralized, version-controlled access to GIS data
for GCE investigators. We also acquired numerous vector and raster datasets for areas
throughout Georgia from SINERR and federal GIS clearinghouses to provide additional relevant
data. Our GIS databases currently include boundary, infrastructure, and hydrology datasets as
well as topographic maps, satellite images, digital elevation models, land use/land cover
classifications, LIDAR data and color infrared and digital ortho-photographs.
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Figure 28. Interactive GIS map of the GCE domain.

This past year we developed an interactive Internet mapping application to enable users to search
for GCE data geographically (http://gce-lter.marsci.uga.edu/public/gis/gcewebmap.html). We
used the Google Maps™ Application Programming Interface (API) to develop this web
application based on performance, seamless satellite imagery, lack of cost, familiarity to the
public and large developer community. We currently provide access to several GCE spatial
datasets through this application, including study sites and sampling locations, land use/land
cover, and a digital elevation model (Figure 28). In addition to these spatial datasets, we also
include links to relevant GCE tabular data and study site information in the informational
balloons for each spatial feature, allowing users to discover related GCE research products using
this map interface.
We also purchased a high resolution, differentially-corrected field GPS unit (Trimble GeoXH,
with sub-foot accuracy) for use in GCE marsh studies, to compliment the high precision GPS
equipment already installed on boats used for GCE research. We are currently in the process of
collecting higher precision geo-location information for all established GCE sampling sites and
permanent plots in order to support spatial analysis. In 2009 we used an OCE equipment
supplement to purchase a Trimble Real Time Kinematic (RTK) Global Positioning System
(GPS) to collect geographic data at sub-centimeter vertical and horizontal accuracy. This level
of positional accuracy is required to characterize the extremely subtle topography of coastal
marshes and to perform QA/QC for LiDAR data.
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Databases

We have developed relational databases to manage data set metadata, geographic information,
bibliographic citations, personnel information, research project information, taxonomic records,
data access logs and project administration information (e.g. calendar, committees, and votes).
These databases are tightly integrated based on shared keys and referential integrity constraints,
and provide comprehensive information for automatic metadata creation and dynamic web
applications. Access to these databases is provided through web applications (below) and custom
database interfaces. Databases have also been developed for integrating long-term climate and
hydrographic monitoring data, and interfaces to query these databases are under development.
Web sites

During GCE-I we established a comprehensive public web site to disseminate information about
the GCE project and provide access to research products and related information. We also
established a password-protected web site for project participants containing submission forms,
proprietary files, provisional data, and other project resources. In addition, we established a
public “Data Portal” web site to provide access to maps, photographs and ancillary data from
monitoring partners and public agencies, standardized for comparison with GCE data. For GCEII we developed a new web site that brings together content from all three original web sites in a
more integrated and interactive framework (http://gce-lter.marsci.uga.edu/). We also added a
comprehensive document and imagery archive, dynamic project news page, real-time data
displays, GIS information and interactive site maps. We are currently expanding the web site to
include dynamic pages describing ongoing and completed research projects, linked to overarching research questions and GCE research products.
A variety of dynamic web applications have been developed to populate the web site and provide
integrated access to information stored in GCE databases. For example, the GCE Data Catalog
(http://gce-lter.marsci.uga.edu/public/app/data_catalog.asp) is a fully automated, searchable data
catalog and data distribution system. Data set detail pages provide comprehensive summary
information, including links to referenced personnel, study sites, taxonomic information,
publications, and other data sets. Links to downloadable metadata (in text and EML 2.1.0
formats) and version-controlled data files are dynamically generated based on release
information stored in the metadata database. Other web-database applications include a
searchable bibliography (>2000 citations from GCE, UGA Marine Institute and Georgia Rivers
LMER libraries), taxonomic database with links to photos and relevant data, study site
descriptions with links to data sets, publications and geographic locations, a project web
calendar, and searchable document and imagery archive. These applications provide web visitors
many ways to navigate the GCE web site and discover relevant information.
Use of the GCE web site has increased steadily since its introduction in 2001. To date, over 1.5
million GCE web pages have been requested by more than 400,000 visitors from 207 distinct
countries and territories (based on web log analysis and DNS resolution). Currently, over 5000
visitors view 25,000-35,000 web pages each month (excluding malicious requests and hits from
web indexing spiders). Over 3200 GCE data sets have also been downloaded from our online
data catalog by a wide range of users outside of the GCE project (Figure 29).
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Figure 29. Annual data downloads from the GCE web site, by affiliation.

Integration of IM with the research program
Information management is integrated into all phases of the GCE research program. W. Sheldon
serves on the GCE Executive Committee and all IM staff regularly interact with PIs and students
in research planning, data analysis, integration and publication. Specific examples of IM
involvement in research activities are listed in Table 5.
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Table 5. Integration of Information Management with the GCE Research Program.

