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Abstract
Watershed land use directly affects the supply of nutrients and sediments to adjacent waters. Higher loads are associated 
with urban and agricultural land use, often resulting in degraded water quality and increased sedimentation rates. Conserva-
tion practices can reduce these loads, but assessing the success of these practices remains challenging. This study evaluates 
the impacts of land-use conversion from intensive grain agriculture to conservation plantings in Trippe Creek watershed, 
within the Choptank basin (an estuarine tributary of Chesapeake Bay), compared to those in an adjacent reference watershed 
(Goldsborough Creek). Changes in both water quality constituents (total nitrogen (N) and phosphorus (P), chlorophyll a) 
and bottom sediment characteristics (particulate N and P, organic content, grain size) were compared, as well as seasonal- 
and decadal-scale sedimentation rates using 7Be (half-life 53.3 days) and 210Pb (half-life 22.3 years), respectively. Results 
provide evidence for improving water quality and reduced sedimentation rates in Trippe Creek, where high concentrations 
of chlorophyll a decreased to concentrations similar to those in the reference Goldsborough Creek. Sedimentation rates 
remained fairly steady in Trippe Creek, but increased by ~ 50% in reference Goldsborough Creek. These changes are likely 
associated with 50% conversion of crop fields to conservation plantings and/or changes in the nature of agriculture over time, 
offering insight into the effects of land-use change and the difficulties of detecting them in downstream estuarine waters.
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Introduction

Since the 1970s, there has been concern about Chesapeake 
Bay water quality (EPA 1983; Boesch et al. 2001). Initial 
degradation was attributed to expanding human popula-
tions and sewage discharge, increasing use of fertilizers, 
and overharvesting of aquatic resources (Clune and Capel 
2021). Extreme storm events, such as Hurricane Agnes in 
summer 1972, exacerbated increasing trends in surface 
water turbidity, while accelerating terrestrial nitrogen (N), 
phosphorus (P), and total suspended solids (TSS) inputs via 
rivers. This resulted in higher phytoplankton and epiphytic 

algae, which contributed to losses of submersed aquatic 
vegetation (SAV) beds. In turn, shifting of primary produc-
tion from SAV to phytoplankton led to increased turbidity 
and sedimentation that resulted in the depletion of bottom 
oxygen in summer and decreased fisheries yields (Orth 
and Moore 1984; Boesch et al. 2001; Kemp et al. 2005; 
Fisher et al. 2006a, 2021). As a result of these cascading 
ecological changes, the Chesapeake Bay Program Office 
(CBPO) of the US Environmental Protection Agency (EPA) 
was formed in 1982 to address water quality problems and 
tasked in 2010 to develop achievable remediation efforts as 
TMDL (total maximum daily load) goals (https://​www.​epa.​
gov/​chesa​peake-​bay-​tmdl/​chesa​peake-​bay-​tmdl-​fact-​sheet).

Achieving the TMDL goals requires an understanding of 
anthropogenic sources of N, P, and TSS. These sources are 
primarily related to agriculture, human waste, and lawn ferti-
lizers (Lee et al. 2000; Kemp et al. 2005; Fisher et al. 2010). 
Point sources of nutrients, such as sewage and industrial dis-
charges, are well documented because they are permitted and 
monitored at discrete outlets. In contrast, diffuse or nonpoint 
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sources of nutrients from agriculture, lawn fertilizers, and 
septic systems are less well characterized, spatially heteroge-
neous, and more difficult to identify and quantify. As a result, 
diffuse sources of anthropogenic N, P, and TSS are less well 
documented (Boesch et al. 2001), although regional sum-
maries of land-use-specific yield coefficients exist (Reckhow 
et al. 1980; Beaulac and Reckhow 1982; Clesceri et al. 1986; 
Clark et al. 2000; Schlesinger and Bernhardt 2013). These 
summaries generally indicate that the primary sources of N, 
P, and sediment are related to the production of human food 
and animal feed (agriculture) and the disposal of human and 
animal waste (Lee et al. 2001; Fisher et al. 2006b; Fisher 
et al. 2010; Clune and Capel 2021; Fisher et al. 2021).

