JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

Vol. 44, No. 6 AMERICAN WATER RESOURCES ASSOCIATION December 2008

IMPACT OF DREDGING ON PHOSPHORUS TRANSPORT IN AGRICULTURAL
DRAINAGE DITCHES OF THE ATLANTIC COASTAL PLAIN'

Francirose Shigaki, Peter J. A. Kleinman, John P. Schmidt, Andrew N. Sharpley, and Arthur L. Allen?

ABSTRACT: Drainage ditches can be a key conduit of phosphorus (P) between agricultural soils of the Atlantic
Coastal Plain and local surface waters, including the Chesapeake Bay. This study sought to quantify the effect
of a common ditch management practice, sediment dredging, on fate of P in drainage ditches. Sediments from
two drainage ditches that had been monitored for seven years and had similar characteristics (flow, P loadings,
sediment properties) were sampled (0-5 cm) after one of the ditches had been dredged, which removed fine tex-
tured sediments (clay = 41%) with high organic matter content (85 g/kg) and exposed coarse textured sediments
(clay = 15%) with low organic matter content (2.2 g/kg). Sediments were subjected to a three-phase experiment
(equilibrium, uptake, and release) in recirculating 10-m-long, 0.2-m-wide, and 5-cm-deep flumes to evaluate
their role as sources and sinks of P. Under conditions of low initial P concentrations in flume water, sediments
from the dredged ditch released 13 times less P to the water than did sediments from the ditch that had not
been dredged, equivalent to 24 mg dissolved P. However, the sediments from the dredged ditch removed 19%
less P (76 mg) from the flume water when it was spiked with dissolved P to approximate long-term runoff con-
centrations. Irradiation of sediments to destroy microorganisms revealed that biological processes accounted for
up to 30% of P uptake in the coarse textured sediments of the dredged ditch and 18% in the fine textured sedi-
ments of the undredged ditch. Results indicate that dredging of coastal plain drainage ditches can potentially
impact the P buffering capacity of ditches draining agricultural soils with a high potential for P runoff.
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INTRODUCTION

Eutrophication is the most common impairment of
surface water in the United States (U.S. Geological
Survey, 1999), and is exacerbated by phosphorus (P)
runoff from agricultural land (Carpenter et al., 1998).
In areas of poor soil drainage, open ditches can serve
as important conduits of nutrients, with P as a par-
ticular concern in areas where livestock manures are
applied to field soils (Sharpley et al., 2007). For
instance, drainage ditches of the Delmarva Penin-
sula’s poultry producing region have been reported to
export more than 20 kg/ha of total P in a single year
from fields receiving poultry litter (Needelman et al.,
2007). Although ditches are primarily designed to
route excess water from agricultural field soils, they
can have a profound effect on chemical and biological
processes that control nutrient mobility to the water
bodies (Needelman et al., 2007). Thus, successful
management of P loss from ditch-drained soils
require consideration of not only field management
practices but also the role of drainage ditch manage-
ment on P transport and transformations (Sharpley
et al., 2007).

Various ditch management practices have the
potential to affect P transport in drainage ditches,
including controlled drainage, sediment removal, and
vegetated buffers, with the effects of some practices
better understood than others (Needelman et al.,
2007). Controlled drainage (use of coffer dams to raise
water tables during critical periods of flow) and vege-
tated buffers have been identified as best management
practices for nutrient conservation, and considerable
data exist on their effects on water flow and nutrient
losses (Cooper et al., 2004; Strock et al., 2007). A more
common ditch management practice, but one that has
received considerably less attention from the stand-
point of nutrient management, is dredging.

Dredging is performed periodically, but routinely,
in drainage ditches to increase the flow of water in a
ditch and ensure adequate capacity for drainage. On
the Delmarva Peninsula, most ditches are dredged on
a 10- to 30-year cycle (Public Drainage Task Force,
2000). The excavated materials are generally depos-
ited on ditch banks and in adjacent fields where they
may be susceptible to erosion by runoff (Needelman
et al., 2006). Dredging also removes biomass (stand-
ing as well as that associated with sediments), and
newly uncovered sediments typically contain different
abundances, diversity, and species composition of
organisms than the removed sediments (Koel and
Stevenson, 2002). In addition, dredging exposes min-
eral sediments that most likely have different nutri-
ent buffer capacities than the sediment that was
removed.
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To date, research on the effect of dredging on P
transport in drainage ditches has been limited to sev-
eral studies from Indiana, limited by geographic scope
and even conflicting findings. Smith et al. (2006) con-
ducted flume experiments with sediments represent-
ing conditions before and after dredging to evaluate P
sorption of enriched ditch water followed by desorp-
tion to clean ditch flow. They found that dissolved P
removal from water representing P-enriched condi-
tions was greater for sediments removed by dredging
than it was for the new sediments exposed after
dredging. When the flume waters were replaced with
deionized water, the sediments representing post-
dredging conditions released more dissolved P to the
water column than did the sediments representing
predredging conditions. Thus, dredging appeared to
reduce the capacity of ditches to buffer P losses from
agricultural catchments. Later findings by Douglas
Smith (2007, personal communication), however, indi-
cate that the long-term (seasonal or annual) impacts
of dredging may not be quite as detrimental to water
quality as those expected immediately after dredging.

