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I ntroduction

In Fiscal Year 2001, the Georgia Water Resources Institute (GWRI) was involved in a wide range of
activities at the state, national and international levels. The following section is a brief introduction to the
mission, research focus, education and technology transfer impact and professional and policy impact of
GRWI.

Mission: The Georgia Water Resources Institute (GWRI) at Georgia Tech is one of 54 water resources
research institutes authorized by the U.S. Congress in 1964. GWRI is a government-industry-university
partnership that brings to bear the knowledge and resources necessary to address current water resources
issues. GWRI goals are to (a) develop new scientific knowledge, modeling tools, and comprehensive
information to support river basin planning and management, (b) educate scientists, engineers, and water
professionals in the theory and application of new research methods, and (c) disseminate useful
information to water managers, policy makers, citizen groups, and the general public.

Research Focus: The principal GWRI research focus is to develop better understanding and
comprehensive information and modeling systems to support water resources planning and management
decisions. GWRI sponsored research aims to address all water resources planning and management
process aspects including the effective use of conventional and remote environmental sensors (ground
gages, radars, and satellites) and the development of models for climate and weather forecasting,
hydrologic watershed and aquifer simulation, river and reservoir regulation, hydropower scheduling, urban
and agricultural planning, environmental and eco-system assessment, and economic valuation.

Educational and Technology Transfer Impact: The GWRI educational impact is realized through the
research support and involvement of graduate and undergraduate students. GWRI supported students are
presently employed in academia, government, and industry. Furthermore, GWRI supports several
technology transfer and information dissemination activities including the Georgia Water Resources
Conference (biennially), annual specialty workshops (most recently on shared river basins), continuing
education courses, and project-specific training workshops (most recently in East Africa on remote
sensing, hydrologic modeling, river and reservoir management, agricultural planning, hydropower
scheduling, and decision support). Other means of information dissemination include archival and trade
publications and the GWRI web site.

Professional and Policy Impact: GWRI research involvement has had significant impact in Georgia as well
as other US and world regions. Two examples of GWRI research contributions and policy impact include
the development of decision support systems for the Apalachicola-Chattahoochee-Flint (ACF) and the
Alabama-Coosa-Tallapoosa (ACT) River Basins in the Southeastern US and the Nile River Basin in

Africa. The ACF and ACT basins are shared by the states of Alabama, Florida, and Georgia and have been
the subject of intense negotiations for over a decade. The negotiations aim to establish equitable water
sharing compacts that will serve the needs of several stakeholders GWRI is working with federal and state
agencies, environmental organizations, and other stakeholders to assess the implications of various water



compacts in support of the negotiation process. GWRI tools also support the development of
comprehensive water resources management strategies

The Nile is the worlds longest river, and its watershed is shared by 10 countries. Few basins would surpass
the Nile in its diversity of geography and culture and the complexity of its hydrology and politics. As the
riparian nations plan their economic and social development, it is clear that equitable sharing of water
resources is the key for a sustainable and peaceful future. In partnership with United Nations Agencies, the
World Bank, and the Nile Basin Governments, GWRI is developing information and modeling systems to
aid decision-makers in formulating shared vision policies for agriculture, urban water supply, energy
resources, industry, and the environment
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Investigating the role of oxidized iron in surface water phosphorus dynamicsin the Georgia
Piedmont

Introduction

The complex interactions iron and phosphorus play a primary role in the availability of phosphorusin
surface waters of the Georgia Pledmont. Exploration of these dynamics can provide information for
nutrient management in surface water systems of thisregion.  The soils of the Georgia Pledmont are
rich iniron primarily asiron hydroxides (oxidized iron). Iron hydroxides form aligand exchange with
phosphate ions, making the phosphate biologicaly unavalable. Phosphorus, particularly inorganic
phosphate, ddivered through non-point source runoff to receiving waterbodies may be sorbed to iron
hydroxides and not biologically available, while phogphorus, as organic phosphorus, delivered from a
point source (such as an effluent pipe) may be immediady biologicaly avaladle. Illuminating the
biogeochemidtry of phosphorusin surface waters rich iniron hydroxides will provide information useful
in setting locd water qudity criteriaand standards, and will help define the rel ationship between point
and non-point pollution in surface waters receiving runoff from iron-rich soils.

The paradigm for phosphorus cycling was devel oped based on data from lakes in northern temperate
regions. Lakesin north temperate regionstend to be glacid in origin. The phosphorus cycling
paradigm in north temperate systems involves the snking of inorganic particulates and organic materid
which result in a steedy increase in dissolved phosphorusin the hypolimnetic waters of strongly dratified
lakes. The dissolved phosphorus is then recirculated to the lake at fal mixis (Hutchinson 1957; Wetzel
1983; Goldman and Horne 1994). In contrast, Southeastern Piedmont lakes are primarily man-made
impoundments. The climate in the southeastern US provides for alonger growing season and warmer
annud average temperatures than those found in north temperate regions. This difference in dimate
affects the strength and length of summer Srtification, and creates the conditions for monomictic rather
than dimictic lakesin the southeastern Piedmont. The parent geology of the southeastern Pledmont is
responsble for the differences in the cycling of phosphorus in southeastern Pledmont systems. The high
iron content of the soilsin the southeastern Piedmont provides trangport of iron via runoff to aquatic
sysemsin thisregion. The steady increase in hypolimnetic P during Stratification, and the pulse of
soluble P &t fal turnover, is not found in southeastern Piedmont lakes. Oxidized iron in the water
column binds phosphate via surface sorption and ligand exchange. We hypothesize thet this sorption
removes inorganic phosphorus from the biologicaly available fraction, thus cregting a different lake
phosphorus cydling regime for systems in the southeastern Piedmont.

We investigated the biogeochemica processesinvolved in the cycling of phosphorus as phosphatein
the iron-rich waterbodies of the Georgia Pledmont. We explored the sorption chemistry of iron and
phosphorus using the chemica equilibrium model MINTEQ. We conducted laboratory studies of the
geochemical processesinvolved in phosphorus and iron interactions in surface water. We dso
conducted corresponding fieldwork on Lake Lanier sampling metals and phosphorus at depth four
timesin the annua cycle, to investigate the current roles of iron and phosphorus in the surface waters of
Lake Lanier. Thework conducted in this study will dlow usto help identify appropriate in waterbody
concentrations of phosphorus, given the loca geochemigtry, for loca waterbody specific water quaity



criteria and standards, and may help eva uate agppropriate parameters for monitoring sgnificant changes
in water qudity of Lake Lanier.

The MINTEQ mode program was released initialy by USEPA in 1991 as a chemica equilibrium
modd for the cdculation of dilute agueous solutionsin the laboratory or in naturd agueous systems.
The mode can caculate the equilibrium mass distribution among dissolved species, adsorbed species,
and multiple solid phases under a variety of conditions and gas phase partiad pressures. MINTEQ
comes complete with a comprehensive database, and dso adlows for user defined parameter input
[http:/mww.epagov/ceampubl/minteg.ntm]. We used the VMINTEQ mode program, whichisa
modified form of the MINTEQ model to explore the iron-phosphorus chemistry of Georgia Piedmont
lake systems. VMINTEQ has been modified by the addition of aVisua Badc interface and the
Stockholm Humic Modd sub-modd to include dissolved organic matter interactions using the diffuse
layer modd rather than the Gaussian digtribution for organic matter physicad chemistry (Gustaffson
2001). The laboratory experiments we conducted utilized the results of the mode runsto determine
initid conditions for the sorption capacity experiments.

The laboratory experiments were conducted in multiple phases. The firgt phase involved 24 and 48
hour sorption capacity experiments. The second phase involved measuring changes in sorption of
phosphorus to iron in the presence of eevated organic matter introduced as concentrated humate in the
form of Agrolig powder. Thefind phase of the planned laboratory work involving dga response to
additions of iron complexed phosphorus was not completed due to time and funding congraints.

The third component of our work included depth measurements of metals, nutrients, and basic water
chemigtry parameters taken four timesin the annua cycle on Lake Lanier. We andyzed these data to
evduate the hypothess that phosphorus cycling in Georgia Pledmont lakes differs sgnificantly from the
northeast temperate lake paradigm. Measurements at depth of iron, manganese, and phosphorus show
the lack of phosphate in the anoxic bottom waters, and the lack of soluble iron at the sediment-water
interface. These measurements help define the role of iron in the phosphorus cycle in Georgia Piedmont
lakes.