Conservation practices are often used with the goal of 
reducing sediment and nutrient loads. For example, the Con-
servation Reserve Program (CRP) and Conservation Reserve 
Enhancement Program (CREP) were created in 1985 and 
1998, respectively, to support conservation practices and 
voluntary retirement of agricultural lands (US Department 
of Agriculture, USDA 2001; Farm Service Agency, FSA 
2020) and have been associated with a variety of ecosystem 
improvements in terrestrial and freshwater environments 
(Dunn et al. 1993; Johnson et al. 2016; Huang et al. 2019). 
As an example, Chesapeake watersheds with more CRP 
enrollment have been shown to have lower orthophosphate 
concentrations in summer (Fanelli et al. 2019). Still, assess-
ing the success of these practices can be difficult (Palmer 
2009; Clune and Capel 2021). For example, land-use change 
can reduce TN loading to the Chesapeake in model simula-
tions, but models often do not consider several aspects of 
real-world application such as hydrologic variability and 
feasibility of implementation (Miller et al. 2019). Indeed, 
modeled effectiveness of conservation may not be realized 
in field measurements (Schilling et al. 2011).

Furthermore, impacts of conservation efforts on adjacent 
estuarine waters often remain elusive. The CBPO exten-
sively monitors the main axis of Chesapeake Bay and its 
major tributaries, but the Chesapeake is a highly dissected 
estuary largely on the Mid-Atlantic Coastal Plain. The low 
topographic relief results in extensive tidal and salt intrusion 
into small tributaries with heterogeneous adjacent land uses 
resulting in variable water quality in their estuarine waters. 
For example, in a small tributary of the Chesapeake (Corsica 
River), decreases in sedimentation rates were consistent with 
known watershed restoration efforts, but direct linkage was 
hindered by lack of monitoring and appropriate reference 
sites for comparison (Palinkas 2013). While both known 
conservation efforts and monitored estuarine responses are 
available for some small systems (Schilling et al. 2011), 
most small tributaries are not monitored for sediments or 
nutrients, and estuarine responses to conservation efforts in a 
tributary can only be inferred based on comparative analysis 
if a suitable reference site is available.

This study evaluates the comparative approach (e.g., 
Geyer et al. 2000) as a tool to assess the effect of land-use 
changes on water quality in a downstream estuary. The 
study site is the watershed and estuary of Trippe Creek, 
located in the Choptank River, one of the tributaries to 
Chesapeake Bay on the Delmarva Peninsula. We used doc-
umented land-use changes from intensive grain agriculture 
(corn, wheat, soy) to conservation planting in a large por-
tion of Trippe Creek watershed to evaluate downstream 
estuarine impacts. Previous work showed a relatively rapid 
decrease in groundwater nitrate after conversion to con-
servation planting (Bunnell-Young et al. 2017), but subse-
quent changes in the downstream estuary were unknown. 
Trippe Creek is not routinely monitored for sediments or 
nutrients, but it does have an adjacent watershed and estu-
ary (Goldsborough Creek) with similar land-use history 
until land-use conversion in the Trippe Creek watershed 
enabled Goldsborough Creek to serve as a reference site. 
While the sizes of the watersheds differ, with the Trippe 
Creek watershed being > 5 times larger than the reference 
Goldsborough Creek watershed, land use in 1994 (see 
below) was quite similar except for a twofold difference 
in %forest cover (higher for the Trippe Creek watershed). 
This study compares recent estuarine water-column and 
sediment observations that capture differences between 
the two estuaries after ~ 50% conversion of grain agricul-
ture to conservation land. Both watersheds are also likely 
impacted by ongoing development, increasing intensity of 
agriculture, and TMDL effects in the region. We assumed 
that the effect of these federal, state, and local programs 
would be similar in both watersheds, and we used the dif-
ference in responses between the two estuarine systems to 
estimate the effect of the land-use conversion.