A mechanistic understanding of the role of dredg-
ing on P fate within drainage ditches requires consid-
eration of abiotic and biotic processes. The abiotic
exchange of P between the water column and sus-
pended and/or bottom sediments is widely considered
as a dominant component of the P cycle in fluvial sys-
tems (McCallister and Logan, 1978; Klotz, 1985).
Exchange processes that affect the ability of a stream
to temporarily retain and regulate dissolved P con-
centrations are governed by geochemical factors such
as pH, oxidation and reduction, organic matter con-
tent, electrolyte composition, and sediment composi-
tion (mineralogy and texture) (Syers et al., 1973,
Klotz, 1985; Stone and English, 1993). Also, P reten-
tion can vary within stream reaches depending on
stream morphology and vegetation (Munn and Meyer,
1990). For instance, finer sediments found in pools
have been found to have a higher retention capacity
for dissolved P than coarser sediments in riffles
(Munn and Meyer, 1990).

Several studies have cited microbial processes to
be important to P dynamics in fluvial systems (Horne
and Goldman, 1994; Barko and James, 1998; Hag-
gard et al., 1999). For instance, immobilization of dis-
solved forms of P by sediment-associated microbes
can significantly enhance the ability of a stream to
buffer P inputs (Haggard et al., 1999). Sharpley et al.
(2006), evaluating the effect of physical, chemical,
and biological properties of ditch sediments collected
from forested and agricultural areas of a single farm,
found that microbial P biomass accounted for 25-40%
of P uptake. However, the proportion of P in the
microbial biomass can fluctuate in response to envi-
ronmental changes, including redox conditions and
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water and nutrient availability (Gachter and Meyer,
1993). Elsewhere, Sallade and Sims (1997) observed
that the equilibrium P concentration at zero sorption
(EPCy) of ditch sediments overestimated dissolved P
concentrations in winter ditch water samples and
underestimated concentrations in summer ditch
water samples, hypothesizing that these discrepan-
cies reflected changes in P solubility of ditch soils
with seasonal cycles of biological immobilization/
mineralization and oxidation/reduction.

Given the importance of drainage ditches to P
export from agricultural lands on the Delmarva Pen-
insula, as well as the paucity of information on the
effects of dredging drainage ditches on P transport
processes, we sought to evaluate the effect of dredg-
ing on P transport from ditches draining P-enriched
agricultural soils through a series of flume experi-
ments. Specifically, ditch sediments, representing
conditions before and after ditch dredging, were
exposed to a series of treatments in a recirculating
flume to assess their capacity to serve as a source or
sink of dissolved P in flowing water. As part of these
experiments, we sought to isolate the effects of dredg-
ing on abiotic and biotic processes.

MATERIAL AND METHODS

Site Description

Two drainage ditches were identified on the
research farm at the University of Maryland Eastern
Shore (UMES), Princess Anne, Maryland, within the
24,000-ha Manokin River Watershed. Prior to its pur-
chase by UMES in 1997, the farm had been a com-
mercial broiler operation for nearly 30 years. Mean
annual rainfall in Princess Anne is 1,110 mm and
mean temperature is 13°C (U.S. Department of Agri-
culture-Natural Resources Conservation Service,
2006).

Soils on the UMES farm belong primarily to the
poorly drained Othello series (fine-silt, mixed, active,
mesic Typic Endoaquult), which are derived from silt
eolian sediments underlain by coarser marine sedi-
ments (Matthews and Hall, 1966). Due to its long his-
tory as a poultry operation, the farm’s soils have
Mehlich-3 P concentrations as high as 450 mg/kg in
the surface horizons and 80 mg/kg in subsurface
horizons at 1-m depth.

Soils on this farm are extensively ditched, with
shallow field ditches (<1.5 m) maintained by the
farm operator draining to deeper collection ditches
(>2 m) that are managed by a public drainage associ-
ation. The drainage ditches used for this study
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belong to the field ditch category (1.0 m deep x 280-
300 m long) and are described as Ditches 1 and 2 by
Kleinman et al. (2007). These ditches have a com-
bined contributing area of approximately 4.5 ha, and
drain fields that are in an annual rotation of corn
(Zea mays L.) and soybean (Glycine max L. Merr.).
Kleinman et al. (2007) estimated that surface runoff
contributed only 3-9% of the flow in Ditches 1 and 2,
indicating that more than 90% of ditch flow derives
from ground water. Prior to dredging, ground-water
wells monitored over a two-year period had average
dissolved P concentration of 0.02 mg/l at depths cor-
responding with the bottom of the ditch (1.3 m).
However, this concentration does not represent storm
flow conditions when most P is transport in ditch
flow.