Methods
VMINTEQ Model Investigations

The VMINTEQ modd platform (Gustaffson 1999) was used to investigate the chemica and
physicochemicd interactions of iron and phosphorus in acircumneutra, low ionic srength environment.
Initial parameters for the mode were selected to investigate exclusively the iron and phosphorus
interactions. The modd wasinitidly run asadraight chemica equilibrium problem to determine the
direct bonding of phosphate with oxidized iron. Subsequent modd input included activation of the
adsorptive surfaces sub-modd to mimic the surface adsorption of phosphate onto oxidized iron. The
Stockholm Humic Modd sub-model was dso activated to determine interactive effects of dissolved
organic matter on the chemical complexation of phosphate with oxidized iron. Theinput parameters
were varied for different modd runsto explore the effects of changesinionic strength, pH, and



concentrations of iron and phosphorus.
WinHumic Model Investigations

The VMINTEQ modd platform is not specificaly designed to identify the thermodynamic chemica
equilibrium reections that involve dissolved organic maiter. The WinHumicV mode, amodd modified
from the Tipping and Hurley (1992) Humic lon Binding Model V. Thismode program was developed
to explore chemica equilibrium and adsorption characterigtics involving humic substances. Humic
substances can be modded as fulvic or humic acids. 1t includes a surface complexation sub-model that
can be used to smulate iron or auminum oxide adsorption.

Theinitid parameters used in the VMINTEQ modding system were used in the WinHumicV model
program, with additiond required parameters included to ensure model performance.

Laboratory Experiments

A series of experiment to explore the capacity of iron oxyhydroxide (FeOOH), Bt horizon soil, and
Lake Lanier sediments to sorb phosphate were conducted. Soil and sediments were air dried,
pulverized and seved through 2 mm and 250 Fm seves. Three grams of catalyst grade FeOOH, Bt
horizon soil, or Lake Lanier sediments were added to 50 ml centrifuge tubes. Thirty milliliters of
deionized water and stock phosphate solution was added to create fina phosphorus concentrations of
0, 100, 500, 1000, 1500 Fg P per tube. The tubes were shaken for 24 or 48 hours, vacuum filtered
through a 0.45 Fm filter, and the filtrate was stored at 4EC until analyzed. Sorption experiments were
conducted with and without the inclusion of powdered concentrated humic matter. Concentrated humic
matter, Agrolig powder (minimum 70% humic acid) --an agricultural soil amendment of concentrated
humic materid, was included as a trestment in the sorption capacity experiments. In the humic
substances trestment, 0.3 g of Agrolig powder was added to each centrifuge tube prior to the addition
of soil or sediment; concentrations of P were as described above, the tubes were shaken for 24 hours
and filtered. Filtrate from the sorption experiments was analyzed for phosphate using the Murphy-Riley
andysiswith a Shimadzu UV mini spectrophotometer following APHA (1999) methods.

Lake Lanier Water Chemistry

Water chemistry was collected at multiple depths in the water column at each of four lake sampling
stations seasondly during the annua cycle (April, August, December 2001, and February 2002).
Common water quality monitoring parameters, dissolved oxygen, temperature, pH, conductivity, and
turbidity were collected with a Hydrolab DataSonde 4a or MiniSonde a each station concurrent with
water chemistry samples. Secchi disk depth was dso measured at each station sampled. Samplesfor
chemicd anayses were collected with a 2.2 liter Kimmerer bottle, sored onice in the field, filtered
through a 0.45 Fm filter and frozen until andyzed. Filtered and unfiltered samples were andyzed on a
Thermo Jarrell-Ash Enviro 36 Inductively Coupled Argon Plasma mass spectrometer in a 20 eement
sweep for metdls. Wet chemica andyses included orthophosphate, total phosphorus, nitrate-nitrite,
ammonium, sulfate, and dkdinity. These analyses were conducted using a Braun-L uebbe Continuous
Flow Auto Andyzer Il. Anadlysesfor total inorganic and total organic carbon were aso conducted



using an O.l.Corporation model 700 Tota Organic Carbon (TOC) andyzer.
Results
Model Investigations

Simulations of iron phosphorus chemica equilibrium reactions show that no phosphate binds to iron
when it isincluded as ferrihydrite, afinite solid. The phosphate remainsin solution when the adsorption
sub-mode of iron oxide surface sorption is not included. However, when surface sorption isincluded
amog al of the phosphate is sorbed to the oxidized iron. Increasing the pH above 7 decreases the
amount of phosphate sorbed to theiron Figure 1. Adding dissolved organic matter with the Stockholm
Humic sub-modd binds iron to the humic substances, and does reduce some of the sorption of
phosphate on oxidized iron.

Investigations of humic substances and iron phosphorus interactions were explored with the
WinHumicV humic ion binding modd. WinHumicV mode runs indicate that much of the oxidized iron
can be sorbed to humic substances and clays, leaving no oxidized iron in solution. This modd program
does not return output that indicates surface sorption to oxidized iron by anions such as phophate. The
modd results therefore, can be interpreted with respect to iron and humic substances interactions, but
can not be used to define the effect of humic substances on the capacity of oxidized iron to sorb
phosphate. These results can be used to interpret the reduced ability of oxidized iron to bind phosphate
in the presence of humic substances.

Laboratory Experiments

Experiments to investigate the capacity of iron oxyhydroxide, Piedmont soil from the Bt horizon, and
Lake Lanier sediments to adsorb phosphate were conducted in a series of treatments. Lake Lanier
sediments had the greatest capacity to sorb phosphate in al treetments, and sorbed al the phosphate in
solution in most experiments (Figures 2-4). Bt horizon soil sorbed more phosphorus than iron
oxyhydroxide (FEOOH). The amount of phosphate sorbed by Bt horizon soil and iron oxyhydroxide
was greater in the 48 hour experiments than in the treatment shaken for 24 hours. The addition of
concentrated humic substances reduced the sorption capacity of Bt horizon soil, but resulted in the
sorption of al phosphorus by Lake Lanier sediments (Figure4). There was substantia sorption to
sediment or soil in dl trestments, with the mgority of the phosphate bound to the soil or sediment rather
than in solution at the end of dl experiments. The results of these experiments support the hypothesis
that oxidized iron introduced from runoff can bind phosphate in Pledmont surface waters.

Lake Lanier Water Chemistry

Profiles of temperature, dissolved oxygen, pH, and conductivity for al sampling Sites are presented in
Figures5 ad, 6 ad, 7 ad, and 8 ad. Water chemical andyses on Lake Lanier are presented in Table
1. Phosphateis generdly below the detection limit at dl Stes. The increase in manganese in the bottom
waters, and the depletion of nitrate in the hypolimnetic waters during gtratification, however, indicate



that the bottom waters become more reduced over time during stratification as organic matter is
oxidized and oxygen is depleted from the hypolimnion. The very low iron concentrationsin the
hypolimnetic waters, even in December just prior to turnover, indicates that the hypolimnetic waters
never become reduced enough for the massive reduction of oxidized iron in the sediments that would be
required for release of phosphate to the surface waters at mixis. The increase of ammonium and total
inorganic carbon (T1C), and the decrease in total organic carbon (TOC) in the hypolimnetic weaters
(Figure 9) indicates organic matter degradation in the hypolimnetic waters and sediments of Lake
Lanier. Thelack of phosphate in the bottom waters however indicates that reduction of oxidized iron
and the release of the bound phosphate has not occurred at these Sites.

Discussion

The VMINTEQ model program runs and the phosphate sorption capacity experiment results were
largely in agreement. The VMINTEQ modd did identify reduced sorption of phosphate to oxidized
iron in the presence of humic substances due to sorption of iron on humic and fulvic acids. The moddl
a so showed reduced sorptive capacity with increased pH, and with increased ionic strength.