The present study is driven by the over-arching hypothesis 
that the effect of partial land-use conversion from grain agri-
culture to conservation plantings is detectable in downstream 
estuarine waters and sediment. This over-arching hypothesis 
was divided into three testable hypotheses (Fig. 1):

1.	 The percentage of watershed land use was similar in 
both creeks before conversion, followed by increased 
development in both creeks but decreased agriculture in 
Trippe Creek and increased agriculture in Goldsborough 
Creek.

2.	 Nutrient (N and P) and chlorophyll a (chla) concentra-
tions were lower in the estuary of Trippe Creek than 
in the reference estuary of Goldsborough Creek after 
partial conversion of grain production to conservation 
plantings.

3.	 Sediment and nutrient burial rates following the land-use 
change decreased in Trippe Creek due to reduced agricul-
ture but increased in Goldsborough Creek due to contin-
ued development and increasing agricultural intensity.
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To evaluate these hypotheses, we used geospatial analyses 
of land-use history in the watersheds (hypothesis 1), recent 
estuarine water-column observations of nutrients (hypothesis 
2), and history of estuarine sediment and nutrient character-
istics before and after the land-use conversion (hypothesis 
3). As in many small tributaries in Chesapeake Bay with 
limited or no monitoring, our study is limited by available 
data to test these hypotheses. However, our study results 
provide insight into assessing land-use impacts on down-
stream estuarine ecosystems in areas lacking routine moni-
toring. Small-scale evaluations are essential for showing 
initial movement toward TMDL goals because larger scale 
responses are likely to be slower. Our results also provide an 
example and recommendations for other small-scale evalua-
tions with limited data.

Methods

Study Sites—Trippe and Goldsborough Creeks

This study was motivated by documented land-use changes 
at Harleigh Farms, located in Talbot County on the east-
ern shore of Chesapeake Bay, primarily within the Trippe 
Creek watershed (Fig.  2). This region lies within the 
Coastal Plain physiographic province, which has broad, 
low-gradient floodplains underlain by unconsolidated sand 
and gravel that contribute little fine sediment to the Bay 
(Brush 2009; Gellis et al. 2009). Trippe and Goldsborough 
Creeks are adjacent tributaries of the Tred Avon River, 
which drains to the Choptank River—the largest tributary 
of Chesapeake Bay on its eastern shore. Choptank River 
discharge is highest in late winter and spring when the 
surficial groundwater aquifer approaches saturation and 

is lowest in summer due to high evapotranspiration and a 
depleted surface aquifer (Novotny and Olem 1995; Fisher 
et al. 2010). Rainfall in the summer tends to occur during 
brief but intense thunderstorm events; N is delivered to 
the estuary primarily as nitrate (NO3

−) during baseflow, 
whereas P and TSS are delivered primarily during storm-
flows (Koskelo et al. 2018).

Land use in the Choptank basin is primarily agriculture 
and forest (Fisher et al. 2006b), and the watershed is rela-
tively flat, with the highest elevation < 30 m above sea level 
(Lee et al. 2000). Like many Chesapeake tributaries, sedi-
ment and nutrient loads were highly influenced by European 
colonization in the late 1600s–1800s that caused large-scale 
deforestation and implementation of agricultural practices 
(Fisher et al. 2006b; Brush 2009). In the Choptank water-
shed, human populations have been increasing, and agricul-
ture has been decreasing in area but increasing in intensity 
since about 1900, with the net effect of increasing N and P 
loads from fertilizer use and human wastewater discharges 
(Fisher et al. 2006b).

Harleigh Farms is a collection of farms under a single 
owner. The farms were purchased sequentially for partial 
conversion from intensive grain production (corn, wheat, 
soy rotation) to conservation plantings such as the Con-
servation Reserve Program (CRP), Conservation Reserve 
Enhancement Program (CREP), and wetlands (Bunnell-
Young et al. 2017). The earliest CRP contracts at Harleigh 
Farms began in October 1995 (Clay Robinson, property 
manager at Harleigh Farms, personal communication). 
Since then, agricultural fields have been successively put 
into conservation easements, and the property is split into 
1∕