Ditch 1 (Figure 1A) was dredged in July 2006,
shortly before sediment sampling, while Ditch 2
(Figure 1B) remained undredged. Dredging was con-
ducted by using a backhoe and laser level, engineered
to provide a 0.2% slope while removing approximately
0.5 m of bed material. Dredged material was hauled
off-site so that it would not serve as a potential
source of nutrients and sediment to field runoff and
ditch water flow.

Sediment Sampling and Irradiation

Sediment sampling was conducted in October
2006, shortly after the dredging of Ditch 1. At the
time of the sediment collection, vegetative cover was
removed before sampling (vegetation had not yet
become established in Ditch 1). Bulk samples of the
upper 5 cm of sediment were collected, placed into
110 1 sealed plastic containers, mixed thoroughly, and
stored at 4°C.

To test the effects of sediment microbial pro-
cesses on P fate, half of the sediment sample from
each ditch was irradiated at a dose of 5 Megarads
(Sterigenics International, Inc., Oak Brook, Illinois).
The gamma radiation is a form of pure energy,
emitted from Cobalt-60, similar in many ways to
microwaves and X-rays. This irradiation is gener-
ally characterized by its deep penetration and low
doses rates, and effectively kills microorganisms by
attacking the DNA molecule.

Three-Phase Flume Experiment

A flume (a stream simulator), previously described
by McDowell and Sharpley (2003), was used to evalu-
ate sediment controls of dissolved P transport in
simulated ditch flow. Two replicates of each ditch
sediment (dredged and undredged) were placed into

1502 JoURNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION



IMPACT OF DREDGING ON PHOSPHORUS TRANSPORT IN AGRICULTURAL DRAINAGE DiTCHES oF THE ATLANTIC COASTAL PLAIN

FIGURE 1. Experimental Sites in the UMES Research Farm. Site
(A) dredged drainage ditch, site (B) undredged drainage ditch.

separate, 10-m x 20-cm flumes to a depth of approxi-
mately 5 cm. The flumes were set at a slope of 0.7%.
The reservoir of each flume was filled with 2001 of
water. Water was pumped onto the sediment at
0.17 1/s (the mean base flow of the two ditches) at the
uphill end of the flume and reentered the reservoir at
the downhill end of the flume.
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The experiment involved three phases, each lasting
48-hour, as follows:

1. an initial “Equilibration” phase in which sedi-
ments were exposed to deionized water to assess
initial P desorption;

2. an “Uptake” phase in which water from the
Equilibration phase (Phase 1) was first removed
and the sediments were then exposed to simu-
lated runoff water to assess P uptake by the sedi-
ments; and

3. a final “Release” phase in which the water from
the Uptake phase (Phase 2) was removed and
sediments were again exposed to deionized water
to assess their potential to retain the P from the
Uptake phase.

For the Uptake phase (Phase 2), water that equili-
brated in the flumes during the Equilibration phase
(Phase 1) was replaced with 200 1 of water enriched
with P (2.5 mg/1) from poultry litter to represent sur-
face runoff input from surrounding agricultural fields
(Kleinman et al., 2007). This simulated runoff water
was created by steeping poultry litter from the UMES
Research Farm in deionized water for 24-hour at
25°C. After 24-hour, the liquor was analyzed for dis-
solved P and subsequently diluted into 200 1 of deion-
ized water to achieve the final desired dissolved P
concentration of 2.5 mg/l. Notably, the use of deion-
ized water in the Equilibration and Release phases
(Phases 1 and 3) does not precisely simulate the ionic
strength of ditch water; however, deionized water is
frequently used to quantify the maximum potential
for soils or sediments to release P to solution, and
trends observed with deionized water and water with
weak ionic strength should not be substantially dif-
ferent.

Flume water samples were collected at the down-
hill end of the flume (just prior to reentry into the
reservoir) during all phases (Equilibration, Uptake,
and Release) using automated samplers (Model 900;
American Sigma, Lakeland, Colorado) at increasing
time intervals during each phase: 5 min (0-15 min),
15 min (30-60 min), 30 min (90-120 min), 1 hour (3-
6 h), 2 hour (8-16 h), and 4 hour (20-48 hour). Sam-
ples were removed from the auto-sampler daily,
immediately filtered (0.45 um), and stored at 4°C
prior to laboratory analysis.