The sorption capacity experiments show that the iron-rich Bt horizon soil has the cgpacity to bind large
amounts of phosphorus. This binding of phosphate is the likely reason that much of the phosphate
delivered to Lake Lanier is never seen in the biologica response of thiswaterbody. The oxidized iron
transported with sediments has the capacity to bind phosphate and thus remove it from the biologicaly
availablefraction. Lake Lanier sediment has a grester capacity for sorbing phosphate than either
FeOOH or Bt horizon soil. This may be due to the Size of the particlesin Lake Lanier sediments, as
compared to the Bt horizon soil and FeOOH. Lake Lanier sediments used in these experiments
contain alarge clay/slt Szefraction. The larger quantity of smdler particles provides for greater surface
areafor sorption of anions and cations in solution, and consequently have a greater capacity for
phosphate sorption than do the larger Szed particlesin the Bt horizon Piedmont soil and catalyst grade
FeOOH. The binding of oxidized iron to the humic acids explain the reduced capacity of Bt horizon
soil and FeOOH to bind phosphate in the presence of humates. In addition, the greater the
concentration of phosphate in solution, the greater the capacity for Bt horizon soil and FeOOH to bind
the phosphate. Thiseffect is probably due to the difference inionic strength.  Solutions with a grester
ionic srength can effectively increase the area of sorption by increasing the area of the diffuse charge
around the oxidized iron molecule. This effect results in more phosphate binding in the diffuse layer at
higher ionic strength.

The water chemistry data for Lake Lanier show dissolved oxygen, temperature, pH profiles with depth
typicaly seen for reservoirsin the Piedmont region of Georgia (Figures 5-8). The water chemidry data
shows little evidence of iron reduction in the hypoxic and anoxic hypolimnion, as soluble iron does not
increase in the hypolimnetic waters during dratification. Theincreasein TIC at depth during the annud
cyce (Figure 9), indicates organic matter oxidation and inorganic carbon evolution in the sediments and
bottom waters. Thelack of oxygen to fuel organic matter oxidation requires that other electron
acceptors be used in organic matter decomposition. The depletion of oxygen and nitrate/nitrite in the
hypolimnion, together with the increase in manganese and anmonium (Table 1) shows that



nitrate/nitrate and manganese are being reduced as organic materia is degraded. However the absence
of anincrease in iron in the bottom waters suggests that iron is not being reduced in greet enough
quantities to alow for rlease of phosphate from the sediments into the overlying water.

Thus, the massive reduction of oxidized iron in the sediments and subsequent release of phosphate
bound to the iron has not yet occurred. Thisis good news for Lake Lanier, but perhaps a more
cautionary tale for those interested in maintaining long-term water quality in Lanier. While the lack of
iron reduction indicates that much of the phosphate buried in the sedimentsis likely to stay there, the
introduction of increasingly more organic materid over time without iron-rich sediment, may have
adverse water quality resultsfor Lake Lanier. In effect the scenario of increasing organic métter in the
system over time--asistypica in lakes and reservoirs--coupled to a reduction in sediment loading--as
is currently being recommended by the US EPA and GA EPD--would provide more organic matter for
oxidation in the sediments and bottom waters of Lake Lanier and could lead to the release of phosphate
and sgnificant water qudity problems.
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Figure 1. VMINTEQ output, P adsorbed to Fe: pH sweep.
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Figure 2. 24 hour sorption capacity experiment.

100

200

300
ug P/ g soil

400

500

600

® 24 Bt
24 LL
24 FeOOH




ug P/ ml solution

14

12

10

Figure 3. 48 hour sorption capacity experiment.
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Figure 4. Sorption capacity experiment with humates added as Agrolig powder.
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Figure 5 a. Browns Bridge water quality profiles for April 2001.
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Figure 5 b. Browns Bridge water quality profiles for August 2001.
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Figure 5 c. Browns Bridge water quality profiles for December 2001
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Figure 5d. Browns Bridge water quality profiles for February 2002.
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Figure 6 a. Flat Creek embayment water quality profiles April 2001.
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Figure 6 b. Flat Creek embayment water quality profiles August 2001.
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Figure 6 c. Flat Creek embayment water quality profiles December 2001.
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Figure 6 d. Flat Creek embayment water quality profiles February 2002.
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Figure 7 a. Flowery Branch Channel water quality profiles April 2001.
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Figure 7 b. Flowery Branch Channel water quality profiles August 2001.
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Figure 7 c. Flowery Branch Channel water quality profiles December 2001.
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Figure 7 d. Flowery Branch Channel water quality profiles February 2002.
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Figure 8 a. Flowery Branch Bay water quality profiles April 2001.
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Figure 8 b. Flowery Branch Bay water quality profiles September 2001.
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Figure 8 c. Flowery Branch Bay water quality profiles December 2001.
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Figure 8 d. Flowery Branch Bay water quality profiles February 2002.
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Figure 9. Flat Creek TIC and TOC during stratification.
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Table 1. Lake Lanier water chemical analyses four times in the annual cycle.

Detection Range

Date Station
4/12/2001 BB

FC

FBCh

FBBay

DH20

Depth m
5
15
32

5
15
30

5
15
30

5
15
30

Detection Range

Date Station
8/20-9/7/01 BB

FC

FBCh

FBBay

DH20

Depth m
1
12
20
32
1
9
12
28

[ RN =

-
N

Filt
0.00
0.05
0.02

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.02
0.00
0.00

Filt
0.06
0.04
0.06
0.05
0.03
0.03
0.05
0.09

0.05

0.03
0.06
0.06
0.05
0.06
0.05

.05-400
Al ppm
Unfilt

0.00
0.00
0.05

0.03
0.00
0.08

0.01
0.00
0.00

0.06
0.00
0.00
0.00

.05-400
Al ppm
Unfilt

.05-600

Filt
2.25
241
2.05

2.63
2.56
3.18

2.61
2.04
2.57

2.73
2.15
2.74
0.06

Cappm
Unfilt
1.90
2.66
2.35

2.67
2.33
3.10

2.60
2.55
2.59

2.57
2.45
2.63
0.00

.05-600

Filt
2.35
2.49
244
2.76
2.63
2.68
2.83
3.35

241

251
2.50
2.38
2.55
2.49
0.06

Cappm
Unfilt

.05-600
Fe ppm
Filt Unfilt
0.00 0.00
0.00 0.00
0.01 0.04
0.00 0.01
0.00 0.00
0.00 0.12
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.01
0.00 0.00
0.00 0.00
0.00 0.00
.05-600
Fe ppm
Filt Unfilt
0.01
0.00
0.00
0.01
0.01
0.00
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.00

0.10-300
Mn ppm
Filt Unfilt
0.00 0.00
0.00 0.00
0.03 0.05
0.00 0.00
0.01 0.01
0.07 0.09
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.01
0.00 0.00
0.10-300
Mn ppm
Filt Unfilt
0.00
0.00
0.08
0.29
0.00
0.00
0.02
0.34
0.00
0.00
0.00
0.00
0.00
0.02
0.00

0.02-2.0

NO2+NO3 ppm

Filt
0.33
0.26
0.38

0.39
0.27
0.71

0.25
0.19
0.43

0.21
0.18
0.34
0.00

0.02-2.0

Unfilt
0.33
0.27
0.45

0.41
0.27
0.78

0.26
0.20
0.39

0.22
0.19
0.37
0.01

NO2+NO3 ppm

Filt

Unfilt
0.12
0.40
0.52
0.26
0.19
0.22
0.40
0.31

0.11

0.10
0.11
0.10
0.30
0.35
0.00

0.02-2.0
NO2 ppm

Unfilt
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.02-2.0
NO2 ppm

Unfilt
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.00

0.00
0.00
0.00
0.00
0.00
0.00



Table 1. Lake Lanier water chemical analyses four times in the annual cycle.

