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Abstract Stream discharge and chemistry (total

suspended solids TSS, nitrogen N, and phosphorus

P) were monitored for 15 months in six agricultural

watersheds on the U.S. Mid-Atlantic coastal plain.

Watersheds with similar land uses and a range of

hydric soils were used to test the hypothesis that hydric

soils generate large storm discharges due to low

permeability, resulting in watershed areas with high

loss rates of N, P, and TSS. To test the hypothesis,

discharge was monitored continuously, and a flow

separation method quantified the base and stormflow

contributions. Another primary goal was to measure

base and stormflow chemistry to quantify N, P, and

TSS export. Baseflow chemistry was monitored

monthly, and 31 storm events were sampled. Baseflow

chemistry varied little over the 15 months, but storm-

flow chemistry was dynamic, with three major

patterns: (1) TSS and particulate N and P had large,

brief peaks during the rising limb of storm hydro-

graphs; (2) phosphate and ammonium had broader

peaks close to maximum discharges; and (3) nitrate

concentrations decreased during the rising limb,

slowly returning to pre-storm levels. Event water

yields were correlated with volume-weighted mean

concentrations (VWMs) of N, P, and TSS, providing a

basis for estimating VWMs of unsampled events.

Export coefficients (kg ha-1 year-1) ranged over

22–33 for TN, 0.9–1.4 for TP, and 240–1140 for

TSS. Most P and TSS export occurred during storms

(71–99%), while most N export occurred during

baseflow (52–84%). The discharge data did not

support the hypothesis, and watershed slope, not

hydric soils, was the major control on storm discharge.

Surface ponding of water on hydric soils intercepted

runoff, reducing the impacts of the low infiltration

rates.
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Introduction

Streams draining human-altered landscapes are at risk

for poor water quality due to anthropogenic contam-

inants (e.g., Norvell et al. 1979; Novotny et al. 1985;

Jordan et al. 1997a, b; Fisher et al. 2006; Powers et al.

2016). These contaminants include nitrogen (N),

phosphorus (P), and total suspended solids (TSS),

which can impair not only stream systems but also

contribute to accelerated eutrophication and impaired

ecosystem functioning in downstream receiving

waters (e.g., NAS 2000; GOM Watershed Nutrient

Task Force 2001; Kemp et al. 2005; Fisher et al. 2010).

In agricultural regions, the primary sources of con-

taminants are animal husbandry and surface applica-

tions of fertilizer and manure for crop production (e.g.,

Correll et al. 1995; Denver et al. 2004; Beckert et al.

2011). These activities contribute anthropogenic N

and P to the soil which leaches into ground and surface

waters (e.g., Correll et al. 1995; Pionke et al. 1996;

Jordan et al. 1997c; Fisher et al. 2006). During storms

TSS is eroded from organic litter and mineral particles

in the upper soil layer, as well as from stream bank

erosion and re-suspended bedload from the bottom of

the stream channel (Kuhnle et al. 1996; Thompson

2008).

Stream discharge consists of baseflow and storm-

flow components, which vary over different time

scales. Baseflow originates from inflowing ground-

water from the surficial aquifer during periods of dry

weather and during storm events. The volume and

chemistry of baseflow varies primarily over time

scales of weeks to months (e.g., Fisher et al. 1998;

Sutton et al. 2009; Vanni et al. 2001). In contrast,

stormflow consists primarily of overland flow from the

stream’s contributing area during wet weather, and the

volume and chemistry of stormflow vary over shorter

time scales of minutes to hours due to rapid fluctua-

tions in precipitation and overland flow (e.g., Correll

et al. 1999; Fisher et al. 2006). While lasting only for

brief periods, storm events can have a disproportion-

ately large effect on seasonal or annual nutrient and

sediment export due to high concentrations of N, P,

and TSS and large discharge volumes that occur

during storm events (e.g., Correll et al. 1999; Pionke

et al. 2000; Gonzalez-Hidalgo et al. 2013).

Storm-driven transport of nutrients and sediment

from agricultural areas to receiving waters has been

the subject of many studies (e.g., Correll et al.

1995, 1999; Pionke et al. 1996, 2000; Jordan et al.

1997c; Vanni et al. 2001). These studies have shown

that the most important drivers of in-stream nutrient

concentrations (C) and export (E) are watershed

properties and hydrologic factors. The important

watershed properties include the proportion of agri-

cultural land use, animal density, extent of riparian

vegetated buffers, and soil permeability (e.g. well

drained versus poorly drained). Hydrologic factors

include stream flow characteristics such as flow

duration curves (e.g., Mohamoud 2010), flow fre-

quency distributions (e.g. Shields et al. 2008), or flow

metrics such as the annual baseflow index (e.g. Jordan

et al. 1997c). Other important hydrologic factors

include the characteristics of a given storm event in

terms of duration, precipitation type and intensity,

total depth of precipitation, and antecedent dry period.

Several reviews of the effects of stream discharge

(Q) on in-stream concentrations (C) have demon-

strated predictable patterns of watershed C-Q

responses using watershed properties (Basu et al.

2010, Moatar et al. 2017; Musolff et al. 2017; Aguilera

and Melack 2018).

In this study, the focus is on soil type, specifically

the effects of hydric soils on stream discharge, with a

second goal of quantifying the chemistry of storm

events. Hydric soils were formed under conditions of

saturation, flooding, or ponding persisting long

enough during the growing season to develop anaer-

obic conditions in the upper part (Federal Register

1994). Hydric soils have slow drainage rates and

require artificial drainage to allow agricultural crop

growth. Yet hydric soils occur in a significant fraction

of Coastal Plain areas, and it is important to under-

stand the role of hydric soils in watershed biogeo-

chemistry. Here we examine whether the low

permeability of hydric soils affects stormwater quan-

tity or quality at the small watershed scale on the Mid-

Atlantic Coastal Plain of the U.S. Although studies

have been conducted on the hydrologic effects of

compacted, urban soils and impervious surfaces (e.g.,

Groffman et al. 2003; Pitt et al. 2004), the hydrologic

impacts of hydric soils in agricultural areas are

generally not well understood with regard to stormwa-

ter. The impetus of this study, therefore, is to

contribute to a better understanding of how hydric

soils affect storm-driven transport of nutrients and

sediment to streams in agricultural watersheds. Our

approach to studying the effects of soil permeability
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was to monitor discharge and chemistry in six

agricultural watersheds with varying amounts of

hydric soils. Other important factors such as land use

and rainfall were controlled in the experimental

design, allowing us to isolate the impacts of hydric

soils on discharge and transport of N, P, and TSS

during storms. We hypothesize that watersheds with

greater amounts of hydric soils generate more over-

land flow during storm events than infiltration of

precipitation, resulting in greater stream discharges

relative to watersheds with better drained, non-hydric

soils.

Storms were sampled over a broad range of storm

sizes, including two extreme events. This enabled an

examination of the role of hydric soils at the upper end

of the storm size distribution for the study area. This

study also includes a systematic examination of

volume-weighted mean N, P, and TSS concentrations

in storm discharges using a flow separation program

for small watersheds (Koskelo et al. 2012). This

approach enabled an accurate estimate of annual

stormflow volumes and chemistry relative to other

approaches that do not utilize flow separation (e.g.

Focazio and Cooper 1995; Buffam et al. 2001). The

more accurate estimates of stormflow volumes and

chemistry revealed strong statistical relationships

between volume-weighted mean concentrations (N,

P, and TSS) and event water yields which were used to

quantify the contribution of unsampled storm events to

nutrient and sediment export at the annual time scale.

Methods

Study area

This study was conducted in the Choptank Basin

located on the Delmarva Peninsula in theMid-Atlantic

Coastal Plain of the U.S. (Fig. 1). The Choptank River

drains the central portion of the Delmarva Peninsula,

and tides and salt intrusion in the lower reach

transform the river into the Choptank estuary, a

tributary of Chesapeake Bay. The basin is primarily in

the state of Maryland (MD) with a small portion of the

headwaters extending into the state of Delaware (DE)

(Fig. 1). The dominant land use is agriculture (* 60%

of the basin by area; Fisher et al. 2006, 2010),

primarily for production of corn, wheat, barley, and

soybeans (McCarty et al. 2008). The basin contains

numerous small to medium animal feeding operations

for poultry and dairy operations, and waste materials

and manure from the animal feeding operations are

typically applied to corn and soybean fields as organic

fertilizer (McCarty et al. 2008).

The Choptank Basin has soil series derived from

parent material consisting of marine sands overlain by

delta sands and gravel. In the U.S. Department of

Agriculture (USDA) Soil Survey Geographic Data-

base, five primary soil series in the Choptank cover

78% of the land area: Sassafras (29%; deep, well-

drained sandy loams), Woodstown (24%; moderately

well-drained loamy soils), Fallsington (14%; deep,

poorly drained silts and clays), Elkton (6%; silty loams

with a low permeability subsoil), and Pocomoke (6%;

very poorly drained loam with a clay subsoil).