Both nonirradiated and irradiated sediments were
subjected to the Equilibration phase (Phase 1). Dur-
ing the Uptake phase (Phase 2) of the experiment
with irradiated sediments, apparently sediments had
become colonized by microbes. Because the intent of
testing irradiated sediments had been precluded,
which was to assess the role of microbial processes
in P cycling, only nonirradiated sediments were
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subjected to the final two phases of the flume experi-
ments.

Laboratory Analyses

Sediment Characterization. Sediments repre-
senting initial conditions as well as conditions at the
end of each experimental phase were analyzed for
Mehlich-3 P (Mehlich, 1984) and water extractable P
(WEP). Mehlich-3 P was analyzed by shaking 1 g of
sediment with 10 ml of Mehlich-3 P solution (0.2 M
CH3;COOH + 0.25 M NH4NO3; + 0.015 M NH,F +
0.013 M HNOj3 + 0.001 M EDTA) for 5 min. WEP
was determined using the method of Vaughan et al.
(2007b) by shaking 1 g of soil in 10 ml of deionized
water for one hour. The supernatant was filtered
(Whatman #1) and extracts analyzed colorimetrically
(Murphy and Riley, 1962). Ammonium oxalate
extractable P, Al, and Fe were extracted from sedi-
ments by shaking 0.5 g of sediment with 20 ml 0.1 M
(NH4)20204.H20 +0.1 M H20204.2H20 (pH adjusted
to 3.0) in the dark for 4 hour (McKeague and Day,
1966). Extractable Al, Fe, and P (Al,,, Fe.y, P.x) Were
determined in the supernatant by inductively coupled
plasma optical emission spectroscopy.

Total P in the sediments was measured by modi-
fied semi-micro Kjeldahl procedure (Bremner, 1996),
with P determined by the method of Murphy and
Riley (1962) at 2 = 712 nm. Particle size distribution
of sediments was determined by hydrometer method
(Day, 1965). Organic matter was determined by the
loss on ignition method (360°C), and pH was deter-
mined in water (1:1).

Phosphorus sorption isotherms for irradiated and
nonirradiated sediments were generated by shaking
1 g of sediment with various additions of P (0-
1,000 mg/kg added as KH3PO,) in 25 ml of 0.01 M
CaCl, on an end-over-end shaker at 24°C (Nair et al.,
1984). After 24 hour, sediment suspensions were cen-
trifuged and filtered (Whatman #1), filtrate P concen-
tration was determined by the colorimetric method of
Murphy and Riley (1962).

Flume Water Analysis. Water samples were ana-
lyzed for dissolved P via phosphomolybdate reduction
using Lachat QuickChem Method 10-115-01-1-A
(Diamond, 1995).

Batch Sediment Uptake and Release
Evaluations. To elucidate abiotic and biotic pro-
cesses affecting sediment P dynamics, sequential P
uptake and release experiments were conducted.
Fresh sediments were incubated in the laboratory
(25°C) with a series of solutions at a sediment:solution
ratio of 1 g:2.5 ml, which was identical to the sedi-
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ment:solution ratio of the flume experiments. Sedi-
ment samples representing conditions at the start of
the flume study were first subjected to a 24-hour per-
iod of P uptake in a solution of 2.5 mg P/1 (as
KH,PO,). This step was used to simulate the P
Uptake phase of the flume experiments. Samples were
then centrifuged and the solution and solid phases
separated by filtration (Whatman #1). Solution P was
analyzed by colorimetry. Sediment samples were then
subjected to a 24-hour release period using 0.01 M
CaCl, solution. This step simulated the P Release
phase of the flume experiments. Solid solution separa-
tion by filtration and solution P determination steps
were repeated. Following this step, a subset of the
samples was irradiated, as described above. Irradiated
sediment samples and nonirradiated sediment sam-
ples were then subjected to a final 24-hour period of P
release in 0.01 M CaCly solution, and the same proce-
dure described above was used to determine dissolved
P. The role of biotic processes in P uptake was calcu-
lated by the difference in dissolved P obtained from
irradiated and nonirradiated sediments for this final
release phase. All treatments were conducted in dupli-
cate.

Data Analysis

Phosphorus sorption properties of the sediments
were estimated from the isotherm data using a Lang-
muir model. The P sorption maximum (S,,.,; mg/kg)
was calculated as the reciprocal of the slope of the
plot C/S vs. C, where C is dissolved P concentration
in solution and S is the concentration of P sorbed by
the sediment. The binding energy (I’kg) was esti-
mated by dividing the slope of the same relationship
by the y-intercept (Olsen and Watanabe, 1957; Syers
et al., 1973). The initial slope of a graph of P sorbed
(mg/kg) against P remaining in solution (mg/1) was
used to estimate equilibrium P concentration (EPCy;
mg/1) as the solution P concentration at which no net
sorption or desorption occurred (0 mg/kg). The degree
of P saturation (DPS) of the sediments was estimated
as

DPS (%) = (Pox/Alox + Feox) x 100, (1)

where Al,y, Fe,x and P,y are in mmol/kg (Breeuwsma
and Silva, 1992).