Detection Range

Date Station
12/2/2001 BB

FC

FBCh

FBBay

Detection Range

Date Station
2/9-2/15/02 BB

FC

FBCh

FBBay

.05-400
Al ppm
Depth m Filt Unfilt
1 0.00 0.00
18 0.00 0.00
24 0.00 0.00
1 0.00 0.00
18 0.00 0.00
24 0.00 0.00
1 0.00 0.01
18 0.00 0.00
24 0.00 0.00
1 0.00 0.00
18 0.00 0.00
24 0.00 0.01
.05-400
Al ppm
Depth m Filt Unfilt
1 0.00 0.00
15 0.01 0.00
25 0.00 0.00
1 0.00 0.01
4 0.00 0.00
12 0.00 0.01
1 0.00 0.01
15 0.00 0.00
30 0.00 0.00
1 0.00 0.00
10 0.00 0.00
20 0.00 0.00

.05-600
Cappm
Filt Unfilt
2.33 2.35
217 2.40
2.24 2.79
2.54 2.59
4.38 4.67
3.08 3.16
2.36 2,61
2.33 2.37
3.24 2.55
231 2.25
2.50 2.38
2.46 2.68
.05-600
Cappm
Filt Unfilt
2.63 2.80
2.53 2.52
2.44 2.39
3.16 3.11
2.90 2.96
2.92 3.07
2.39 2.63
2.33 2.67
2.44 2.29
251 2.59
2.43 2.62
2.53 2.61

.05-600
Fe ppm
Filt Unfilt
0.00 0.00
0.00 0.01
0.02 0.08
0.00 0.00
0.00 0.01
0.02 0.02
0.00 0.00
0.00 0.00
0.01 0.02
0.00 0.00
0.00 0.00
0.00 0.01
.05-600
Fe ppm
Filt Unfilt
0.00 0.01
0.00 0.01
0.01 0.01
0.00 0.01
0.00 0.01
0.00 0.01
0.00 0.01
0.00 0.01
0.00 0.01
0.00 0.01
0.00 0.01
0.00 0.01

0.10-300
Mn ppm
Filt Unfilt
0.00 0.00
0.06 0.08
0.35 0.54
0.01 0.00
0.02 0.02
0.39 0.51
0.00 0.00
0.01 0.00
0.59 0.45
0.00 0.00
0.01 0.00
0.25 0.33
0.10-300
Mn ppm
Filt Unfilt
0.00 0.00
0.00 0.00
0.01 0.01
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.02-2.0

NO2+NO3 ppm
Filt Unfilt

0.08
0.00
0.00

0.16
0.84
0.00

0.14
0.12
0.00

0.09

0.16
0.09

0.02-2.0

NO2+NO3 ppm

Filt

Unfilt

0.18
0.12
0.17

0.35
0.37
0.41

0.10
0.11
0.15

0.13
0.09
0.13

0.02-2.0

NO2 ppm

unfil
0.01
0.01
0.01

0.01
0.02
0.01

0.01
0.01
0.01

0.01

0.01
0.03

0.02-2.0

t

NO2 ppm

Unfilt

0.01
0.02
0.01

0.02
0.01
0.01

0.01
0.01
0.01

0.01
0.01
0.01



Table 1. Lake Lanier water chemica

Detection Range 0.02-3.0 0.02-2.0 0.04-2.0 0.04-2.0 3.0-100
NH4 ppm TNppm TP ppm  PO4 ppm SO4 ppm  *Alk ppm TIC ppm TOC ppm
Date Station Depth m Filt Unfilt Unfilt Unfilt Unfilt Unfilt Unfilt Filt Unfilt Filt Unfilt
4/12/2001 BB 5 0.05 0.07 0.60 0.00 0.00 1.56 24.00 2.72 2.88 1.85 1.82
15 0.12 0.12 0.50 0.00 0.00 2.50 22.78 3.40 3.35 1.64 1.62
32 0.17 0.11 0.65 0.00 0.00 2.80 21.87 3.37 3.77 1.44 1.48
FC 5 0.03 0.06 0.55 0.00 0.00 351 21.32 2.79 2.93 1.79 1.79
15 0.11 0.12 0.53 0.00 0.00 2.85 27.27 3.17 3.18 1.53 147
30 0.08 0.01 0.90 0.00 0.00 5.48 25.03 4.22 4.18 1.67 1.70
FBCh 5 0.05 0.07 0.44 0.00 0.00 2.83 22.35 2.76 2.92 1.62 1.70
15 0.31 0.09 0.40 0.00 0.00 2.40 25.33 3.38 3.46 1.89 1.56
30 0.06 0.03 0.52 0.00 0.00 2.79 23.45 3.80 3.79 1.83 151
FBBay 5 0.05 0.06 0.41 0.00 0.00 2.85 24.30 2.84 291 1.97 1.70
15 0.09 0.09 0.40 0.00 0.00 3.93 19.43 3.38 3.47 1.56 1.58
30 0.06 0.03 0.48 0.00 0.00 2.93 23.57 3.71 3.84 1.94 147
DH20 0.00 0.00 0.01 0.00 0.00 0.14 12.26 0.14 0.25 0.25 0.26
Detection Range 0.02-3.0 0.02-2.0 0.04-2.0 0.04-2.0 3.0-100
NH4 ppm TNppm TP ppm  PO4 ppm SO4 ppm *Alk ppm TIC ppm TOC ppm
Date Station Depth m Filt Unfilt Unfilt Unfilt Unfilt Unfilt Unfilt Filt Filt Unfilt Filt Unfilt
8/20-9/7/01 BB 1 0.01 0.27 0.01 0.03 3.87 0.00 2.80 2.05
12 0.10 0.60 0.01 0.03 3.98 0.32 3.44 1.46
20 0.07 0.64 0.01 0.02 1.19 0.00 0.00 3.05 1.36
32 0.22 0.50 0.01 0.03 2.83 6.69 4.56 143
FC 1 0.01 0.38 0.01 0.04 5.16 0.00 2.98 2.30
9 0.10 0.54 0.01 0.03 5.14 0.00 3.56 1.85
12 0.07 0.56 0.01 0.04 271 0.00 3.78 1.56
28 0.24 0.63 0.02 0.02 3.65 0.00 5.23 1.65
FBCh 1 0.01 0.27 0.01 0.02 3.35 0.00 3.05 2.25
FBBay 1 0.05 0.26 0.01 0.02 2.86 0.00 0.00 2.88 2.14
4 0.01 0.28 0.01 0.02 3.87 0.00 3.01 217
8 0.01 0.25 0.01 0.02 3.99 0.00 3.10 2.28
12 0.05 0.46 0.01 0.02 4.76 16.26 0.00 3.48 1.79
20 0.01 0.48 0.01 0.24 3.47 0.00 3.76 142

DH20 --- 0.01 0.00 0.01 0.02 0.89 0.00 - 0.26 - 0.26



Table 1. Lake Lanier water chemica

Detection Range

Date Station
12/2/2001 BB

FC

FBCh

FBBay

Depth m
1
18
24

1
18
24

1
18
24

1
18
24

Detection Range

Date Station
2/9-2/15/02 BB

FC

FBCh

FBBay

Depth m Filt
1
15
25

1
4
12

1
15
30

1
10
20

0.02-3.0
NH4 ppm

Filt Unfilt

0.08
0.42
0.93

0.10
0.37
0.72

0.05
0.18
0.56

0.07
0.10
0.29

0.02-3.0
NH4 ppm
Unfilt
0.19
0.20
0.20

0.18
0.19
0.19

0.14
0.16
0.18

0.15
0.13
0.13

0.02-2.0 0.04-2.0
TNppm TP ppm
Unfilt Unfilt
0.41 0.00
0.44 0.00
0.98 0.00
0.41 0.00
1.39 0.00
0.74 0.00
0.40 0.00
0.41 0.00
0.57 0.00
0.28 0.00
0.50 0.00
0.47 0.00
0.02-2.0 0.04-2.0
TNppm TP ppm
Unfilt Unfilt
0.56 0.00
0.53 0.00
0.56 0.00
0.68 0.00
0.77 0.00
0.86 0.00
0.37 0.00
0.40 0.00
0.41 0.00
0.43 0.00
0.38 0.00
0.41 0.00

0.04-2.0
PO4 ppm

Unfilt

0.02
0.02
0.02

0.02
0.03
0.02

0.02
0.02
0.02

0.02
0.02
0.02

0.04-2.0
PO4 ppm
Unfilt

0.02
0.02
0.02

0.02
0.02
0.03

0.04
0.02
0.02

0.04
0.07
0.02

3.0-100

SO4 ppm
Unfilt
2.85
0.41
0.00

2.32
8.25
1.16

3.15
2.19
0.76

1.22
2.38
2.67

3.0-100
SO4 ppm
Unfilt
0.59
0.60
0.55

2.08
2.33
2.40

1.66
0.55
0.35

0.55
0.55
1.10

* Alk is not accurate below 40 ppm; don't have
exact detection limits--6.6 is below limit