Sassafras and Woodstown soils are non-hydric and

primarily used for agriculture due to high permeabil-

ity, whereas the others are poorly drained, hydric, and

often interspersed with better drained soils. The well-

drained soils are associated with the ‘‘well-drained

upland’’ region in the southern Choptank near the

estuary, which is characterized by low elevations and

more incised stream channels (Phillips et al. 1993;

Hamilton et al. 1993). The poorly drained soils, on the

other hand, are associated with the ‘‘poorly drained

upland’’ region, located in the higher elevation

headwater area near DE where streams have limited

channel incision.

The Delmarva Peninsula has a humid temperate

climate with an average annual precipitation of

112 cm year-1 (Lee et al. 2001). While average

rainfall is relatively evenly distributed throughout

the year (Fisher et al. 2010), there are large seasonal

fluctuations in evapotranspiration (ET) that vary with

air temperature and insolation. Summers are charac-

terized by high rates of ET, dry soils, and low water

tables. As a result, a large portion of the rainfall

occurring during the summer is absorbed by soil and

returned to the atmosphere via ET, rather than moving

to streams. During summers, baseflow discharges are

low. In contrast, winters are marked by much lower

rates of ET, resulting in elevated groundwater levels

and soil moisture, higher baseflow discharges, and

greater discharge from storm events (Fisher et al.

2010).

The study watersheds consist of six 3rd and 4th-

order watersheds in the upper Choptank ranging from

14 to 27 km2 in area (Table 1, Fig. 1). All of the
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watersheds except Willow Grove have predominantly

agricultural land use representing 65–76% of the

watershed areas. While land use is constrained within

a narrow range, the watersheds have a broad range of

hydric soils, ranging from 15 to 97% by area

(Table 1). Hydric soils in the Choptank primarily

occur in low landscape positions where rain water

naturally accumulates (known locally as ‘‘Delmarva

Bays’’), although they can also occur in areas with

perched water tables and/or where soils are extremely

fine-grained (silts and clays). Beaverdam, North

Forge, and Willow Grove watersheds in the upper

Fig. 1 Location of the Choptank Basin and supplementary

USGS stations on the Delmarva Peninsula in the Mid-Atlantic

region of the USA (left) and detailed map of the Choptank Basin

(right). The study watersheds within the Choptank Basin are the

clear polygons, and the Greensboro MD basin gauged by USGS

is the shaded polygon

Table 1 Characteristics of the six study watersheds including size, slope, land use, and soil properties, ranked by % hydric soils

Watershed Area

(km2)

Watershed mean

slope (% rise)

%

Agriculture

%

Forest

USDA

hydrologic soil

groups %

% Hydric

soils

Primary

hydric soil

%

Watershed

area

A B C D

Cordova 27 0.70 76 18 60 22 17 1 15 Falsington 6

Kittys 14 0.70 65 32 52 22 23 2 26 Falsington 20

Blockston 17 0.40 71 28 2 40 20 38 34 Falsington 13

North

Forge

24 0.41 67 31 33 17 30 21 51 Pocomoke 20

Beaverdam 22 0.26 67 32 1 28 6 66 64 Pocomoke 34

Willow

Grove

15 0.31 34 58 0 1 2 97 97 Falsington 54

Hydrologic soil groups are A (very well drained), B (well-drained), and C (poorly drained), and D (very poorly drained). Hydric soils

are found in hydrologic soil groups C and D, and the primary hydric soil series is listed. Percentages (except watershed slope) refer to

percent of watershed area. Cordova and Willow Grove were only used for the hydrology analysis due to insufficient water chemistry

data
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headwaters are particularly high in hydric soils

([ 50% by area).

This study includes a detailed evaluation of stream

water chemistry and hydrology during storm events.

Most of the watersheds were included in both the

chemical and hydrologic analysis with the exception

of Cordova and Willow Grove (Table 1) which were

only evaluated for hydrology due to limited sampling

for chemistry. To supplement the Choptank dataset,

additional discharge data from over a dozen U.S.

Geological Survey (USGS) stream gauging stations

across Delmarva, including the one at Greensboro MD

(Fig. 1), were obtained to provide a broader spatial

context and a stronger statistical basis for testing the

hypothesis of this study.

Measurements of precipitation and discharge

Precipitation and stream discharge were monitored

continuously for 15 months (June 2006–August 2007,

or 457 days) at the six Choptank watersheds

(Table 1). Precipitation was measured as daily rainfall

using data from 17 gauges that were well-distributed

over a 50 9 50 km area in and near the study

watersheds. Most of the data were collected using

recording 20 cm diameter rain gauges at three refer-

ence stations in national monitoring networks: one at a

nearby National Atmospheric Deposition Program site

(NADP MD-13) and two at nearby National Weather

Service sites (Dover DE and Royal Oak MD).

Additional data were collected from six manual

10 cm rain gauges at the outlet of each watershed,

seven Weather Underground personal weather sta-

tions, and one 20 cm recording gauge at the Horn

Point Laboratory (HPL). The rainfall datasets for the

17 sites were evaluated to standardize the quality of

the data and to produce a continuous record of daily

precipitation (Pi, m day-1) averaged across all stations

for the duration of the monitoring period (Koskelo

2008). Briefly, the precipitation data were standard-

ized by assuming that the measurements from the

reference stations with better equipment and QC

procedures were more representative of precipitation

totals than the supplemental sites. An analysis by

Koskelo (2008) found that precipitation totals of some

supplemental sites deviated significantly from the

reference stations due to instrument or catch bias, and

therefore the data from these sites were adjusted to

match the average rainfall total of the three reference

stations during the study period. This approach

retained the temporal and spatial variations recorded

by the gauges but removed instrument or catch bias

from the non-reference sites. Data gaps at the supple-

mental sites were filled using average values from all

other sites.

Stream stage (m) and temperature (�C) data were

collected at 30-min intervals at the watershed outlets.

We used Solinst model 3001 data loggers attached to

the inside of a cinder block anchored in the stream

bottom. The blocks stabilized the loggers in place and

provided protection from storm debris. Corrections for

barometric pressure were applied to the stage data

using a separate reference barologger (Solinst model

3001) exposed to the atmosphere at HPL * 50 km

from the watersheds. A staff gauge installed near the

submerged data loggers provided visual records of

stream stage, and a linear relationship with a slope

of * 1 was developed between the staff gauge

readings and logger records for each watershed.

Stream discharge was measured as stage converted

to discharge using rating curves developed for each

watershed. The rating curves were developed for each

watershed by measuring discrete flow rates over a

wide range of stages over a 2–3 year period, including

the period of study (June 2006–August 2007). Dis-

charge was primarily measured with a Pygmy analog

velocity meter using the cross-sectional, area-velocity

method; however, during high discharges when wad-

ing the stream was not feasible, an RD Instruments

(Poway, CA) StreamPro Acoustic Doppler Current

Profiler was used. Overlapping discharge data from

the two instruments were consistent, and the stage-

discharge rating curves were all highly significant

(p\ 0.0001) exponential or linear/exponential func-

tions with r2 values of 0.94–0.99 (e.g., Fig. 2). Each

rating curve had at least 15 data points representing

paired stage and discharge measurements.

The 30-min stage data recorded by loggers at the

outlet of each watershed were processed as follows.

First, stage data were converted to instantaneous

discharge (Q, m3 s-1) using the rating curves and

aggregated to daily discharge for each day i of the

study period (Qi, m3 day-1). The daily discharges

were divided by watershed area (A, m2) to produce

daily water yields (Yi, m day-1), which allowed a

direct comparison of water yields with precipitation

(Pi, m day-1) and among watersheds of different sizes.

This process resulted in a continuous daily record of
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precipitation, discharge, and water yield for each

watershed during the 15-month monitoring period.

Identifying individual storm events

Storm events were identified using the computer

program Sliding Average with Rain Record (SARR,

Koskelo et al. 2012). The program identifies storm

events based on a flow classification system in which

all Qi in the discharge record are categorized as either

100 percent baseflow during dry weather (QB,i) or as a

mixture of base and storm discharge during wet

weather. SARR examines the Pi and Qi records to

identify inflection points in Qi which indicate the

beginning or end of a storm event. For days identified

as being part of a storm event, the baseflow component

QB,i is determined via linear extrapolation between

discharge data points that were previously identified as

marking the beginning and end of the storm event. The

remainder of the discharge is considered to represent

direct storm runoff or QS,i (where QS,i = Qi - QB,i).

The output of SARR is a table summarizing

precipitation and discharge data for each identified

storm event in the period of record. The output

table includes (1) start and end dates for each event j;

(2) total rainfall for each event j (Pe,j, m event-1),

computed as the sum of Pi during event j; (3) total

discharge (base ? storm flows) for each event j (Qe,j

m3 event-1), computed as the sum of Qi during event j;

and (4) the stormflow volume for event j (QS,j m
3

event-1), computed as the sum of QS,i during event j.