Dissolved P concentrations and time after initia-
tion of the flume experiments were modeled using a
power function

C=atf (2)
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where ¢ is the time after the onset of flow (minutes),
o estimates the y intercept, and f quantifies the rate
of change in P concentrations. Power equations were
fitted by regression techniques in SPSS v.10.0 (SPSS,
1999) and a coefficient of determination estimated
from the linear relationship of observed and predicted
values.

Plateau analyses were conducted on temporal
trends in dissolved P by split regressions (quadratic-
linear) as part of the NLIN routine in SAS v. 8 (SAS
Institute Inc, 1999). Analysis of variance, Tukey’s
mean separation, and Student’s ¢-test were performed
in Minitab v. 15 (Minitab Inc., 2001). Results dis-
cussed in the text were considered significant at
o = 0.05.

RESULTS AND DISCUSSION

Initial Properties of Ditch Sediments

Prior to the dredging of Ditch 1, the two ditches
were believed to have undergone similar management
histories, such that the ditch sediments had similar
properties before dredging (Vaughan et al., 2007b).
Fields surrounding the two ditches were managed
similarly, as reflected by similar Mehlich-3 P (421-
447 mg/kg) and DPS (66-78%) values of field soils
(Kleinman et al., 2007). From 2001 to 2006, mean
annual flow from the ditches ranged from 3,308 m?
(2001-2002) to 17,999 m? (2004-2005) with differences
primarily reflecting variability in annual rainfall
(762 mm during 2001-2002 period and 1,371 mm dur-
ing 2004-2005 period). Mean annual losses of P from
the ditches ranged from 1.4 kg total P/ha (2001-2002)
to 26.2 kg total P/ha (2003-2004).

Dredging Ditch 1 exposed sediments that differed
dramatically from those in the undredged ditch

(Table 1). Dredging removed sediments high in
organic matter (85 g/kg) with fine particles (19%
sand, 41% clay) and exposed sediments of coarse tex-
ture (68% sand, 15% clay) with low organic matter
content (2.2 g/kg). These differences coincided with
substantially lower P sorption capacities in the sedi-
ments exposed by dredging, as reflected by oxalate
extractable Al and Fe, which were roughly five to 11
times lower, respectively, than concentrations in the
sediments from the undredged ditch (Table 1). Nota-
bly, the pH of all sediments was <5.0, although the
lowest pH values were observed in the sediments
from the undredged ditches that had higher concen-
trations of Al and Fe, and likely had higher concen-
trations of organic acids (Vaughan et al., 2007a).
Higher concentrations of P were observed in sedi-
ment from the undredged ditch (Table 1), likely rep-
resenting the accumulation of P from surface and
near-surface flow over time, as well as the deposition
of P-enriched sediments and organic matter
(Vaughan et al., 2007b). Undredged ditch sediments
had higher EPCy, and DPS, but due to their higher
Al,, and Fe,, content, had a higher S, ., (Table 1).

Three-Phase Flume Experiment — Nonirradiated
Sediments

Phase 1: Phosphorus Equilibration. Sediments
equilibrated rapidly with deionized water in the
flumes. For the sediments from the dredged ditch,
the concentration of dissolved P in the flume water
increased within the first 5 min and remained con-
stant (mean = 0.01 mg/1) for the duration of the
phase. For the sediments from the undredged ditch,
dissolved P concentrations increased over the initial
140 min before plateauing at a mean concentration of
0.13 mg/1 (Fig. 2A). During the Equilibration phase,
differences in dissolved P concentrations between the
two sediments resulted in significantly more P being

TABLE 1. Physical and Chemical Properties of Undredged and Dredged Ditch Sediments Before and After Irradiation.