*Alk ppm
Unfilt
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

*Alk ppm
Unfilt
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

TIC ppm
Filt Unfilt
3.18
3.86
5.88
2.98 2.56
3.80 4.71
5.70 6.54
2.93 3.22
3.56
4.07 5.11
291 3.17
2.60 3.68
3.76 4.76
**TIC ppm
Filt Unfilt
3.24 3.27
3.57 3.49
3.81 3.87

Filt

TOC ppm
Filt Unfilt
2.04
155
1.67
1.86 211
1.79 2.00
1.37 147
2.26 2.19
171
1.53 1.73
2.22 2.15
1.48 1.78
1.77 1.37
*TOC ppm
Unfilt
1.78 3.34
1.85 1.76
2.05 1.94

** T|C-TOC samples collected 2/1/02 at FC
at depths of 1m, 12m and 24 m

12
24
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Problem and Research Objectives

The quantity and timing of river flow is critical to the ecological integrity of river
systems (Poff et al. 1997). Flow is strongly correlated with physical and chemical
characteristics of the river such as channel shape, water temperature and velocity, and
habitat type and complexity (Jowett and Duncan 1990, Poff et al. 1997). Five main
components of the flow regime impact ecological processes: magnitude of discharge at
critical time periods, frequency of the various discharge magnitudes, duration of time
associated with a particular discharge, timing or predictability of discharge events of
particular magnitudes, and the rate of change of hydrologic conditions (Richter et al.
1996, Poff et al. 1997). These five components of the flow regime influence the
ecological dynamics of river systems directly and indirectly by affecting water quality,
energy sources, physical habitat, and biotic interactions (Karr 1991, Poff et al. 1997).

Although there are many different types of hydrologic and channel alterations that
result in changes to the flow regime, dams are one of the most conspicuous and prevalent
forms of flow alteration on large and some smaller rivers and streams. In the contiguous
United States, there are only 42 rivers with greater than 200 river kilometers unregulated
by major dams (Benke 1990). Though there have been a number of studies of the
impacts of dams on channel morphology (Ligon et al. 1995), fish (Moyle et al. 1998),
habitat availability (Bogan 1993), and riparian species survival and recruitment (Rood et
al. 1995), less is known about the impact of dams and flow regime on basic ecosystem
processes such as nutrient uptake and metabolism, especially in larger rivers. In many
cases, these ecosystem processes are directly linked to the ecosystem services (e.g. water
supply, pollution control, and fisheries) expected from the river system.

We are studying the relationship between flow and nutrient uptake and
metabolism on the Chattahoochee River below Atlanta. The fixation of energy through
primary production and the subsequent release through respiration are primary ecosystem
functions, and the addition or loss of energy to the system can influence energy flows in
downstream systems. In order to determine net addition or loss of energy to the system,
net daily metabolism can be calculated. Net daily metabolism is defined as the difference

between gross primary productivity and total system respiration (Bott 1996). Metabolism



has been shown to vary with high stream discharge as a result of shifts in primary
production (Uehlinger and Naegeli 1998). However, relationships between net daily
metabolism and low flow conditions are uncertain, particularly in large river systems.

The uptake and processing of nutrients by rivers is essential to maintaining
downstream and instream water quality. In unregulated rivers, the downstream
ecosystems that could be affected by high nutrient loadings are typically estuaries.
However, in regulated rivers, there are typically a series of reservoirs that are connected
by sections of flowing water. This is the situation on the Chattahoochee River. In
addition, the flowing river section between Lake Lanier and West Point Lake receives
approximately 220 million gallons a day of wastewater treatment plant effluent (Frick et
al. 1996). The retention and transformation of the nutrients associated with these inputs
is essential to maintaining water quality in this section of the river and in West Point
Lake. Nutrient uptake length is the length of stream traveled by the average nutrient
molecule in the water column before being taken up by biota (Stream Solute Workshop
1990). Nutrient uptake lengths in small streams is related to discharge (Stream Solute
Workshop 1990). Uptake lengths in streams receiving wastewater treatment plant
effluent are typically much longer than uptake lengths in streams with similar discharge
but no wastewater inputs (Marti et al. In press). However, it is uncertain how nutrient
uptake lengths vary with low flows in large rivers.

Our objectives were to determine how net ecosystem metabolism and nutrient
uptake lengths vary with discharge under baseflow conditions in the Chattahoochee River
below Atlanta. In addition, we wanted to determine the importance other factors that
may influence metabolism and nutrient uptake such as temperature, total suspended
solids, light, dissolved organic carbon, water column chlorophyll a concentrations, and
nutrient concentrations. We hope that these analyses will help to give a better

understanding of how flow regime influences ecosystem processes in a regulated river.

Methodology
We examined the relationship between flow and ecosystem function through
measures of nutrient uptake length and net daily metabolism on the Chattahoochee River

below Atlanta, Georgia. We used the USGS real time gauging station at Fairburn, GA



(station # 02337170) and at State Road 280 near Atlanta (station # 02336490) to obtain
discharge every 15 minutes. We sampled only during periods of stable flow. Because of

hydropeaking during the week, sampling was conducted during weekend stable flows.

Nutrient uptake length was measured using the methods described by Webster
and Ehrman (1996) and Stream Solute Workshop (1990). We used effluent of
wastewater treatment plants as the source of the conservative tracer (chloride, CI'),
soluble reactive phosphorus (SRP) and ammonium (NH,") (Marti et al. in press). We
sampled NH,*, SRP, and CI" concentration at one site above Atlanta, one site below the
majority of the major municipal discharges from Atlanta, and thirteen sites below a small
municipal wastewater treatment plant discharge (Camp Creek WWTP) on ten different
days during summer 2001. The most upstream site was the Highway 166 crossing;
Camp Creek WWTP is 3.68 km downstream, and the next thirteen sites were 0.66, 1.51,
301,4.81,5.78,6.73,9.93,12.43,14.51, 16.81, 18.47, and 20.67 km downstream
respectively. The site above Atlanta was used to correct for background concentrations.
All samples were taken during baseflow, filtered in the field with Gelman A/E glass fiber
filters, and stored on ice for transport to the lab. Samples were then frozen until nutrient
analysis could be performed. SRP concentration was determined using the colorimetric
methods of Wetzel and Likens (1992). NH," concentration was determined using the
fluorometric methods of Holmes et al. (1999). Chloride was determined with an ion
chromatograph (UGA Soil Ecology Lab). Nutrient uptake length is the inverse of the
slope of the regression line between distance (km) and In (nutrient : chloride ratio) after
correcting for background concentrations (Webster and Ehrman 1996). In cases where
the SRP: chloride ratio increased downstream we assumed that there was no uptake, since
this implies a net release of SRP from the sediments. We also assumed no uptake when
the NH,":chloride ratio increased downstream.

We determined net daily metabolism for a 650 m reach just below Highway 166
using the upstream-downstream diurnal dissolved oxygen change technique (Marzolf et
al. 1994, Young and Huryn 1998). We determined travel time for a variety of discharges
by floating oranges from the upstream to downstream station. Travel time was estimated

from the median orange. We continuously measured dissolved oxygen and temperature



using a YSI dissolved oxygen probe for a 40-hour period. Oxygen concentrations were
corrected for diffusion using the energy dissipation model (APHA 1992). Channel slope
for this model was determined by using 1:24,000 USGS topographic maps and

determining the average slope for the river between Atlanta and West Point Lake.

Principal Findings and Significance

The Chattahoochee River at Highway 166 is a highly heterotrophic system. SRP
uptake length for this 46 km reach of the river ranged from no uptake at all to 143 km,
and no NH," uptake occurred (Table 1). Highly negative net ecosystem metabolism, low
P/R ratios, and high rates of respiration demonstrate that this system is fueled by
allochthonous carbon and that a large amount of organic matter processing is occurring.
In contrast, long uptake lengths and evidence of a lack of uptake suggests that there is

little assimilation of the nutrients from the wastewater treatment plants.