Q terms were normalized by watershed area to

produce water yields (Ye,j, YS,j). For more information

on SARR, see Koskelo et al. (2012). Table 2 summa-

rizes symbol definitions and units used throughout this

paper.

Sample collection

Monthly baseflow samples were collected manually

from June 2006 to August 2007 at the watershed

outlets. Samples were collected following 3 days of

dry weather to ensure that groundwater chemistry was

represented. The baseflow chemistry data used here

are part of a larger dataset collected in the Choptank

watersheds from 1986 to the present. The data are

summarized in Table 3, and subsets of the data have

been previously analyzed and published (Norton and

Fisher 2000; Fisher et al. 2006, 2010; Koskelo 2008;

Sutton et al. 2009, 2010). The baseflow data are used

to compare with the stormflow data, and to estimate

total annual baseflow export of N, P, and TSS. Sutton

et al. (2010) showed that monthly sampling of

Fig. 2 Example of stage-

discharge rating curve for

the Kitty’s Corner

watershed, a discontinued

USGS watershed, showing

data points collected by

Horn Point Laboratory

(HPL) and by the U.S.

Geological Survey (USGS).

A linear regression was fit to

the data points up to 0.7 m

of data points[ 0.7 mwhen

water overtopped the dam

depth when water flowed

only through a notch in the

dam, and an exponential

curve was fit to data

points[ 0.7 m when water

overtopped the dam
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baseflow in the Choptank watersheds is adequate to

resolve seasonal variations in baseflow chemistry.

Storm water samples were collected for 31 storm

events at four of the watersheds (Kitty’s Corner,

Blockston, North Forge, and Beaverdam; Table 1)

from June 2006 to August 2007. The samples were

collected using Teledyne ISCO (Lincoln, NE) model

3700 automated samplers installed at the outlet of each

watershed where baseflow samples were collected. A

strainer at the end of the ISCO sampling tube

prevented clogging of the tube, and the strainer was

mounted on top of the cinder block housing the stage

logger about 15–20 cm above the stream bottom to

avoid collecting bedload. The ISCO samplers were

programmed to collect 500 ml samples hourly and to

combine every two samples into a single 1000 ml

bottle, resulting in 24 samples (each representing 2 h)

over a 48 h period. This sampling frequency is

Table 2 Symbols used in this manuscript, with their units and definitions

Symbol Units Definition

A m2 Watershed area

Pi m day-1 Daily precipitation on day i (i = 1 - 457)

Pe,j m Cumulative daily precipitation during event j, Pe,j = RPi for i within event j (j = 1 - 99)

Te,j �C Average event stream temperature measured at 30 min intervals by the Levelogger

Q m3 s-1 Instantaneous (30 min) discharge calculated from the stage records and rating curves

Qk m3 s-1 Average of 4 nearest 30-minute discharge measurements associated with kth storm sample

(baseflow ? stormflow), k = 1–24

Qi m3 day-1 Daily discharge on day i of the study period

QB,i m3 day-1 Baseflow component of Qi estimated by SARR, occurs every day

QS,i m3 day-1 Stormflow component of Qi estimated by SARR, QS,i = 0 on baseflow days

Qe,j m3 Cumulative event volume (baseflow ? stormflow) during event j, Qe,j = RQi for i within event j

QS,j m3 Cumulative stormflow volume during event j, QS,j = RQS,i for i within event j

Yi m day-1 Daily water yield on day i, Qi normalized per ha of watershed area (A)

YB,i m day-1 Baseflow component of Yi identified by SARR for day i

YS,i m day-1 Stormflow component of Yi identified by SARR for day i

Ye,j m Cumulative water yield of baseflow ? stormflow during event j, Ye,j = R (YB,i ? YS,i) for i within

event j

CB,i g m-3 Measured concentration in a monthly baseflow sample collected manually

Ck g m-3 Measured concentration in kth composite of 2, one-hour storm samples collected by the ISCO sampler

(base ? storm water)

VWMj g m-3 Volume-weighted mean concentration during event j (base ? storm water, Eq. 1)

VWMS,j g m-3 Calculated volume-weighted mean for the stormflow component of event j (Eq. 3)

SEVWM g m-3 Standard error of VWMj (Eq. 4)

Dt h Difference in time between the peak or nadir of sediment or nutrient concentrations relative to peak flow

(Fig. 3)

EB,i kg day-1 Baseflow export on day i, EB,i = QB,i 9 CB,i

E kg year-1 Total annual export of TSS, N, or P in both baseflow and stormflow, E = EB ? ES

EB kg year-1 Annual export of TSS, N, or P in baseflow, EB = R QB,i 9 CB,i

Ej kg Export of TSS, N, or P in storm j

ES kg year-1 Annual export of TSS, N, or P in stormflow, ES = R QS,j 9 VWMj

Y kg ha-1 year-1 Total annual export of TSS, N, or P in both baseflow and stormflow (E) normalized per ha of watershed

area (A)

YB kg ha-1 year-1 Baseflow component of Y

YS kg ha-1 year-1 Stormflow component of Y
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consistent with the 1–2 day hydrologic response times

of the watersheds for small to moderate storms

(\ 2.5 cm per event, Fisher et al. 2010). The ISCO

sampling program was triggered using a small sensor

(Teledyne ISCO model 1640 liquid level actuator)

mounted * 1 cm above the stream surface. After the

storm, the samples were retrieved from the field

immediately, stored at 4 �C in the dark, and processed

within a few days. Acid preservatives were not used in

the sample bottles to avoid dissolution of particulate

nutrients (Jordan et al. 1997a).

Laboratory methods

Both the baseflow and stormflow samples were tested

for various types of N and P, and (in the case of the

storm samples) for TSS. The following symbols are

used to indicate water quality constituents that were

measured in the samples: dissolved reactive phosphate

(PO4
3-), particulate phosphorus (PP), total dissolved

phosphorus (TDP), total phosphorus (TP), dissolved

ammonium (NH4
?), dissolved nitrate ? nitrite

(NO3
-), particulate nitrogen (PN), total dissolved

nitrogen (TDN), total nitrogen (TN), and TSS. The

stormflow samples were tested for all of the above

while the baseflow samples were only tested for

PO4
3-, TP, NH4

?, NO3
-, and TN.

Water samples were processed using standard

laboratory methods. Samples were quantitatively

filtered with 0.4 lm Whatman Glass Fiber Filters

(GFF), and the filtrate was tested for dissolved

nutrients using a Lachat Autoanalyzer at the USDA’s

laboratory in Beltsville, MD. For TP, TDP, TN, and

TDN, the samples were digested using the persulfate

digestion method (Valderrama 1981) to oxidize all

forms of P and N to PO4
3- and NO3

- with an

efficiency of * 80% for TDP and[ 95% for TDN

using known organic compounds (Koskelo 2008).

The GFF filters from the quantitative filtration of

the storm samples were analyzed for PP, PN, and TSS.

For PP, the filters were combusted at high temperature

(450 �C) to remove organic matter and boiled in

hydrochloric acid to solubilize the PO4
3- residue

(Andersen 1976). The liberated PO4
3- was measured

using the ascorbic acid method (Strickland and

Parsons 1972). PN in the storm samples was measured

with an elemental analyzer (Exeter Analytical model

CE-440) at HPL’s Analytical Services Lab. Due to

financial and time constraints, only selected samples

corresponding to the rising limb, peak, and falling

limb portions of the hydrographs were tested for PP

and PN. TSS was measured as the change in dry

weight of the filter divided by the water volume. TN

and TP in stormflow were calculated as TDN ? PN

and TDP ? PP.

Both the baseflow and stormflow samples were also

tested for specific electrical conductivity (SEC, lmho

cm-1) and pH. The electrical conductivity and tem-

perature of samples was measured using a Yokogawa

model SC82 probe, and conductivity was converted to

SEC at 25 �C using a temperature coefficient of

0.023 �C-1 derived from samples collected at the

nearby USGS stream gauging station at Greensboro,

MD (Fig. 1, Fisher et al. 1998). The pH of the samples

was measured with a VWR Symphony model SP70P

probe calibrated with pH 4 and 7 standards.

Volume-weighting of the storm samples

For each storm event j, the volume-weighted mean

concentrations (VWMj, g m-3) of N, P, TSS, SEC,

and pH were computed. The measured concentrations

in each of the 24 ISCO storm samples (Ck) were

Table 3 Summary of baseflow chemistry in the four Choptank watersheds with sufficient sampling for water chemistry

Watershed NH4
? NO3

- TN PO4
3- TP

Kitty’s Corner 15 ± 3 210 ± 6 269 ± 7 1.1 ± 0.1 2.1 ± 0.1

Blockston 7.8 ± 1.9 468 ± 10 541 ± 11 0.75 ± 0.04 1.4 ± 0.1

Beaverdam 3.5 ± 0.5 283 ± 5 328 ± 6 0.68 ± 0.09 1.6 ± 0.1

North Forge 5.8 ± 1.4 316 ± 8 366 ± 9 0.70 ± 0.07 1.5 ± 0.1

Samples were collected monthly during 1986–1987 and 2003–2015. For analyses see Norton and Fisher (2000), Fisher et al.