Oxalate

Sediments M3P WEP TotalP P Al

Fe Sorption Maximum EPC, DPS Binding Energy pH OM Sand Silt Clay

mg/kg mg/l % IV’kg g/kg %
Nonirradiated
Dredged 53 0.5 146 80 246 484 187 0.03 15 0.366 49 22 68 17 15
Undredged 117 1.2 1,002 1,073 1,266 5,328 459 012 24 0.454 4.2 85 19 34 41
Irradiated
Dredged 66 0.45 90 96 283 501 159 0.04 16 NA 54 22 68 17 15
Undredged 159 2.67 1,038 1,294 1,550 5,896 455 0.13 26 NA 4.4 98 19 34 41

Note: EPCy, equilibrium phosphorus concentration; DPS, degree of P saturation; M3-P, Mehlich-3 extractable soil P; OM, organic matter;
WEP, water extractable P.
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FIGURE 2. Three-Phase Experiment. Phosphorus equilibration
phase (A), uptake phase (B), and release phase (C) over 48 hours
for nonirradiated ditch dredged sediments.

released from sediments of the undredged ditch
(26 mg P) than from those of the dredged ditch (2 mg
P). Relative differences in dissolved P concentrations
related well to the initial EPC, values of the dredged
ditch (0.03 mg/1) and undredged ditch (0.12 mg/1)
sediments, and corresponded roughly with differences
in the various P pools (Table 1), consistent with P
release findings from other flume experiments that
evaluated sediments with contrasting properties (e.g.,
Smith et al., 2006; Sharpley et al., 2007). As such,
dredging the fine textured, P-rich sediment would
appear to substantiate the lower potential for ditch
sediments to serve as a source of dissolved P to ditch
flow, at least when dissolved P concentrations are low
in the remaining ditch sediments.
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Phase 2: Phosphorus Uptake. The addition of
simulated runoff water (2.5 mg/l1 dissolved P) to
flumes resulted in significant removal of dissolved P
from the recirculating water, with a different magni-
tude in P uptake observed between the two sediments
(Figure 2B). Despite their higher initial P content
and EPC,, sediments obtained from the undredged
ditch removed 420 mg of added P, equilibrating after
14-hour at a mean dissolved P concentration of
0.4 mg/l (equivalent to 83% removal of dissolved P
from simulated runoff water). In contrast, the sedi-
ments from the dredged ditch removed a total of
338 mg P from the flume water, with dissolved P con-
centrations continuing to decline during 36-hour
before reaching a final concentration of 0.81 mg P/1
(equivalent to 68% removal of dissolved P from simu-
lated runoff water).

The quantity of dissolved P uptake by sediments
reflects differences in their sorption properties, with
concentrations at the end of the 48-hour recirculation
period consistent with the S,,.x of the two sediments
(Table 1). As described above, the greater concentra-
tions of oxalate extractable Fe and Al in the un-
dredged ditch sediments point to a greater P sorption
capacity. Removal of reactive Fe and Al in sediments
by dredging decreased the capacity to remove added
P in ditch flow. Notably, the kinetics of P uptake also
appeared to be related to P sorption properties. When
the relationship of dissolved P concentration in runoff
and time were described by a power function, the
decay rate (= -0.18 for dredged ditch sediments
and f =-0.33 for undredged ditch sediments) and
Langmuir binding energy (0.366 1’kg for dredged
ditch sediments and 0.454 I/’kg for undredged ditch
sediments) were proportional (Tables 1 and 2).

Results of the Uptake phase corroborate earlier
results from the literature. Meyer (1979), conducting
a batch experiment to evaluate P sorption by sedi-
ments ranging from course sands with low organic
matter content (1%) to silts with high organic matter
content (8%), reported that the silt sediments
removed 93% of dissolved P from solution within
5 min, whereas the sandy sediments removed only
19% of dissolved P from solution during the same
period. In a flume experiment similar to that of the
current study, Smith et al. (2006) found that before

TABLE 2. Kinetic Parameters From P Uptake and
Release Experiments With Nonirradiated Sediments.

Uptake Release
Sediments o p r’ ol p r’
Dredged 3.6867 —-0.1753 0.89  0.047 0.1663  0.87
Undredged  5.3098 -0.3256 0.96 0.0134 0.4792 0.99
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dredging, P sorption by ditch sediments was more
rapid and equilibrated at a lower concentration than
sediments exposed by dredging. Our study also found
that P sorption was related to the reactive Fe and Al
concentration of sediments.

Our findings highlight the potential importance of
ditch sediments in buffering field losses of P in runoff
and contrast with initial inferences drawn from the
Equilibration phase of the flume experiment. Sedi-
ments exposed by dredging had properties that sub-
stantially lowered their ability to remove P from
flowing water. As most P in flow from the two ditches
occurs during periods of runoff (5-year average was
60%, ranging from 47 to 75%), the initial concentra-
tions used in this phase are representative of those
observed under natural conditions (Kleinman et al.,
2007). In this scenario, results of the Uptake phase
point to dredging as decreasing the potential for
ditches to buffer field losses of P. The slower uptake
rate by sediments after dredging suggests that the
impact of dredging on P transport under field condi-
tions could be substantially greater than the impact
observed in a recirculating flume. In other settings,
however, a different stratification of sediments of
varying properties may occur (e.g., P sorption poten-
tial often increases through the profile of upland
soils). Thus, these results should be interpreted in
the context of an Atlantic Coastal Plain setting where
fine textured surface materials with relatively high P
sorption overlie coarse textured materials of low P
sorption potential.