Nutrient Uptake

Uptake of ammonium was never observed, an uptake of soluble reactive
phosphorus only occurred on one date in summer 2001 (Table 1). The other four dates
had no measurable SRP uptake. The uptake length for the one date was 143 km. The
distance between the Highway 166 crossing and Franklin, GA (the site of the
river/reservoir transition) is 76 km. Therefore, the average phosphorus molecule will
have not been assimilated prior to reaching West Point Lake. This means that much of
the phosphorus and ammonium from Atlanta’s municipal wastewater facilities is
transported to West Point Lake. This high nutrient loading could lead to eutrophication
of the reservoir and algal blooms. In addition, these long uptake lengths indicate that the
river is no longer capable of providing the service of nutrient assimilation to downstream
water users.

SRP uptake length (143 km) in this study was almost two orders of magnitude
longer than those found in a Mediterranean river with similar discharge, but not receiving
any waste water treatment plant effluent (1.5 km) (Butturini and Sabater 1998). Third
order Mediterranean streams receiving wastewater treatment plant effluent also had much

longer SRP uptake lengths than non-polluted streams with similar discharge (Marti et al.



in press). Similar to our study, phosphorus concentrations in the Mediterranean streams
receiving effluent did not consistently decline downstream in 33% of the cases (Marti et
al. in press). In our study, the instances of no measurable uptake were associated with an
increase in phosphorus concentrations downstream with little change in chloride
concentration. This increase in phosphorus concentrations could be caused by the flux of

phosphorus out of the sediments (Reddy et al. 1996).

Net Ecosystem Metabolism

In contrast to nutrient uptake, organic matter processing rates seem fairly high.
P/R ratios ranged from 0.01 to 0.7 indicating that this is a highly variable, but
predominately heterotrophic system, which is dominated by allochthonous inputs. Gross
primary production ranged from <0.1 to 3.3 g O, m” day'. GPP was lower than that of a
similar sized river, River Thur, that also receives WWTP effluent in the pre-alpine region
of Switzerland (Figure 1) (Uehlinger 2000). This difference in GPP may be partially
attributable to the substrate composition of the 2 rivers. The study reach on the
Chattahoochee was sandy bottomed and typically unstable, while the while the River
Thur bed sediments are mainly gravel (Uehlinger 2000). Respiration was also variable
and ranged from 3.04 to 12 ¢ O, m> day™. These variations are similar to the variations
seen in several streams and rivers throughout the U.S. and in Switzerland (Figure 2)
(Meyer and Edwards 1990, Paul 1999, Uehlinger 2000, Mulholland et al. 2001). These
P/R ratios are similar to P/R ratios (0.02 to 0.4) found in the Ogeechee River, which is
dominated by allochthonous organic matter inputs from the floodplain (Meyer and
Edwards 1990).

Neither GPP nor R were correlated with discharge in the Chattahoochee River. In
two pre-alpine rivers in Switzerland, GPP dramatically declined following bed-moving
spates and took several days to weeks to recover (Uehlinger 2000). Respiration was
more resistant in these rivers, not declining as dramatically after bed-moving spates, but
recovering more slowly (Uehlinger 2000). As a result of hydropeaking associated with
power generation from upstream dams and the fine bed sediments, the Chattahoochee
River below Atlanta has bed-moving spates almost daily during the week. Stable flows

that are typically present on weekends, appear to not be long enough to allow a



significant build-up of periphyton. Hence, GPP in the Chattahoochee River is al the
lower end of the range observed in the Swiss rivers (Figure 1).

Multiple regression analysis indicated that 71% of the variation in GPP could be
explained by a model that includes temperature, total solar radiation, and chlorphlyll a
(Table 3). There was not a significant model for total ecosystem respiration or
heterotrophic respiration. However, a model including total phosphorus, DOC, and total

radiation explained 62% of the variation in NEP (Table 3).

Conclusions

Upstream dam operations exert a strong influence on ecosystem function in the
Chattahoochee River below Atlanta. Daily discharge fluctuations appear to function as
spates in unregulated systems, reducing GPP with inadequate time for system recovery
between spates. Ecosystem respiration appears to be less affected by discharge
fluctuations, and the ecosystem is consistently heterotrophic. There is little evidence for
uptake of phosphorus or ammonium in the river. Hence these nutrients entering the river
from wastewater treatment plants in Atlanta are being transported downstream to West

Point Lake.
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Table 1: Soluble reactive phosphorus and ammonium uptake lengths on 5 dates in the

Chattahoochee River, downstream of Atlanta, GA.

Date Discharge Initial SRP SRP Initial NH,* NH,*
(m’s™) Conc (ug L") = Uptake Concentration = Uptake
length (km)  (ug L") Length (km)

7/6/2001 28.9 71 No uptake = N/A N/A
7/13/2001 | 340 40 No uptake | 43 No uptake
7/20/2001 459 37 No uptake 149 No uptake
8/14/2001  73.2 31 143 606 No uptake
8/17/2001  54.8 52 No uptake 253 No uptake
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Table 2: Gross primary production, respiration, and net ecosystem production for ten
days for the Chattahoochee River below Atlanta, GA.

Date Discharge Gross Primary Respiration Net Ecosystem
(m’s™) Production (g0, m*day"') | Production

(g O, m™ day™) (g O, m” day™)
5/5/2001 27.6 1.03 6.64 -5.61
7/14/2001 34.0 0.86 2.87 -2.01
8/14/2001 73.2 1.2 4.55 -4.35
8/15/2001 54.8 0.1 453 -4.43
8/25/2001 39.9 0.1 8.41 -8.31
8/26/2001 38.1 0.1 9.74 -9.64
9/15/2001 322 0.55 5.79 -5.24
9/16/2001 324 0.99 597 -4.98
10/20/2001 | 31.9 3.29 4.26 -0.97
10/21/2001 328 3.13 5.29 -2.16
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Table 3: Results of stepwise multiple regression analysis for rates of gross primary
production (GPP), and net ecosystem production (NEP) (n=16 for GPP, n=14 for NEP).

Dependent Variable Independent Variable Parameter Estimate r Prob > F
(SE)

GPP Intercept 4.66 (1.43) 007
Temperature -0.27 (.057) 44 0004
Total Radiation 0001 (.00003) 18 02
Chlorophyll a 0.14 (.06) 1 03
Full Model g1 002

NEP Intercept -32.6 (8.9) 005
DOC 10.72 (3.2) 29 008
Total radiation 0002 .19 047
Total phosphorus -.042 (.021) d4 081
Full Model .62 018
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Figure 1: Comparison of gross primary production (GPP) rates in streams of a variety of
different sizes. Rates for River Necker and River Thur are minimum, mean, and
maximum of two years of continuous measurements. GPP rates from this study are
below the mean GPP in a similar sized river in pre-alpine Switzerland (River Thur).
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Figure 2: : Comparison of respiration (R) rates in streams of a variety of different sizes.
Rates for River Necker and River Thur are minimum, mean, and maximum of two years
of continuous measurements. R rates from this study are similar to those measured in a
similar sized river in pre-alpine Switzerland (River Thur).
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Abstract

The water resources systems of the Southeastern U.S. are increasingly stressed by various
demands. This stressis magnified during the periodic periods of drought that occur in the
region, and agriculture is particularly affected by these droughts. Recent public policy
has attempted to mitigate the impacts on farmers, but reliable methods of drought
assessment and forecasting are needed to allow efficient policy implementation. A
methodology is presented to assess the effects of droughts on crop yields, irrigation
demands, and the full yield-irrigation relationship. The technique utilizes irrigation
optimization algorithms coupled with physiologically based crop models. Ensembles of
climatic forcing allow for quantification of the stochastic crop-water production function
at specific sites and quantification of the changes in this function in drought periods.
Data needs for assessment are discussed as well as sensitivity of the methodology to
some input parameters. The technique is applied to four case study Sites in southwestern
Georgia, and potentialy useful information is derived. Options for drought forecasting
are briefly discussed.