(2006, 2010), Koskelo (2008), and Sutton et al. (2009, 2010). All concentrations are in lM (mean ± SE)
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multiplied by the average of the four closest 30-min

discharge values associated with each sample (Qk,

m3 s-1, Fig. 3a). The sum of the product of concen-

tration and discharge was normalized by the total

discharge during the event, as follows:

VWMj ¼
P24

k¼1 ðCk � QkÞ
P24

k¼1 Qk

ð1Þ

For pH, the measurement was de-logged before

volume-weighting and then re-logged. In a few cases

only selected storm samples were analyzed due to

financial constraints and the sample mid-point method

(Press et al. 2007) was used to estimate VWMj.

The values of VWMj (Eq. 1) were based on the

ISCO storm samples, which were a mixture of

baseflow and storm flow (Fig. 4c). To separate

VWMj into its baseflow (CB,j) and stormflow chem-

istry components VWMS,j), we used the baseflow and

stormflow discharge components QB,j and QS,i

(m3 day-1) provided by the SARR flow separation

program. We used the CB,i value closest in time to

estimate CB,j, and VWMS,j was derived from the

following mass balance:

ðVWMj � RQkÞ ¼ ðCB;i � RQB;iÞ þ ðVWMS;j

� RQS;iÞ ð2Þ

From this equation, VWMS,j was solved as follows:

VWMS;j ¼ VWMj � RQk

� �
� CB;i � RQB;i

� �� �
=RQS;i

ð3Þ

Equation 3 was used to quantify both a volume-

weighted mean concentration (VWMS,j) reflecting

overland flow, and a baseflow concentration reflecting

groundwater inputs to the stream. The error associated

with VWM terms was based on the sample variance

(Zar 1999), as follows:

SEVWM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

k¼1
ðCk�VWMÞ2

n�1

q

ffiffiffi
n

p ; ð4Þ

Fig. 3 a Example

hydrograph and

chemographs from a

November 2006 event

showing integration of the

30 min discharge (Q) data

and the composited 2 h

chemistry data (Ck) to

compute volume-weighted

means (VWMj).

b Calculation of the time

difference (Dt, arrow)
between the peak

concentration and the peak

discharge. Dt can be

negative (preceding the

discharge peak, as for PP) or

positive (following the

discharge peak, as for NO3
-,

shown in Fig. 4
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where SEVWM = standard error associated with

VWM, n = the number of samples collected during a

storm event (usually 24), and Ck is defined above.

Event temperature and timing of peak

concentrations

The mean stream temperature during each storm event

j (Te,j, �C) was used to evaluate effects of water

temperature on concentrations of N, P and TSS. Te,j

was calculated as the average of 30-min temperature

readings recorded in the stream during each SARR-

identified storm event j.

The difference in timing between peak discharge

and peak concentrations was calculated for all sam-

pled storm events to indicate the rates at which N, P,

and TSS were flushed from the watershed during

storms. The time difference (Dt, h) was calculated as

the number of hours between the discharge peak and

the concentration peak. Positive Dt values indicated

that concentrations peaked after discharge, while

negative values indicated the opposite. In some cases,

more than one value of Dt was calculated because of

multiple peaks in the storm hydrograph. For analytes

which decreased in concentration during stormflow

(e.g., NO3
-), the nadir rather than the peak was used to

calculate Dt. Examples are shown in Fig. 3.

Calculation of annual export coefficients

Total annual export of TSS, TN, and TP (E, kg year-1)

was calculated as the sum of baseflow export (EB,

kg year-1) and stormflow export (ES, kg year-1) for

each watershed. Annual baseflow export (EB) was

summed from daily baseflow export (EB,i, kg day-1),

which was computed as the product of daily baseflow

discharge (QB,i, m
3 day-1) and the monthly baseflow

concentration closest in time (CB,i, g m-3). To

estimate annual baseflow export (EB, kg year-1), the

daily baseflow export (QB,i 9 CB,i) was summed over

the 457 day monitoring period, scaled to one year, and

converted to kg. For comparisons among watersheds,

EB was normalized by watershed area (A, converted to

ha) to produce N, P, and TSS annual export coeffi-

cients for baseflow (YB, kg ha-1 year-1).

Fig. 4 a Daily rain (Pi) at Blockston watershed for WY 2007.

Note the inverted y axis. b Daily water yield (Yi) at Blockston

watershed separated into baseflow (YB,i shaded) and stormflow

(YS,i clear) components using the SARR program. c Example of

a single storm event at Blockston watershed in November 2006

showing daily precipitation (Pi), daily flow (Qi), and the 30-min

stream discharge (Q). Qi was separated by SARR into base

(QB,i) and storm (QS,i) components. d Stream concentrations

(Ck) of total P (TP, filled circles) and total N (TN, open circles)

during the storm event shown in (c)
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Annual stormflow export (ES, kg year-1) was

computed by summing the individual storm export

of TN, TP, and TSS for all sampled and unsampled

storm events within the monitoring period. During

each sampled event j, VWMS,j was calculated using

Eq. 3, or was derived from the relationships described

below (Fig. 9) for unsampled events. The individual

storm export during event j (ES,j, g event-1) was

estimated as the product of VWMS,j and QS,j. Annual

stormflow export (ES, kg year-1) was computed as the

sum of all individual storm events, scaled to one year,

converted to kg, and normalized by watershed area

(ha) to produce annual N, P, and TSS export coeffi-

cients for stormflows (YS, kg ha-1 year-1).

A few larger events were longer than the 48-h

sampling period. The calculated VWMj was not

representative of the entire event, and the discharge

volume associated with the unsampled portion of the

hydrograph was used to estimate a second VWMusing

the empirical relationships in Fig. 9. The first VWM

(based on sampling) was multiplied by the sampled

discharge volume, and the second VWM (estimated

using Fig. 9) was multiplied by the unsampled

discharge volume. The partial export values were

added to obtain the total event export.

Statistical analyses

Statistics and graphs were made in SigmaPlot v12.5.

Failure of a normality test resulted in use of a non-

parametric test, and parsimonious selection of

statistical models was based on the Akaike Informa-

tion Criterion (AIC, Akaike 1973). Complex models

were chosen over simpler models if the AIC values

were ± 7 (Burnham and Anderson 2002). The fol-

lowing symbols were used for statistical significance:

NS = not significant (p[ 0.05), *p\ 0.05,

**p\ 0.01, ***p\ 0.001.

The hypothesis that hydric soils generate more storm

discharge due to their low permeability was tested using

a correlation analysis. %hydric soils in each watershed

(both the Choptank watersheds and USGS watersheds)

was determined using the USDA SSURGO database.

For each watershed the % hydric soils was compared to

annual stormflow, annual baseflow, and total water

yields (m year-1) to test our hypothesis that the low

permeability of hydric soils enhances overland flow. To

test the alternative hypothesis that mean watershed

slope controls storm discharge, we calculated mean

watershed slope for the Choptank and USGS water-

sheds using ArcMap v10.1 and a 1-m resolution Digital

Elevation Model of the Delmarva Peninsula obtained

from MD iMAP Mapping and GIS Data Portal

(imap.maryland.gov/Pages/default.aspx).

Results

Storms and hydrology

Annual precipitation over the 15-month study period

(June 2006–August 2007) was 1.07 m year-1. This is

Fig. 5 Water budgets for

six watersheds in the

Choptank Basin showing the

baseflow, stormflow, and

watershed storage/ET

components. The sum of all

the components equals the

annual precipitation of

1.07 m year-1
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similar to the 20-year average precipitation for the

Choptank Basin (1.12 m year-1, Fisher et al. 2010).

Although there were drought periods in this study,

especially in mid-summer to early fall of 2006,

significant rains occurred in other seasons to restore

the annual precipitation total to approximately average

levels. During the entire monitoring period, a total of

92–98 individual storm events were identified using

SARR at the Blockston and Beaverdam watersheds

(Fig. 1) with complete discharge records. However,

fewer storms were identified at the other watersheds

due to data gaps in the hydrologic record associated

with logger malfunctions. At these watersheds, we

recorded only 58–85 events due to the shorter periods

of record.

Over the monitoring period, storms varied in size

from 0.01 to 0.19 m of precipitation reflecting the

large range of storm sizes during this study. Smaller

events\ 0.02 m were more frequent, representing

65% of the total number of storms. Two extreme

events occurred in June 2006 (0.19 m of rain) and

April 2007 (0.10 m of rain), and both resulted in

flooding of roads and streams across the Delmarva

Peninsula. The combined rainfall for these two events

(0.29 m) made up 27% of the annual rainfall. The

associated peak discharges at the USGS station at

Greensboro MD were 70 m3 s-1 (June 2006 storm)

and 118 m3 s-1 (April 2007 storm), which are in the

99th percentile of historical peak flows since 1948 and

Fig. 6 A storm event

sampled at Blockston

watershed showing a TSS

concentrations, b PO4
3-

concentrations, and c NO3
-

concentrations during a peak

in stream discharge
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were among the highest peak flows recorded during

the previous decade.