Phase 3: Phosphorus Release Following
Uptake. A large amount of P removed from the
water column during the Uptake phase was released
back to the deionized water introduced into the
flumes at the beginning of the Release phase (Fig-
ure 2C). A total of 10% (dredged) and 30% (un-
dredged) of P taken up in the previous phase was
released back to the water column from sediment.
Release of P from undredged ditch sediments contin-

ued through the 48-hour period with a final concen-
tration of 0.60 mg/l. For sediments from the dredged
ditch, P release occurred primarily during the initial
10-hour, after which dissolved P concentrations
remained static at 0.17 mg/l. These findings suggest
that recently adsorbed P in sediment from the un-
dredged ditch is more labile than P in the dredged
ditch sediment, and are consistent with the differ-
ences in WEP concentrations of sediment samples
obtained at the end of the Release phase (Table 3). It
is likely that the extremely high DPS of the undr-
edged sediments (24%), well above environmental
thresholds for soils reported elsewhere in the litera-
ture (e.g., Kleinman et al., 2000; Maguire and Sims,
2002), contributed to the poor retention of P from the
Uptake phase. It is important to note that DPS calcu-
lated by other studies sometimes include an o coeffi-
cient to modify the P sorption capacity portion of this
equation, whereas we do not. In studies employing
the common o of 0.5, DPS values would be twice
those estimated in the current study.

Findings of this study differ markedly from those
obtained in several other recent flume studies of sedi-
ment controls on P transport. Smith et al. (2006),
who evaluated ditch sediments representing condi-
tions before and after dredging, reported significantly
greater concentrations of dissolved P in flumes with
sediments obtained after dredging, despite lower
removal of dissolved P in the Uptake phase by these
same sediments. They concluded that the sediments
exposed to ditch flow prior to dredging converted dis-
solved P into more stable complexes than sediments
after dredging. Elsewhere, McDowell and Sharpley
(2003) found that fluvial sediments that removed
most dissolved P from the water column during peri-
ods of relatively high dissolved P concentration in
flow, released less dissolved P at a later point when
concentrations in the water column were lower. As
protocols in the studies of Smith et al. (2006) and
McDowell and Sharpley (2003) were similar to
those employed by the current study, the sediment

TABLE 3. Mehlich-3 P and Water Extractable P Concentrations of Nonirradiated and
Irradiated Sediments for Each Phase of the Flume Experiment.

Dredged Undredged Dredged Undredged
Nonirradiated Irradiated

WEP M3P WEP M3P WEP M3P WEP M3P
Phases mg/kg mg/kg
End of Equilibrium phase 0.77 (0.04) 76 (6.67) 1.4 (0.27) 113 (3.49) 0.58 (0.00) 73 (10.12) 2.71 (0.03) 143 (13.06)
End of Uptake phase 0.79 (0.08) 75 (8.14) 1.9 (0.15) 135 (10.41) NA NA NA NA
End of Release phase 0.60 (0.07) 62 (0.27) 1.6 (0.04) 120 (5.20) NA NA NA NA
Note: M3-P, Mehlich-3 extractable soil P; WEP, water extractable P; NA, not available.
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properties might account for the discordant findings.
For instance, the DPS and EPC, of the sediments
evaluated by Smith et al. (2006) were greater follow-
ing dredging than before dredging, whereas the DPS
and EPC, of sediments in the current study were
lower in sediments following dredging.

Results of the Release phase demonstrate the
dynamic nature of sediment interactions with flowing
water and potential for variable roles of sediments as
sinks or sources of P to ditch flow. Under one set of
conditions, sediments served as relatively large sinks
of P, while under another set of conditions they
served as substantial sources of P to water. Even so,
when one sums the mass of P measured in the flume
water at the end of each phase of the flume experi-
ment, the accumulated mass of P remaining in flume
water was similar for the two sediments, totaling
243 mg for the dredged ditch sediments and 235 mg
for the undredged ditch sediments. Although these
absolute values are largely a function of the protocol
of the current experiment (e.g., dissolved P concentra-
tion, recirculation of flow, duration of experimental
phase), they help place the large losses observed in
the Release phase into context. Dredging ultimately
resulted in a 4% increase in P retained in flow across
the three phases of the flume experiment.