1. Introduction

As population growth and economic development continue in the southeastern
United States, water resources once thought inexhaustible are increasingly stressed. This
fact has become profoundly evident during the region’s drought of the past several years.
Competing demands for water resources have led to inter-state as well as intra-state
conflicts in the political and legal realms. Agriculture in the region is a consumer of
surface water and groundwater, a party to the ongoing conflicts, and particularly
vulnerable to climatic variation. While rainfall is adequate in wet and average years for
farms to thrive with minimal water consumption, irrigation is required in drought years if
farms are to simply survive.

Previous research has addressed some characteristics of drought effects on
agriculture in the region. Hook (1994) used crop models to estimate irrigation needs and
crop yields for corn, soybeans, and peanuts for the 15 driest years of a 53 year record.
His results showed average yield losses of between 64% and 75% in the identified
drought years. Irrigation requirements were computed using a soil moisture triggering
threshold calibrated to produce 90% of fully irrigated yield. Irrigation requirements were
found to vary with soil type. Meteorological variation in the spatial domain was not
considered. Hook and Thomas (1995) conducted a similar study whereby the effects of
“emergency” curtailments of irrigation were assessed for three policies. 30-day
restrictions, 60-day restrictions, and complete restrictions. Economic losses were
estimated for several dates of policy implementation within the growing season Costs
were found to vary by length of restriction, date of restriction period, crop, and soil type.
For the Flint River Basin of southwest Georgia, costs of water conservation ranged from
$531 per million gallons for corn under a 30-day restriction imposed in July to $2,388 per
million gallons for peanuts under a 30-day restriction imposed in August.

The State of Georgia currently operates a program of compensation to farmers for
not irrigating in years declared as probable drought years by the state on March 1. The
current state of climate prediction capability for the region is limited, however.
Moreover, current policy as legidated by the “Flint River Drought Protection Act”
(OCGA 12-5-540) is an “dl-or-nothing” proposition for farmers. The possibility of



irrigation quantity limits is not part of the present system, although such limits might be
preferable for some or all concerned parties.

Compounding the difficulties of policy implementation is the lack of documented
knowledge on irrigation use in the region. Georgia has not maintained measured records
of irrigation applications by production farms prior to 1998 when the “Ag WATER
PUMPING” project commenced to monitor irrigation application at about 2% of
permitted wells in the state (Thomas & al. 2001). Prior to this program perhaps the best
information available was estimates made by extension agents published every five years
in the USDA Farm and Ranch Irrigation Survey (e.g., NASS 1998). However, the
figures included in that publication are statewide averages and are described therein as
“rough estimates’ (pp. XVII-XVIII). The infrequent and spatially aggregated nature of
these estimates make them unsuitable for use in determining drought effects or policy
needs. Data from the Ag WATER PUMPING project will be valuable, although it is not
scheduled for public release at this time, and its limited temporal extent will be a
shortcoming until long-term monitoring has been achieved. Investigation of historical
records of crop production is dso inadequate for the purposes of discerning drought
effects on agriculture. As an example, Figure 1 shows historical values of peanut yield
for Tift County, Georgia (NASS 2002). The dominant mode of variation in the time-
series is a large, long-term increase in crop yields from the beginning of the data in the
1930's until the late 1970’'s. This increase in magnitude is due to a “technology effect”
of improved crop varieties, management practices, mechanization, etc. Moreover,
measured field yield at the county scale is an undetermined mixture of irrigated and non
irrigated production, which makes identification of drought signals very difficult.

This report presents findings of a preliminary investigation into new technologies
relevant to the problem of assessing, forecasting, and managing for agricultural droughts
in the Southeastern U.S. Specifically this project has applied recently developed
techniques of irrigation planning and determination of crop yield-irrigation relationships
to the case of crops grown in southwest Georgia. Information on the variability of yield-
irrigation response with climatic variability is determined. The possibility of using

climatic teleconnections to forecast agricultural trends is discussed. Current deficiencies



in data for application of these techniques are determined. Finally, future research efforts

applicable to this issue are identified.

2. Methodology

The methodology for this study includes the following items: physiologically
based crop modeling, optimization of irrigation schedules and yield-irrigation
relationships, input data determination, study site specification, and drought period
identification. These items are described in the following sections. The assessment

process follows.

2.1. Physiologically Based Crop Modeling

Simulations of crop growth were conducted using the Decision Support System
for Agrotechnology Transfer (DSSAT) suite of crop models. (Tsuji et a. 1994). These
models are first-principles, physiologically based models of crop growth and
development processes, which include daily meteorology, soil/plant water balance,
phonological development, photosynthesis, carbohydrate partitioning, and management
inputs among other items. The models have been developed and refined by a global
cadre of scientists over the past two decades. Verification studies are abundant and show
the models to be reliable.

Of particular interest to this study is the water balance component of the models.
The water balance sub-model is described in detail by Jones and Kiniry (1986) and
Ritchie (1998). Verification of the water balance routines has been presented by Ritchie
(1972), Gabrielle et a. (1995), and Brumbelow and Georgakakos (2001) among others.
The sub-model includes routines for calculation of runoff, downward soil moisture
transport, evaporation from soil, transpiration from plants, root water uptake, capillary
rise, and soil moisture content updating. Periods of drought stress are identified by
deficiencies in plant water balance, namely when the ratio of root water uptake (inflow of
water to plant) to transpiration (outflow of water from plant) falls below unity. A “soil
water deficit factor” calculated as this ratio is then factored into numerous process

equations.



The crop models include some routines that were not utilized in this study.
Nutrient processes and damages due to pests and disease were omitted as the focus of the
study was on drought stresses and irrigation. As agriculture in the region consistently
uses effective programs of fertilization and pest control, this assumption is not

significant.

2.2. Optimization of Irrigation Schedules and Yield-Irrigation Relationships

In contrast with previous studies, this research included determination of the
entirety of the yield-irrigation relationship. That is, the full crop water production
function (CWPF) was derived for each growing season in the study period rather than a
single irrigation value. The method for determining CWPF's was the “Simple Yield-
Irrigation Gradient” (SYIG) algorithm (Brumbelow 2001, Brumbelow and Georgakakos
2002b). This algorithm uses determination of marginal values of differential irrigation
allocations to schedule additions to existing irrigation schedules in a repetitive manner.
By darting at the zero-irrigation point and iterating until the full irrigation plateau is
reached, afull CWPF is obtained. Since the algorithm is coupled with the capabilities of
physiologically based crop models, irrigation scheduling is accomplished accounting for
soil moisture conditions, solar radiation, dynamic rates of phenological development, and
other physiological circumstances not accounted for by traditional irrigation scheduling
methodologies (e.g., reference evapotranspirationcrop coefficients, Doorenbos and Pruitt
1977, etc.). More advanced algorithmsin the YIG family have been developed, and these
techniques provide optimized results. However, their computational requirements are

greater, and they were not used in the interest of time of execution.

2.3. Input Data Determination

A variety of input data were needed for the study. Soils data were obtained from
the USDA Natural Resources Conservation Service (NRCS) State Soil Geographic
Database (STATSGO, NRCS 1994). The soil maps of this database were reviewed in a
geographic information system to determine relevant variation of soils in the locales
under investigation. Where soil types differed significantly in the vicinity of a study site,
multiple soil types were included in the study.



Daily meteorological data were needed for six parameters as input to the crop
simulations. precipitation, maximum temperature, minimum temperature, hours of bright
sunshine, relative humidity, and wind run. Datafor the first three parameters were easily
obtainable for many stations from the National Climatic Data Center’s online archives
(NCDC 2002). The last three parameters posed some difficulties, as they were not
commonly available for many stations.

Sunshine hours were available for the period January 1965 to May 1996 only at
Macon, Georgia, and Montgomery, Alabama, in the region. Since incoming solar
radiation drives photosynthetic production, knowledge of sunshine hours is very
important for crop simulations, and final yield estimates can be quite sensitive to this
parameter. For this reason it was decided to limit the scope of the study to the period for
which measured sunshine hours were available and to use the Macon data for al sites
since it was representative of the values for the region.