Research Phase
Study Design
Data Collection
Data Analysis
GIS Support

Quality Control
Presentation/Publication
Metadata Creation
Archival
Reporting
Synthesis

Information Management Support
Provide historic data, logistical resources (e.g. maps, reports)
Provide log sheets, data entry forms, advice on site standards/best
practices, and develop automated harvesters and import filters
Provide data processing assistance, software tools, statistical reports,
GPS data post-processing
Provide assistance registering imagery and GPS data to produce GIS
databases, shapefiles, maps. Acquire and provide ancillary data and
imagery for GIS layers and maps
Provide assistance, software tools for data validation and QA/QC
flagging (algorithmic and manual)
Provide analytical assistance, ancillary data (standardized for
comparison), maps and aerial photos
Provide metadata forms, templates, metadata-importing, data mining
tools for automatic metadata generation
Provide file conversions, data set standardization, cataloging, secured
storage, and backup
Compile data user profiles and collate information for inclusion in
annual reports and other reporting activities
Provide ancillary data, software tools, and assistance with data
conversion, re-sampling, sub-setting, filtering, search and integration

Data access policy and data distribution
Data sets are added to the data catalog as soon as possible after submission. Data set summaries
and metadata are publicly available immediately. Data from monitoring activities and individual
investigator studies are available immediately to GCE participants and to the public within 1 year
(monitoring) or 2 years (individual studies), in compliance with the LTER Network data access
policy. Data sets are versioned to indicate changes since initial release, and a change notification
service is provided to users on request. Data files are provided in multiple formats optimized for
various end-user applications, and MATLAB Web Server applications have been developed to
provide custom-formatted text and MATLAB files and statistical summaries for all data sets in
the GCE catalog and data portal site. As of September 2009 we have generated 620 documented
data sets (this includes ancillary data sets in the GCE Data Portal and provisional data that are
being finalized for inclusion in the GCE Data Catalog).
Support for LTER network science and synthesis
We fully participate in all LTER Network Information System modules, including the all-site
bibliography, Data Catalog (Metacat), personnel directory and SiteDB, as well as new initiatives
such as ProjectDB for archiving information about LTER research projects. The GCE
Information System natively supports all LTER standards and protocols, and we have
implemented automatic harvesting and synchronization where supported by the LTER Network
Office (LNO) (e.g. EML metadata and bibliographic information). We have contributed all
available data from 3 long-term climate stations and 1 streamflow station to ClimDB/HydroDB.
Additionally, we used GCE data processing technology to develop an automated USGS data
harvesting service, allowing 11 LTER sites and 1 USFS site to contribute streamflow data to
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HydroDB on a weekly basis without additional effort (http://gcelter.marsci.uga.edu/public/im/tools/usgs_harvester.htm).
We also comprehensively support the XML-based EML 2 metadata standard adopted by LTER
in all GCE databases, allowing us to dynamically generate EML 2.1.0 for all data sets in our
catalog, as well as species lists, personnel entries and bibliographic citations. GCE was the first
LTER site to fully support EML 2, and our rapid implementation has facilitated adoption of this
standard across LTER and aided in development of EML-based applications at LNO, NCEAS
and National Biological Information Infrastructure (NBII). Our EML implementation is among
the most comprehensive in LTER, supporting metadata-mediated data access and integration
(Level 5 in the EML Best Practices guidelines, a document created by a working group chaired
by W. Sheldon). We also helped define and prototype standards for harvesting EML for
inclusion in the KNB Metacat repository and the NBII Metadata Clearinghouse, greatly
increasing the exposure of GCE data (and the LTER Network) to potential data users in the
scientific community.
In 2009 we helped LNO develop and test a centralized data access server (DAS) architecture to
provide authenticated and logged access to LTER data in compliance with the agreed upon
network data access policy. All GCE EML documents stored in the LTER Data Catalog
(Metacat) now include DAS data distribution URLs to support this new endeavor. W. Sheldon
and J. Carpenter also played leadership roles in defining new standards and services for
managing research project information and GIS information (resp.) in the LTER network.
Outreach and training
Innovative software and website development work initiated at GCE has generated significant
interest across the LTER network and ecological informatics community, and W. Sheldon is
regularly asked to lead or participate in workshops, working groups and committees inside and
outside LTER, as well as serve on NSF panels. For example, the GCE data catalog web interface
developed in 2002 (http://gce-lter.marsci.uga.edu/public/app/data_catalog.asp) informed
development of similar interfaces at six other LTER sites (FCE, SEV, BNZ, NTL, PAL and
CCE), and is currently being adapted for the Coweeta site (CWT). Taxonomic and bibliographic
database designs and interfaces are also inspiring similar work at HBR, JRN, MCR and KBS.
The MATLAB-based GCE Data Toolbox has also been downloaded by nearly 3000 web visitors
and is currently in use by investigators and information managers at various LTER sites (AND,
SBC, VCR, NTL, SEV, CWT). W. Sheldon has also lectured in Marine Science methods classes
at UGA and helped to develop training curriculum on data analysis and data mining.
In addition, CWT is currently redesigning their information system to modernize their web site
and accommodate new data types, and they have chosen to standardize on GCE database designs
and data processing protocols. GCE is providing consulting and training to facilitate this
technology transfer, in return for access to social science data and expertise and landscape
classification data for coastal Georgia counties.
Although site-based software development at GCE and elsewhere in LTER has led to significant
advances, the decadal planning process recently conducted by the LTER Network concluded that
more emphasis should be placed on developing shared solutions, standards and services to build
an integrated LTER network cyber infrastructure. We agree with this assessment, and we are
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currently participating in several community-based software development activities and
committees to work towards this goal. For example, W. Sheldon participated in a working group
to develop a community standard for documenting research projects (based on EML) and
managing research project information in a shared database, and the new GCE research projects
database and web pages were developed using this new candidate standard. Consequently, query
and display templates and web services developed for GCE can now be used by any other LTER
site that adopts this technology. Similarly, J. Carpenter developed interactive web maps (based
on Google Maps API) in collaboration with an LTER GIS working group to provide access to
LTER site information and data. This application is being finalized for hosting on the LTER
network web site, and individual map pages can be shared with any interested LTER site to
provide similar capabilities on their web site.
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Appendix A – Current GCE Personnel
Project investigators
Merryl Alber
Clark Alexander
Jack Blanton
Adrian Burd
Chris Craft
Daniela Di Iorio
Tim Hollibaugh
Mandy Joye
Christof Meile
Billy Moore
Steve Pennings
Wade Sheldon
Brian Silliman
John Wares