A total of 31 storm events were sampled at the four

watersheds with adequate chemistry data (7–10 storms

at Kitty’s Corner, Blockson, North Forge, and Beaver-

dam). The sampled storms represented * 20% of the

storms recorded at each watershed over the 15-month

monitoring period. For the sampled events, rainfall

totals (Pe,j) ranged from 0.01 to 0.19 m, while storm

event water yields (Ye,j) ranged from 0.01 to 0.07 m.

As described above, major events occurred in June

2006 and April 2007, both of which were sampled, and

the remaining sampled storms were well distributed

seasonally during summer, fall, winter, and spring

(Fig. 4a).

In general, storm hydrographs of 30-min discharge

(Q) at the Choptank watersheds had a characteristic

shape (Fig. 4c). The initial part of the storm consisted

of a steep rising limb (usually\ 12 h for a moderate

size storm), followed by a brief peak (\ 2 h), and then

a long gradual tail (the falling limb) lasting for

1–3 days. During the two extreme events, the falling

limb continued for almost 1 week. After each storm

passed, the streams often returned to a higher baseflow

than just prior to the storm (e.g., Fig. 4c), indicating

recharge of the local groundwater. This effect was

especially pronounced in the late fall, winter, and early

spring when soils were nearly saturated and the water

table was high.
Annual water budgets for the six watersheds are

summarized in Fig. 5. On average * 50% of the total

annual precipitation was discharged as measured

Table 4 Timing of peak

concentrations for various

parameters (rows) relative

to peak discharge (in hours)

for the four study

watersheds and for all

watersheds combined (last

two columns)

Negative numbers indicate

that the concentrations

peaked before discharge

and positive numbers mean

the concentrations peaked

after discharge

Parameter Hours before or after peak discharge

Kitty’s Corner Blockston Beaverdam North Forge All watersheds

Mean SE Mean SE Mean SE Mean SE Mean SE

PO4-P 3.8 1.2 2.8 2.5 9.2 3.7 7.9 3.0 5.7 1.4

NH4-N 4.1 2.8 - 3.4 3.0 - 0.3 3.9 - 2.1 1.3 - 0.5 1.5

NO3-N 5.7 1.3 4.1 1.2 6.6 4.0 2.4 0.6 4.5 1.0

Cond (25) 7.3 3.2 0.9 1.2 6.0 4.1 0.4 1.3 3.3 1.3

pH - 1.3 3.4 - 6.6 4.8 1.1 3.3 6.7 5.3 - 0.4 2.3

TSS - 2.8 0.8 - 5.3 1.4 7.7 4.0 - 2.1 1.1 - 1.3 1.2

PP - 2.4 2.2 - 4.3 1.6 5.6 4.6 - 0.6 3.5 - 1.7 1.3

PN - 4.3 1.2 - 4.2 2.1 6.3 4.0 - 2.3 3.1 - 1.8 1.6

TDN 7.2 1.9 2.6 1.2 7.5 3.4 3.9 1.9 5.2 1.1

TN 7.0 2.1 7.3 2.4 0.3 1.7 - 3.0 3.1 3.5 1.7

TDP 4.7 1.0 2.3 3.0 11.2 5.0 4.7 1.6 5.3 1.5

TP - 0.2 1.9 - 1.9 2.8 8.3 2.4 0.4 3.5 0.7 1.7

Fig. 7 Example of hysteresis plots of sample concentration

(Ck) versus discharge (Qk). a Nitrate followed a clockwise

hysteresis (arrow indicates time going forward), while b phos-

phate followed a counter-clockwise hysteresis
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baseflow or stormflow, while the other (unmeasured)

half was assumed to be lost to the atmosphere as ET or

stored as soil water or groundwater. Across the

watersheds, baseflow and stormflow represented

33% and 14% of annual rainfall, respectively. As a

fraction of total annual discharge, baseflow and

stormflow represented 69% and 31%, or approxi-

mately two-thirds and one-third. However, there was

clearly some variation among the watersheds. For

example, the Kitty’s Corner watershed in the well-

drained southern part of the basin had almost four

times the amount of stormflow as Willow Grove

(0.30 m versus 0.08 m year-1) in the poorly drained

northern headwaters. Furthermore, Willow Grove and

Beaverdam, the watersheds with the highest percent-

age of hydric soil (Table 1), had the smallest amounts

of storm flow (Fig. 5). This hydrologic behavior does

not support our hypothesis and is explored further

below. In addition to the observed spatial variations,

the stormflow discharge volumes for individual events

varied seasonally, and during the cooler months

(October–April), the watersheds generated about

twice as much stormflow compared with the warmer

months (May to September, see Fig. 4b).

Total annual water yields (baseflow ? stormflow)

for the six watersheds during the study period ranged

from 0.39 to 0.59 m year-1 (mean ± se = 0.51 ±

0.04 m year-1). This large variation is likely due to

the spatial variability in precipitation associated with

the two large storm events (June 2006 and April 2007)

included in this data set, as well as measurement

errors. For comparison, the water yield at the nearby

Fig. 8 Constituents of TN and TP in baseflow and stormflow

samples: a P concentrations during baseflow, b P concentrations

during stormflow, c N concentrations during baseflow, and d N

concentrations during stormflow. Bars are labeled showing the

different fractions of total N and P

123

228 Biogeochemistry (2018) 139:215–239



www.manaraa.com

USGS stream gauging station at Greensboro (Fig. 1)

over the same time period was 0.39 m year-1, while

the 60-year mean water yield at Greensboro was

0.43 m year-1 (Fisher et al. 2010).

Comparison of baseflow and stormflow chemistry

Nutrient and sediment concentrations varied signifi-

cantly over hourly time scales during storm events and

generally followed one of three patterns. The first

pattern was a large but brief peak in concentrations on

the rising limb of the hydrograph followed by a rapid

return to pre-storm concentrations. This pattern was

typical of the particulates (PP, PN, and TSS; Fig. 6a).

The second common pattern was a moderate increase

in concentrations with a broader peak close to the

maximum discharge and a gradual return to pre-storm

concentrations on the falling limb. This pattern was

typical of TP, PO4
3-, and NH4

? (Figs. 3a, 4d, 6b). In

the third pattern, concentrations decreased during

stormflows and very slowly returned to pre-storm

concentrations, often remaining depressed at the end

of the hydrograph. This pattern was typical of TN,

NO3
-, SEC, and pH (Figs. 4d, 6c). One additional,

unusual pattern was observed for NO3
- during three

storm events in the summer of 2007 during an

extended drought when concentrations of NO3
-

initially decreased on the rising limb of the

Fig. 9 Relationships between stormflow volume weighted mean concentrations (VWMS,j) and event water yield (Ye,j) for various N

constituents (a–c), TSS (d), and two P constituents (e, f). Error bars are standard errors of the mean
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hydrograph, but then atypically increased sharply

during the falling limb.

Results of the timing of peak nutrient concentra-

tions are presented in Table 4. In general, TSS, PP,

and PN peaked 2–5 h before discharge on the rising

limb, except at Blockston where particulates lagged

6–8 h after peak discharge. PO4
3-, NO3

-, and SEC

tended to peak\ 1–9 h after the discharge peak on the

falling limb. PO4
3- peaked before the NO3

- nadir at

the Kitty’s Corner and Blockston watersheds, but

followed the NO3
- nadir at Beaverdam and North

Forge watersheds. In general, time delays for smaller

storms were longer than for larger storms.

Chemical concentrations (C) varied asymmetri-

cally with discharge (Q) during storm events in C-Q

patterns which are commonly observed (e.g., Chanat

et al. 2002, see Fig. 7). NO3, SEC, and TSS followed a

clock-wise pattern, indicating higher concentrations

on the rising limb (Fig. 7a), while PO4
3- and, to a

lesser extent, TP followed a counter clock-wise pattern

(i.e. lower concentrations on the rising limb, Fig. 7b).

The chemistry of stormflow was found to be very

different from that of baseflow (Figs. 4d, 6, 7, 8).

Although NO3
- declined during storm events, TN

changed little due to increases in DON, PN, and NH4
?.

Despite variability in the sampled storm sizes, NH4
?,

TSS, PO4
3-, and TP were higher during stormflows.

For example, at the Kitty’s Corner watershed, NH4
?

was\ 4 lM in baseflow samples compared to

VWMS,j values of 17 lM in the storm samples

(Fig. 8c, d). Nitrate concentrations during stormflows

were 50–75% lower than in baseflow at all four

watersheds (Figs. 6c, 8c, d). The measured TSS

concentrations were 1–14 g m-3 in the baseflow

samples compared to 50–100 g m-3 during storm-

flow. However, SEC was higher in baseflow, although

only because of higher NO3
- concentrations driving

higher SEC. However, there were no consistent,

significant differences in pH between the baseflow

and stormflow samples.