Biological Processes Affecting Phosphorus
Uptake and Release. Biological processes appeared
to affect both P release and uptake characteristics of
the sediments, with laboratory experiments yielding
more definitive insight into these processes than the
flume experiments. In the flume experiment, concen-
trations of dissolved P in the water column varied
widely for the irradiated sediments, particularly for
flumes packed with the undredged ditch sediments
(Figures 2 and 3). The possibility exists that soil
microorganisms colonized the sediments of the open
flumes during the experiments, which spanned sev-
eral days and warrants caution in interpreting these
results. As a result, conclusions regarding biological
processes are derived primarily from the laboratory
batch experiments and sediment extractions.

Phosphorus Equilibration of Irradiated Sediments

Results of P Equilibration experiments indicate
that there was a substantial amount of microbial P in
the ditch sediments. Irradiation of the undredged
sediments resulted in the release of P from lysed cells
as indicated by the increases observed in sediment
WEP, Mehlich-3, P, and EPC, (Table 1). In the flume
experiments, irradiated sediments released 10% more
dissolved P to the flume water than did nonirradiated
sediments (Fig. 3). Elsewhere, Eno and Popenoe
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FIGURE 3. Phosphorus Equilibration Phase for
Irradiated Ditch Dredged and Undredged Sediments.

(1963) concluded that gamma irradiated treated sedi-
ments released more P as a result of cell lysis and
disruption of sediment organic matter.

Irradiation appeared to have a larger effect on dis-
solved P release from sediment of the undredged ditch
during the Equilibration phase, pointing to larger
pools of microbial P in these finer textured sediments
with high organic matter content than in the sedi-
ments of the dredged ditch. In the flume experiments,
dissolved P release was equivalent to 0.025 mg/kg
microbial P in the dredged ditch sediment and
0.05 mg/kg microbial P in the undredged ditch sedi-
ment. Irradiation resulted in greater increases in
WEP of sediment from the undredged ditch than in
sediment from the dredged ditch (Table 3).

Role of Microorganisms in Phosphorus Uptake

Laboratory simulation of the P Uptake phase
(batch experiment starting with a P-enriched solution
of 2.5 mg/1) resulted in trends by nonirradiated sedi-
ments that roughly followed those observed in the
flume experiments already described. Sediments from
the dredged ditch removed little dissolved P from the
enriched P solution (2.6%), whereas sediments from
the undredged ditch removed 24% of P from solution
(Figure 4A). An initial release phase of nonirradiated
sediments resulted in a return to solution of 75 and
83% of the P removed in the uptake phase by sedi-
ments from the dredged and undredged ditches,
respectively (Figure 4B). Subsequent irradiation of
sediments to release P immobilized during the
Uptake phase resulted in 30 and 18% differences in P
release between irradiated and nonirradiated
sediments of dredged and undredged ditches, respec-
tively (Figure 4C). Although these results were not
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statistically significant, they are consistent with esti-
mates in the literature of microbial contributions to P
uptake. McDowell and Sharpley (2003) estimated
that 30% of dissolved P uptake by fluvial sediments
occurred as a result of microbial immobilization.
Sharpley et al. (2007) observed a microbial contribu-
tion on P uptake of 22 and 42% for forest and agricul-
tural ditch sediments, respectively.

CONCLUSIONS

Data from this study show that for the short dura-
tion considered here, the potential for P transport in

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

drainage ditches is influenced by dredging. Removal
of P-saturated sediments with a high EPC, via dredg-
ing can decrease P release to flowing water by expos-
ing sediments with a lower EPC,; however, such
benefits can only be expected to occur when back-
ground concentrations of dissolved P in ditch flow are
regularly below the EPC, of the sediments that were
removed by dredging.

In areas such as the major livestock producing
areas of the Atlantic Coastal Plain, high concentra-
tions of dissolved P are routinely derived from
sources other than sediments (field soils, applied
manures, point sources) (Sallade and Sims, 1997,
Kleinman et al., 2007). In such cases, dredging can
significantly decrease the potential for sediments to
buffer dissolved P losses in ditch flow. Dredging
removes P sorbing materials as well as microbial pop-
ulations that can contribute substantially to dissolved
P uptake. In the current study, sorption of dissolved
P by mineral species (esp. sesquioxides) likely
accounted for 70-82% of P uptake by sediments. Rec-
ognizing the role of drainage ditches as a P sink is
vital to management of current farming systems.
However, ditches cannot be viewed as permanent P
sinks. Much of the P stored by ditch sediments is
highly labile, as demonstrated by the P Release phase
of the flume experiments.

Ultimately, the development of sustainable ditch-
drained farming systems requires the control of P
sources to and within ditches. While the current
study offers insight into the effects of dredging on the
fate of dissolved P in ditches, other aspects of dredg-
ing, such as the fate of dredged sediments that are
simply dumped on ditch walls or on adjacent field
soils, may play an equal or more important role in
the fate of P. Prudent management of drainage
ditches requires weighing the adverse impacts of
dredging with intended benefits.
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