Marine Ecology (Project Director)
Marine Geology
Physical Oceanography
Biological Oceanography/Modeling
Wetlands Ecology
Physical Oceanography
Microbial Ecology
Biogeochemistry
Biogeochemical Modeling
Marine Geology and Geochemistry
Plant Ecology (Field Director)
Information Management
Community Ecology
Genetics

University of Georgia (UGA)
Skidaway Inst. of Oceanography
Skidaway Inst. of Oceanography
UGA
Indiana University
UGA
UGA
UGA
UGA
Univ. of South Carolina
Univ. of Houston
UGA
Univ. of Florida
UGA

Affiliated investigators
Dale Bishop
Melissa Booth
Wei-Jun Cai
Lisa Donovan
Chuck Hopkinson
Mary Ann Moran
Elizabeth Reitz
Carolyn Ruppel
John Schalles
Victor Thompson
Martin Zimmer

Invertebrate Ecology
Microbial Ecology
Chemical Oceanography
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Appendix C – Leveraged Funding
Leveraged awards during the GCE-II project period. The names of LTER investigators are
underlined.
National Science Foundation
Marsh-Dominated Ocean Margins as a Source of CO2 to the Atmosphere and Open Oceans: A
Field Study in the U.S. Southeastern Continental Shelf. $453,573; W-J. Cai (2004-2008)
Temperature driven decoupling of carbon cycling in freshwater sediments and the relative
production and flux of methane versus carbon dioxide. $550,000; S. Joye, C. Meile, V. Samarkin
(2007-2010)
Collaborative Research: Latitudinal variation in top-down and bottom-up control of salt marsh
herbivores. $267,743; S. Pennings, R. Denno (2007-2010)
Collaborative Research: Groundwater Dynamics on a Barrier Island. $550,000; A. Wilson, S.
Joye, B. Moore (2007-2010)
Dissertation Research: Preference and performance in plant-herbivore interactions across
latitude. $9,600; C. Ho., S. Pennings (2007)
REU Supplements (not from LTER): $14,200; B. Silliman (2008); $14,000; S. Joye, C. Meile
(2008); $7,000; S. Joye, C. Meile (2009)
NOAA
Remote Sensing and Geospatial Analyses for NOAA’s National Estuarine Research Reserves
Subproject. $351,200; L.T. Robinson, J. Schalles (2006-2011)
Georgia Oceans and Health Initiative (GOHI) Graduate Training Consortium. $518,195; E.
Lipp, P. Yeager, A. Lipp, J.T. Hollibaugh, M. Gaughan, D. Cole (2007-2010)
National Estuarine Research Reserve (NERR) Graduate Research Fellowship. Characterization
of passerine food source, trophic structure and habitat utilization on Sapelo Island Georgia using
stable isotopes of C, N and H. $60,000; R. Brittain, C. Craft (2006-2009)
NERR Graduate Research Fellowship. Crab herbivory and drought interact to cause die-off in
southern salt marshes. $60,000; B. Silliman (2009-2012)
NERR Graduate Research Fellowship. Salt marsh habitat mapping using LIDAR and
hyperspectral imagery. C. Hladik, M. Alber; $60,001 (2009-2012)
EPA
Effects of sea level rise and climate variability on ecosystem services of tidal marshes, South
Atlantic coast. $749,974; C. Craft, S. Joye, S. Pennings (2004-2009)
Climate-linked alteration of ecosystem services in tidal salt marshes of Georgia and Louisiana .
$322,219; M. Hester, I. Mendelssohn, M. Alber, S. Joye (2004-2009)
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Other Federal agencies
National Park Service: Southeast Coastal Network Coastal Water Quality Monitoring Workshop.
$49,664; M. Alber (2007 – 2008)
USDA: Bacterivorous protozoa contribute to shaping bacterial communities in food processing
plants and influence the survival of Listeria monocytogenes. $24,000; J.T. Hollibaugh (20082010)