Phosphorus concentrations, in particular, were

found to be higher in the stormflow samples (Fig. 8a,

b). For example, at the Beaverdam watershed, base-

flow PO4
3- concentrations were about 1 lM com-

pared to stormflow concentrations of * 5 lM
(Figs 8a, b). Similarly, stormflow concentrations of

TP ranged from 4 to 11 times higher in the storm

samples. For example, at the Beaverdam watershed,

baseflow concentrations of TP were about 2 lM

compared to 22 lM in stormflow. The composition

of TP also varied. At the well-drained Kitty’s Corner

and Blockston watersheds, baseflow TP consisted

mainly of PO4
3- (70% at Kitty’s Corner and 51% at

Blockston), while at the poorly drained Beaverdam

and North Forge watersheds, baseflow TP was

primarily composed of dissolved and particulate

organic P (DOP ? PP, 72%; Fig. 8a). During storm-

flows, TP at the four watersheds was mainly in

particulate form (mean 65%), followed by PO4 (mean

25%) and DOP (mean 10%, Fig. 8b).

The baseflow and stormflow samples also showed

major differences in nitrogen composition (Fig. 8c, d).

Although there were variations in baseflow TN

concentrations among the watersheds, the composi-

tion of baseflow TN was consistently dominated by

NO3
- (mean 87%) at all four watersheds (Fig. 8c). In

stormflows, NO3
- was a smaller fraction of TN (mean

60%), but TN concentrations changed little due to

increases in PN (mean 22%) and DON (mean 17%)

during stormflow (Fig. 8c, d). This is a striking

difference compared to TP concentrations, which

were much higher during stormflows at all four

watersheds (Fig. 8a, b).

Controls on stormflow chemistry

In the four Choptank watersheds, total event water

yields (baseflow ? stormflow, Ye,j) were strongly

correlated with the stormflow volume-weighted mean

concentrations (VWMS,j) of N (Fig. 9a–c), TSS

(Fig. 9d), and P (Fig. 9e, f). The relationships between

event water yield (Ye,j, m) and VWMS,j for NO3
-

decreased hyperbolically with increasing event water

yield (r2 = 0.70***, Fig. 9a) down to 52 lM, or about

twice the long-term rainfall mean of 22 lM for the

Delmarva region (Scudlark et al. 1998). VWMS,j for

NO3
- was also linearly and positively correlated with

mean event stream temperature (Te,j r2 = 0.41**),

although this term was not significant in a multivariate

model with Ye,j, probably because large events tend to

occur at cooler temperatures. VWMS,j for PN

increased exponentially with event water yield

(r2 = 0.68***, Fig. 9b) and was as high as 250 lM
during the largest storm. VWMS,j for TDN decreased

with event water yield (r2 = 0.30**) in a manner

similar to that of NO3
- (Fig. 9c), but with more

outliers which resulted in a weaker relationship. The

similarity of the TDN and NO3
- relationship with Ye,j
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is expected because TDN is mostly NO3
- (Fig. 8).

VWMS,j for NH4
? was linearly and inversely related

to event stream temperature Te,j (r2 = 0.23**, not

shown). Because of opposing effects of event water

yield on NO3
- and PN, VWMs,j for TN was not

significantly related to event water yields or

temperature.

The VWMS,j of TSS in the storm samples increased

exponentially with event water yield Ye,j

(r2 = 0.74***, Fig. 9d). This figure illustrates the

increase in soil erosion and sediment re-suspension

as storm size increases, although this relationship is

primarily due to the highest VWMS,j measured for

TSS (550 g m-3) during the large April 2007 storm at

the Beaverdam watershed. The same storm event was

also measured at the other watersheds, but with lower

Ye,j values and only moderate VWMS,j values

(60–144 g m-3). These differences illustrate the

highly site-specific nature of precipitation, storm flow,

and sediment mobilization during storm events in the

Choptank watersheds.

Volume-weighted mean concentrations of VWMS,j

for P were also significantly related to event water

yields. VWMS,j of TP increased exponentially with

event water yield (r2 = 0.84***, Fig. 9e), reflecting

the mobilization of P during storm events. TP was also

inversely related to Te,j (r2 = 0.24*), but adding

temperature to the regression between Ye,j and TP

did not significantly improve the relationship. VWMS,j

for PP increased exponentially with event water yield

(r2 = 0.82***, Fig. 9f) to a maximum of * 40 lM
during high discharge associated with the April 2007

storm. VWMs,j for PO4
3- was not significantly related

to event water yield or temperature.

pH and SEC were significantly related to Ye,j and

Te,j. VWMS,j of pH increased linearly with mean event

stream temperature Te,j (r
2 = 0.29**), an effect that

may be due to soil liming at colder temperatures in

spring when fields are being prepared for crops.

VWMS,j of SEC decreased with event water yield to a

level that is about three times the long-term rainfall

mean (data not shown but virtually identical to NO3
-

Table 5 Total annual discharge and annual export coefficients (Y) of total nitrogen (TN), total phosphorus (TP), and total suspended

sediment (TSS)

Kitty’s Corner Blockston Beaverdam North Forge Average

Includes storm samples

Annual discharge (m year-1) 0.57 0.39 0.59 0.48 0.51 ± 0.04

% Stormflow 51 58 22 32 41 ± 8

Exp coef TN (kg ha-1 year-1) 26.9 25.7 32.8 21.9 27 ± 2

% Stormflow 48 25 16 30 30 ± 7

Exp coef TP (kg ha-1 year-1) 1.40 1.04 0.94 0.89 1.1 ± 0.1

% Stormflow 89 91 71 80 83 ± 5

Exp coef TSS (kg ha-1 year-1) 416 242 659 1140 610 ± 190

% Stormflow 99.7 99.4 99.6 99.9 99.6 ± 0.1

No storm samples

Exp coef TN (kg ha-1 year-1) 26.2 29.8 21.0 14.5 23 ± 3

% decrease in TN export - 3 ? 16 - 36 - 34 - 14 ± 13

Exp coef TP (kg ha-1 year-1) 0.34 0.16 0.24 0.17 0.23 ± 0.04

% decrease in TP export - 76 - 85 - 74 - 19 - 64 ± 15

Exp coef TSS (kg ha-1 year-1) 23.7 15.6 23.6 17.9 20.2 ± 2.0

% decrease in TSS export - 94 - 94 - 96 - 98 96 ± 1

Export coefficients of TN, TP, and TSS were calculated with storm samples (upper rows) and without storm samples (lower rows).

For export including storm samples, the percentages of the annual export of water, N, and P in stormflow are shown for the four study

watersheds with adequate chemistry data. For export without storm samples, the annual export coefficients were calculated based

only on monthly baseflow chemistry samples and total flow data, with the decrease in export shown. At Blockston, estimating export

without storm samples caused an overestimation of export because of large decreases in TN during storms
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in Fig. 9a). The similarity to the NO3
- curve is due to

the fact that SEC is largely driven by variations in

NO3
-, a major ion in streams draining agricultural

watersheds.

Annual export of nutrients and sediment

The relationships between VWMS,j of N, P, and TSS,

and storm event water yields (Fig. 9) were used for

estimating export during unsampled storms. Export

during all storms is important for calculating the total

annual export of nutrients and sediment from the

Choptank watersheds. All of the relationships were

strong and statistically significant, ranging from

r2 = 0.68*** to 0.84*** for the different constituents

with the exception of TDN which was significant but

had a lower r2 value (0.30**). The scatter in the TDN

data was due to the fact that NH4
? and DON were

generally less predictable in stormflows compared to

TSS, TP, and NO3
-. The TN concentration for

unsampled storms was estimated as TDN (Fig. 9c)

Fig. 10 Relationships

between annual stormflow

(a) and annual baseflow

(b) with mean watershed

slope for the combined

USGS and Choptank data

set
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plus PN (Fig. 9b), and VWMS,j for TN in sampled

storms was computed directly from Eq. 3.

The calculated annual export coefficients for TN,

TP, and TSS (Y, kg ha-1 year-1) are summarized in

Table 5. The annual export coefficients (kg ha-1 -

year-1) ranged as follows: TN = 22–33 (mean = 27

± 2), TP = 0.9–1.4 (mean = 1.1 ± 0.1), and TSS =

242–1140 (mean = 610 ± 190). By separating base

and stormflow volumes and chemistry, it was found

that 99% of the total annual TSS export, 71–91% of

the total annual TP export, and 16–48% of the total

annual TN export occurred during periods of storm-

flow (Table 5), while the remainder occurred during

baseflow. For comparison, stormflow volumes were

22–58% (mean = 41 ± 8%) of the total annual dis-

charge volumes from the watersheds. The smaller

impact of stormflows on N export is due to lower

nitrate and TDN concentrations during higher dis-

charges (Fig. 9a, c).