Relative humidity and wind run were also not commonly available in the region.
As the sensitivity of crop yields to these parameters is not as great as other variables,
simple estimation formulae were used to approximate values for these parameters.
Relative humidity has been observed to follow a roughly sinusoidal trend in the region
with some noise and elevated values during periods of precipitation (see Figure 2).
Therefore, an estimation equation based upon this pattern was used for each station in the

study:

DOY - 80)6
RH = mngoo 06o+cos8°ao XT)Q]>020+P>O35U 1)

where RH is daily relative humidity (0.00 — 1.00), DOY is the Julian day of the year (1 —
365), and P is daily precipitation in inches. Wind run was estimated by a simple random
number generator with lower and upper bounds of 0 and 20 miles per hour, respectively.
Figure 3 shows typical measured values from the region, and it is seen that this

approximation is adequate.



2.4. Study Site Specification

Four sites in southwestern Georgia were chosen for the study: Tifton, Colquitt,
eastern Mitchell County, and southwestern Mitchell County. Both Mitchell County sites
utilized meteorology from the Camilla station. Selection of the sites encompassed a
variety of soil types and locales in the region, yet allowed for comparative analysis of
sensitivity of results to meteorology under common soil and sensitivity to soil under
common meteorology. Three of the sites (Colquitt and the two Mitchell County sites) are
located in the hydrologically sensitive lower Flint River Basin and should serve as
suitable benchmarks for further studies in that watershed. The Tifton site is collocated
with an extensive agricultural experiment station and is thus well suited for calibration
and verification against previously collected data at that site. Table 1 below relates basic
information about the study sites, and Figure 4 shows the location of the sites as well as
the extent of the soil types included in the assessment.

Asisseenin Table 1, the Colquitt and E Mitchell County sites are both underlain
by the soil noted as MUID GA050. The distance between the two sites is about 40 miles
(64.5 kilometers), and separate records of precipitation and daily temperatures were used
for the two sites. These circumstances allow for a preliminary test of the assessment
technique for its sengitivity to site-specific meteorology with other factors held constant.
In a similar fashion, the two Mitchell County sites share common meteorology from the
Camilla station, but occur on two different soil types, GA050 ard GA 060.

Table 1. Study sitesincluded in the assessment case study

Name Approximate Position  Soil Type (STATSGO MUID)  Meteorological Station
Tifton 31.45°N, 83.48° W GAO057 Tifton Exp Sta
Colquitt 31.17°N, 84.77° W GAO050 Colquitt 2 W
E Mitchell Co. 31.27°N , 84.08° W GAO050 Camilla3 SE
SW Mitchell Co. 31.16°N, 84.35° W GAO060 Camilla3 SE




2.5. Drought Period Identification

Within the 31 year period of recorded meteorology available for the study, it was
necessary to determine when droughts occurred. Two non-independent criteria were used
for this purpose. First, calculations of the Palmer Drought Severity Index (PDSI) were
obtained from the National Climatic Data Center for climate divison GA-7 (NCDC
2002), which includes the southwestern corner of Georgia (see Figure 5). A low-pass
filter (4-year moving average) was applied to the index values. These filtered PDSI
values are graphed in Figure 6a.

Additionally, the aggregate monthly precipitation values for GA-7 were also
obtained from NCDC (2002). The long-term average precipitation was computed for
each of the 12 months of the year using al data from 1895 to 2002. Then, the historical
values of measured precipitation were compared to the long-term averages to find a time-
series of nonthly deviations from average. Adgain, a low-pass filter (4-year moving
average) was applied to the time-series of deviations. The final product is shown in
Figure 6b.

The two criteria are very similar upon comparison. The precipitation deviations
tend to be a bit noisier and tend to lead the trends in PDSI by a few months. These
observations fal in line with expectation: the PDSl is an attempt to model soil moisture
conditions, which lag and dampen precipitation forcing. However, determination of
drought periods by either metric yields the same conclusions. Within the study period
drought periods occurred in the years. 1968-1970, 1979-1981, and 1986-1990. Because
of the lag between precipitation and PDSI, the years 1967 and 1985 should be regarded as
“transition” years as they experienced reduced rainfall but not the reduced soil moisture

values represented by the PDSI.

2.6. Assessment Process

For each of the four sites, crop growth simulations were conducted for two crops,
mai ze and peanuts, both economically important and commonly grown in the region. For
maize simulations, planting date was set at April 15, for al sites and all meteorological
years. The maize cultivar used was Pioneer 3147. Planting date for peanut simulations

was set at May 15, for al sites and years. The peanut cultivar used was Pronto. The



Simple YIG agorithm was used in conjunction with the appropriate DSSAT model to
determine the crop-water production function for each crop at each site for all 31 growing
seasons (total of 248 functions generated). The 31 functions determined for each crop
and site collectively form the crop-water production function probability distribution
(CWPF-PD, Brumbelow 2001, Brumbelow and Georgakakos 2002a) for that crop and
ste. The 8 CWPF-PD’s are presented as the “&’ part of Figures 7-14. By inspecting the
CWPF's of designated drought years, a sub-set of the CWPF-PD is redlized, which is
ideally indicative of drought effects on crop yield, irrigation needs, and the relationship
between the two. The CWPF-PD’s of the drought periods are shown with the full
CWPF-PD’s in the “b” parts of Figures 7-14. This concept and potential forecasting

techniques are discussed in the next section.

3. Results and Discussion

Comparison of the two CWPF-PD’s in the “b” parts of Figures 6-13 shows a clear
distinction between those of the full study period and those of the drought periods. An
excellent example of the difference is Figure 8b (maize grown at the Tifton site). For that
case the median crop-water production function is almost exactly the same as the 25"
percentile function from the full study period for irrigation amounts from 0 to 120 mm.
The reduction in rainfed crop yield for the drought median function is 4184 kg/ha from
the full period median function, which represents a 49% reduction. For al cases, as the
CWPF-PD’s reach yield plateaus, they become quite similar (or amost identical in
Figure 8a). This phenomenon is expected and has been noted by Brumbelow (2001) and
Brumbelow and Georgakakos (2002a): the yield plateau is that region of crop response
divorced from moisture stress concerns, and variability in crop yield is determined in that
regime by temperature and radiation factors rather than precipitation patterns.
Interestingly, the upper quartile of the drought periods CWPF-PD extends to high yield
values for low irrigation amounts, and this occurrence is consistent among the case
studies. This skew in the drought period CWPF-PD reflects natural variability in the
agricultural system even in periods of pronounced stress and potential uncertainties in the

definition of drought. The criteria used to designate the drought periods for this study
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relied on time-aggregated metrics (4-year moving averages of regional monthly values).
In contrast, the crop simulations performed herein assumed spatial points and daily
timesteps, and real agricultural systems respond to meteorological events at timescales of
minutes. Therefore, the upper quartile spread is perhaps unavoidable and is certainly a
consequence of natural variability and differences in system scales.

Sengitivity of the assessment technique to soil type can be understood by
comparing the results for the Eastern Mitchell County and Southwestern Mitchell County
sites (Figures 11-14). For both peanuts and maize, the two sites have virtually identical
sets of CWPF-PD’s.  This result is not surprising as the two soil types present do not
differ greatly in composition as shown in Figure 15a-b or in plant extractable water
capacity (Figure 16). The lack of sensitivity observed works to increase confidence in
the assessment technique as small changes in soil characteristics are not overly
influential. This finding may also justify less intensive modeling efforts on a spatial basis
as minor soil differences will not cause different drought responses. However, future
investigation must determine the relevant threshold for soil differences to cause changed
yield-irrigation response.

Sensitivity of the assessment technique to locality of meteorological observations
can be understood by comparing the results for the Colquitt and Eastern Mitchell County
gites, which shared the same soil type (Figures 9-12). There are noticeable differences
between the CWPF-PD’ s for both crops at these sites. However, the general character of
all distributions of yield-irrigation functions is very similar for the same crop and study
period. Again, additional research is merited to determine the limits of geographic
commonality, especially in heterogeneous climatic zones. Nevertheless, the present
observation affirms that the study methodology is not prone to over-sensitivity to locality
of meteorological observations.

The value of CWPF-PD’s for drought assessment and management can be
realized on multiple fonts. For the individual farmer, the shifted drought distribution
provides quantitative information with which to pl