Dept. of Energy: Effects of accelerated sea level rise and variable freshwater river discharge on
water quality improvement functions of tidal freshwater floodplain forests. $343,181; C. Craft
(2008-2011)
Sea Grant
Nat’l Sea Grant: Development of a research plan for the South Atlantic region. $250,000; M.
Alber, M. Rawson, R. DeVoe, J. Cato. R. Hodson (2006-2011)
GA Sea Grant: Assessing the impact of residential development and recreational land use on
shallow groundwater quality in coastal environments. $120,000; S. Joye (2006 - 2008)
GA Sea Grant: Nutrient processing at the land-ocean interface: Assessing groundwater
transformations through reactive transport modeling. $77,800; C. Meile (2006-2008)
GA Sea Grant: The Georgia Coastal Research Council. $104,434; M. Alber, J. Flory (2006 2008)
GA Sea Grant: Assessing Shoreline Change and Coastal Hazards for the Georgia Coast. $92,890;
C. Alexander (2008-2010)
GA Sea Grant: The Georgia Coastal Research Council. $105,584; M. Alber, J. Flory (2008 –
2010)
Georgia Dept. of Natural Resources, Coastal Resources Division
Coastal Incentive Grant (CIG): Development of a watershed-compatible nitrogen model for the
Altamaha River estuary. $245,794; M. Alber, J. Sheldon, J. Flory (2004 - 2007)
CIG: A model for predicting the effect of land-use changes on canal-mediated discharge of
stormwater constituents into tidal creeks and estuaries. $49,953; J. Blanton (2006-2007)
GA DNR, NOAA, USGS: Developing a Coastal Imagery Archive for Research, Education and
Management. $17,500; C. Alexander (2006-2008)
CIG: Development and analysis of coastal water quality indicators. $122,129; M. Alber, J.T.
Hollibaugh, J. Sheldon (2007-2009)
CIG: Threatened Archaeological, Historic and Cultural Resources of the Georgia Coast:
Identification, Prioritization and Management using GIS Technology. $149,170; C. Alexander
(2008-2010)
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CIG: Quantifying the Impact of Recreational and Commercial Usage of the Atlantic Intracoastal
Waterway on the Natural Resources of Georgia. $126,924; C. Alexander (2008-2010)
CIG: The Georgia Coastal Research Council. $161,451; M. Alber, J. Flory (2007-2009)
Scientific and Statistical Support of Beach Sanitary Survey Reports. $10,049; M. Alber, J.
Sheldon (2009)
Private foundations
Mellon Foundation Young Investigator Grant: Impacts of grazer-facilitated plant disease and
physical stress on the structure of plant-dominated coastal ecosystems. $300,000; B. Silliman
(2007 – 2010)
TNC: Conservation Think Tank Recurring Funding. $10,000; B. Silliman (2008)
National Geographic: Coastal salt marshes and phylo-oceanography: Supply lines for a high
productivity ecosystem. $18,500; B. Silliman (2008-2011)
Other
GA Dept.of Education: Eisenhower Teacher Quality Program; $48,000; P. Hembree (2006)
Environmental Institute of Houston: Tidal forcing and geographic variation in top-down and
bottom-up control of a salt marsh food web. $14,750; S. Pennings (2008)
Univ. of Houston Coastal Center: Geographic variation in top-down control of Solidago
sempervirens. $5,700; S. Pennings (2008)
GA Dept. of Education Improving Teacher Quality Program: Science Education and Applied
Research in Coastal Habitats (SEARCH): Coastal Ecological Research Experiences for
Teachers. $49,958. J. Riley, S. Oliver, B. Williams (2009)
University of Florida Scholars Program. $2,500; M.Hensel, B. Silliman (2009)
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