Discussion

Test of the hypothesis

The hypothesis of this study was that watersheds with

larger amounts of poorly-drained hydric soils generate

more storm discharge compared to watersheds with

well-drained, non-hydric soils. The data collected in

the Choptank watersheds (Fig. 5, Table 5) showed no

significant correlation (p[ 0.10) between percent

hydric soils and annual stormwater yields, which did

not support the hypothesis. However, due to the

limited sample size of the Choptank stations (n = 6),

we also tested the hypothesis more broadly with

additional stream discharge data from 13 nearby

USGS stream gauging stations on Delmarva (Koskelo

2008, see Fig. 1) to supplement the Choptank data.

Combining the Choptank and USGS datasets (n = 19

watersheds) also did not show any statistically signif-

icant correlation between percent hydric soils and

annual stormflow water yields, baseflow water yields,

or total water yields (p[ 0.10).

As an alternative hypothesis, we examined the role

of mean watershed slope in the Choptank and USGS

watersheds as a possible control on annual stormflow

and baseflow water yields (m year-1). Among the

combined Choptank and USGS watersheds, the slopes

ranged from 0.2 to 1.1%, which is typical for the

relatively flat Atlantic coastal plain. The combined

Choptank and USGS data showed that annual storm-

flow water yields increased linearly with average

watershed slope (r2 = 0.57***), despite differences in

land use and hydric soils among the watersheds

(Fig. 10a).

Baseflow water yields (m year-1) were also found

to be related tomean watershed slope for the combined

Choptank and USGS data set. However, in this case, it

was an inverse relationship, in which flatter slopes

resulted in more baseflow. While the relationship in

Fig. 10b was fairly strong, much of it depends on two

of the Choptank watersheds (Beaverdam and Willow

Grove, Fig. 10b), which have the lowest slopes and the

highest baseflow water yields. Therefore, the effect of

mean watershed slope on baseflow and stormflow

needs further exploration with additional watersheds

to expand the sample size.

It is intuitive that steeper watershed slopes could

cause an increase in stormflow volumes, but there was

little confirmation of this in the literature. At the

watershed scale, Harlin (1984) suggested the use of

hypsometry and watershed relief to increase the

predictive power and transferability of rainfall-runoff

models, and Rose and Peters (2001) showed that

runoff as a fraction of precipitation was greatest at

higher elevation and relief and decreased at lower

elevation and relief at USGS gauges near Atlanta

Georgia USA. The strongest supporting evidence

comes from a study of urbanization in major US East

Coast metropolitan areas by Hopkins et al. (2015) who

noted that watershed slopes of 1–10% had significant

effects on the timing and magnitude of stormflows and

sometimes were more important than urbanization

effects. There was also evidence for the importance of

slope in generating storm runoff at smaller experi-

mental scales; Haggard et al. (2005) found that slope

was directly proportional to the volume of overland

flow in a controlledmesocosm experiment, and a study

by Hopp and McDonnell (2009) likewise determined

that higher slope angles caused an increase in storm

flows in a calibrated, finite-element model.

The data in Fig. 10 are consistent with the concept

that precipitation falling on watersheds with low

slopes tends to pond rather than run off into surface

waters, resulting in relatively little stormflow response

in the stream (Fig. 10a). These ponded areas are

known locally as ‘‘Delmarva Bays’’ and are visible

across the landscape following a storm, usually in
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small depressions of 10–100 m in diameter associated

with hydric soils. Based on the streamflow measure-

ments in Fig. 10, it is inferred that some of the ponded

water in these Delmarva Bays may evaporate, while

the rest slowly infiltrates to groundwater, enhancing

baseflow at slopes\ 0.4% (Fig. 10b). The reduced

annual yields of stormflow associated with hydric soils

suggests that these areas of ponding and slow infiltra-

tion within watersheds are not significant sources of N,

P, and TSS due to the constrained hydrology induced

by ponding.

Stormflow chemistry

During the 31 sampled storm events in the Choptank

watersheds, there were three consistent relationships

between discharge and N, P, and TSS concentrations.

The first pattern was characterized by large but short-

lived peaks in concentration exemplified by particu-

late N and P, and TSS (e.g., Fig. 6a). The peak

concentrations of particulates were 10–100 times

higher than typical baseflow concentrations. Particu-

lates were rapidly transported to the streams at the start

of the rising limb of the hydrograph. This was likely

the result of physical erosion of upland soils, as well as

scouring of the stream banks and re-suspended

bedload from the bottom of the stream channel at

greater water depths and faster flow velocities (Kuhnle

et al. 1996; Correll et al. 1999; Thompson 2008). Most

erosion occurred during the early portion of the storm,

typically several hours before the discharge peak, and

little to no erosion occurred after this, consistent with a

clock-wise hysteresis pattern between concentration

and discharge (Fig. 7a).

The second pattern was characterized by smaller

but broader peaks in concentrations, as exhibited by

NH4
? and PO4

3- (e.g., Fig. 6b). The transport of these

ions to the streams during storms was slower than the

particulates, with concentrations of NH4
? nearly

coincident with peak discharge and the PO4
3- peak

occurring 3–9 h after the discharge peak (Table 4).

This reflects the gradual release of soil PO4
3- and

NH4
? from the watershed over the course of a storm

event. The low PO4
3- concentrations on the rising

limb and higher concentrations on the falling limb

(opposite to that of particulates) is consistent with a

counter-clockwise hysteresis (Fig. 7b). PO4
3- and

NH4
? generally have strong affinities for the soil

matrix and therefore bind to soil particles. However,

through chemical desorption processes triggered by

infiltrating precipitation and soil saturation, they

appear to be gradually released from the soil and

eventually drain to the stream toward the middle and

end of the storm.

The third pattern was a decrease in concentrations

during the storm event followed by a gradual increase

back to pre-storm, baseflow concentrations. The

constituents which followed this pattern included

SEC, pH, and NO3
-. In the case of NO3

-, concentra-

tions slowly decreased at the beginning of the storm

and did not reach the nadir concentration (which

averaged 50–70% of typical baseflow concentrations)

until much later in the storm, 4.5 ± 1.0 h after peak

discharge (Table 4). The depressed NO3
- concentra-

tions were the result of in-stream dilution, in which the

relatively high NO3
- concentrations in groundwater

(Fox et al. 2014) were diluted by much lower

concentrations in rain (Scudlark et al. 1998) and in

overland and sub-surface flows. However, the

decrease in NO3
- concentrations was offset by

increases in PN and DON concentrations (Fig. 8),

resulting in relatively small changes in TN concen-

trations during an event. Following the nadir, NO3
-

concentrations very slowly rebounded and did not

return to pre-storm levels until well after the storm had

ended (e.g. Figure 6b, 7a).

These patterns of C-Q hysteresis are similar to those

reported elsewhere. For example, in the classification

of C-Q responses developed by Chanat et al. (2002),

the examples in Fig. 7 fall into their C3 and A2 groups,

where event concentrations fall between those in

groundwater and soil water for NO3
- and PO4

3-,

respectively, indicating differing mixtures of water

sources during the event. Our data are also consistent

with other studies reported in the literature (Vanni

et al. 2001; Gachter et al. 2004; Volk et al. 2006;

Sharpley et al. 2008), but not all (O’Brien et al. 1993;

Correll et al. 1999; Kline et al. 2007). As an example

of the latter, Correll et al. (1999) found that both

PO4
3- and NO3

- concentrations changed little during

storm discharges in nearby watersheds of the Rhode

River in central MD, on the inner edge of the Mid-

Atlantic coastal plain. Other dissimilar findings are

reported in O’Brien et al. (1993) and Kline et al.

(2007), who found that NO3
- concentrations consis-

tently increased during storm discharges in watersheds

of the Appalachian Plateau in western MD. These

differences are most likely due to regional variations;
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i.e., the watersheds studied by Correll et al. (1999) are

much smaller and steeper than those in the Choptank,

and the O’Brien et al. (1993) and Kline et al. (2007)

studies took place in a region of MD with very

different soils, geology, and terrain.

On the other hand, studies by Vanni et al. (2001)

and Volk et al. (2006) report very similar patterns of

in-stream constituent concentrations. In our study,

NO3
- concentrations were consistently lower in

stormflows compared to baseflows during 28 of the

31 sampled storm events (Figs. 6, 7, 8). However,

there were three atypical storms following hot dry

periods in which NO3
- concentrations initially

increased sharply during the early part of the storm

but then reverted to the usual pattern (i.e. depressed

concentrations followed by a long gradual return to

pre-storm concentrations). Vanni et al. (2001)

observed the same pattern for NO3
- following

extended drought periods in agricultural watersheds

in the mid-western U.S. In both this study and Vanni

et al. (2001), we speculate that NO3
- in the upper soil

layers accumulated to abnormally high levels during a

prolonged drought. The crops may have been unable to

utilize NH4
? produced in the soil and from fertilizer N,

resulting in NO3
- accumulation in the soil. At the first

significant rainfall following this dry period, the large

store of soil NO3
- may have been flushed rapidly into

the streams via soil macropores or overland flow,

resulting in a large increase in stream NO3
- concen-

trations. Following this initial flush, the normal

dilution of high-NO3
- baseflow with low-NO3

- storm

runoff may have resumed. Testing this concept is a

useful direction for future research on stormflow

chemistry and the influence of droughts. Notably, both

the Vanni et al. (2001) and Volk et al. (2006) studies

included watersheds that are very similar to the

Choptank watersheds studied here in terms of land

use (agriculturally-dominated) with low slopes. This

suggests that it is possible for small, intensively

farmed watersheds with comparable slopes to exhibit

similar patterns of in-stream NO3
- concentrations

during storm events, even if the watersheds are widely

distributed over a large geographic region.

Composition of N and P in storm discharges

In this study, TN during storm discharges was

composed of the following N species in order of

decreasing abundance: NO3
- (* 60% of TN on

average), PN (* 20%), DON (* 15%), and NH4
?

(* 5%, see Fig. 8). The relatively small contributions

of DON and NH4
? is consistent with similar studies by

Sutton et al. (2009), Correll et al. (1999), and Volk

et al. (2006). However, in the latter two studies, NO3
-

was a much smaller fraction of TN (\ 30%) while PN

was a much higher fraction ([ 80%), indicating that

the composition of TN across studies is similar in

some respects but not all. Importantly, while the

composition of TN changes greatly during storm

discharges, the absolute TN concentrations change

very little (Fig. 8).

TP in storm discharges was dominated by partic-

ulate P, which represented 65% of the TP on average.

Correll et al. (1999) and Sutton (2006) also found that

P transport during storms is dominated by particulate

forms. However, Primrose et al. (1997) found that

PO4
3-, not particulates, was the dominant form of P in

storm discharges of the German Branch watershed

(also in the Choptank Basin). It is unclear why this

would be the case, unless it is due to differences in

sampling programs or unique conditions within the

German Branch watershed which are not representa-

tive of the other Choptank watersheds.

Annual export of nutrients and sediment

Annual export coefficients (kg ha-1 year-1) of TN,

TP, and TSS from the Choptank watersheds ranged

from 22 to 33 for TN, from 0.9 to 1.4 for TP, and from

242 to 1140 for TSS (top of Table 5). Of these totals,

16–48% of the TN, 22–58% of the water, 71–91% of

the TP, and 99% of the TSS was exported during

periods of stormflow while the remainder was

exported during baseflow. The export coefficients

reported here for mixed landuse watersheds dominated

by agriculture are generally on the low end compared

to those reported in the literature. Vanni et al. (2001)

summarized TN and TP annual export coefficients

from 10 studies of row-crop agriculture. They found

that nutrient coefficients (kg N or P ha-1 year-1) vary

widely, from 2.1 to 80 for TN and from 0.1 to 18.6 for

TP. They attributed this large variability to wide

geographic distributions and differences in sampling

programs. The Choptank export coefficients were also

compared to those of the nearby USGS stream gauging

station at Greensboro (48% agriculture, Fig. 1), where

annual export (kg ha-1 year-1) ranged from 2.9 to

11.5 for TN and from 0.1 to 0.7 for TP during
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1981–1990 (Fisher et al. 1998). The export coeffi-

cients of the Choptank watersheds are higher because

they have more agricultural land use (65–76%,

Table 1), which is a major driver of N and P export

on Delmarva (Fisher et al. 2006, 2010).

As indicated above, the annual export coefficients

for the Choptank watersheds are dominated by storm-

flows, especially for TP and TSS, while baseflow is

less important. Clearly, storm sampling is a critical

part of a watershed monitoring program if reasonable

estimates of annual nutrient and sediment export are

desired. To determine how much of the annual export

would (hypothetically) be missed if only baseflow

sampling were conducted, we re-calculated the annual

exports without including the storm chemistry data

(i.e., baseflow chemistry applied to storm volumes).

The results indicate that (on average) 79% of the TP,

95% of the TSS, and 14% of the TNwould bemissed if

no storm samples were collected (bottom of Table 5).

The reason why only a small amount of TN would be

missed is because the absolute TN concentrations

change relatively little between base and storm flows,

although the composition of TN changes markedly

during storm events (Fig. 8).

Controlling factors

In this study, the VWM concentrations of N, P, and

TSS during storm discharges were found to vary with

event water yields (Fig. 9). This indicates that the total

discharge volume of a particular storm event is a

useful predictor of in-stream nutrient and sediment

concentrations. For PN, TDN, TP, PP, and TSS, larger

storms were associated with higher VWM concentra-

tions, while for NO3
- and TDN, larger storms resulted

in lower VWM concentration. Exponential or hyper-

bolic functions were found to best describe the

relationships between VWM concentrations and event

water yields, and these relationships were generally

highly significant. Since the 31 sampled events

included in this study were distributed across all

seasons, and no strong relationships were found

between VWM concentrations and event water tem-

perature, it appears that any seasonal effects are

secondary to flow volumes in controlling in-stream

nutrient and sediment concentrations during storms.

Due to fortuitous weather patterns during the

15-month monitoring period, several large storms,

including two extreme events, were sampled, allowing

us to populate the upper end of the exponential or

hyperbolic curves. This provided a strong basis for

using the relationships in Fig. 9 to estimate contribu-

tions from unmeasured storms to annual export of N,

P, and TSS.

The observed increase in TSS VWM concentra-

tions with larger storms is consistent with well-

established principles of the geomorphology of allu-

vial streams (Wolman and Miller 1960). The rate of

sediment scouring from the channel bed and banks can

be expressed as a power function of shear stress,

similar to the curve shown in Fig. 9d. While moderate

flows have some erosive capacity, it is the larger, less

frequent storm events that cause the most erosion,

resulting in higher in-stream TSS concentrations.

While some studies (e.g. Sharma et al. 2012) have

found that TSS VWM concentrations are also highly

correlated with rainfall characteristics (such as total

rainfall depth or rainfall intensity), no such relation-

ship was found here. One local study by Jordan et al.

(1997a) found that flow-weighted mean concentra-

tions of TSS and P are correlated to each other. This

suggests that TSS and P are co-variates in storm runoff

(compare Fig. 9d with 9e), as P is often adsorbed to

sediment particles in the soil matrix. In a study of

agricultural watersheds in the Susquehanna Basin, the

largest freshwater source for Chesapeake Bay, Sharp-

ley et al. (2008) found strong correlations (r2 = 0.98*)

between stormflow P concentrations and the storm-

flow return period, a proxy for event volume. In

agricultural watersheds in Alberta, Canada, Casson

et al. (2008) found that TN concentrations in runoff

were strongly (r2 = 0.68–0.72***) and positively

related to extractable NO3-N concentrations

(mg kg-1) in the uppermost soil layers (0–10 cm in

depth). Overall, these studies suggest that there are

multiple factors that control stormwater VWM con-

centrations of N, P, and TSS in agricultural water-

sheds, ranging from precipitation to stream discharge

to soil characteristics. In this study, stream discharge

(expressed as event water yield), was found to be the

primary driver for many of the measured nutrient

fractions and sediment.

Conclusions

The hypothesis that hydric soils promote overland

flows due to limited soil permeability was not

supported by our data. In contrast we show that
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stormflows are promoted by watershed slope, based on

evidence from 19 watersheds, including both the

Choptank watersheds and nearby USGS stream gaug-

ing stations on the Delmarva Peninsula (Fig. 10a). In

contrast, baseflow was relatively independent of mean

watershed slope, except for the two watersheds with

the lowest slopes and most hydric soils (Fig. 10b).

This small interaction of hydric soils and watershed

slope suggests that mean watershed slope has little

effect on baseflow, except at very low slopes where

ponding on hydric soils may limit stormflow and

increase long-term infiltration and baseflow.

The results of this study show the importance of

sampling stormflows to quantify watershed export.

Seventy-one to 99% of annual P and TSS transport, but

only 16–48% of annual N transport, occured during

brief periods of storm runoff in small, agriculturally-

dominated watersheds. Particulate forms of N and P,

as well as TSS, increase ten-fold relative to baseflow

during the initial runoff period, likely due to physical

scouring of the stream bed and banks, as well as

erosion of adjacent soils that are disturbed by agricul-

tural practices. From peak discharge to the end of the

storm, particulates decrease in the stream, having been

washed out in the first flush. For TP and TSS, major

storms are critical times of export, as during these

events, concentrations can increase ten-fold and

export rates can be orders of magnitude higher.

Finally, the relationships between VWM concen-

trations of N, P, and TSS, and event water yields can

be used as a tool to estimate annual export of nutrients

and sediment. Extending these relationships to other

regions could potentially incorporate other empirical

parameters beyond storm volume (e.g., precipitation

characteristics, landuse, latitude) as predictors of

VWM concentrations in a multi-parameter approach.

If validated elsewhere, this approach can potentially

provide a useful means of incorporating stormflow

into estimates of annual nutrient and sediment export

with continuous hydrology measurements but limited

storm sampling.
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