3
 forest, 1∕

3
 crop, and 1∕

3
 managed conservation to sup-

port game species such as quail. Conversion from agricul-
ture to conservation land on individual fields from 1994 
to 2006 began with the establishment or widening of a 
buffer strip that encircled an entire agricultural field or was 
installed directly adjacent to a wetland or waterway. Most 
of the conversion to conservation lands from 2006 to 2017 
involved either the expansion of those buffers or a conver-
sion of the whole field to conservation land. Previous work 
on the property focused on the recovery time of groundwa-
ter after cessation of intensive grain agriculture and found 
that concentrations of nitrate in waters of the surficial 
unconfined aquifer were reduced ~ 90% (~ 10 to ~ 1 mg N 
L−1) within ~ 3–5 years after fertilizer applications ceased 
(Bunnell-Young et al. 2017). Another study examining near-
surface ground- and surface-water interactions noted the 
strong influence of weather events and human activity on 
nutrient exchanges (TNC 2016). However, to our knowl-
edge, no previous work assessed the land–estuary connec-
tion within either of the study creeks.

Fig. 1   Conceptual model of hypotheses. The left side shows pre-
conservation conditions in both Trippe and Goldsborough Creek: pri-
marily agricultural land use (wheat, corn, soy) leads to high runoff 
of sediment and nutrients from land into adjacent waters, resulting in 
high sediment and nutrient burial rates. These conditions are hypoth-
esized to continue with continued agriculture and increased develop-
ment in the Goldsborough Creek watershed, with increasing sedimen-
tation rates (not shown). The right side shows expected changes in 
Trippe Creek with conversion to conservation plantings (e.g., grass, 
trees) in the Trippe Creek watershed. Symbols are from the Integra-
tion and Application Network, University of Maryland Center for 
Environmental Science (ian.umces.edu/symbols/)
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Field and Laboratory Methods

Water samples were collected in 2010 and 2016–2017 at 
five estuarine stations in Trippe Creek (Railroad Bridge, 
NOAA Trippe, Boat House, Millwood, and Deep Water 
Point), and at two stations in reference Goldsborough Creek 
(Goldsborough, NOAA Goldsborough, Fig. 2). The two 
NOAA stations were only collected during 2016–2017 as 
part of a fisheries survey (McLaughlin et al. 2018), whereas 
the other stations were collected in 2010 and 2016–2017 as 
part of a monitoring program by Harleigh Farms. Salinity 
of these water samples was measured by a laboratory refrac-
tometer for the Harleigh Farms monitoring program and an 
in situ YSI sonde at the two NOAA stations.

All water chemistry analyses were done by the Analytical 
Services Laboratory of the Horn Point Laboratory. Surface 
water samples were collected in 1-L acid-washed plastic bot-
tles every 1–2 months for 8–17-month periods and transferred 
on ice within 24 h to the Analytical Services Laboratory. 

Particulate nitrogen (PN) and phosphorus (PP) were analyzed 
on GFF filters using a CHN analyzer (Cornwell et al. 1996) 
and ashing/colorimetry (Aspila et al. 1976), respectively. Dis-
solved nutrients (NH4

+, NO3
−, and PO4

−3) were measured in 
filtered subsamples using automated colorimetric methods, 
and total N and P (TN, TP) or total dissolved N and P (TDN, 
TDP) were measured as PO4

−3 and NO3
− following persulfate 

digestion of unfiltered or filtered subsamples in an autoclave 
(Valderama 1981). TN and TP in the NOAA samples were 
computed as the sum of TDN + PN and TDP + PP. To measure 
chla, water samples were filtered on Whatman GFF filters, 
which were frozen at − 80 °C and stored for < 2 weeks prior 
to fluorometric analysis following standard procedures (Lane 
et al. 2000).

Six sediment cores (~ 100 cm long; 5 cm in diameter) were 
collected on 7 June 2016 via a hand-deployed piston corer. 
Three cores were located in Trippe Creek (denoted as TC1, 
2, 3), and three were located in the reference Goldsborough 
Creek (denoted as GC1, 2, 3; see Fig. 2). Intact cores were 

Fig. 2   Study area map showing the extent of the Trippe (black line) and Goldsborough (red line) watersheds. Sampling stations are indicated by 
blue stars for water-column and black circles for sediment samples, respectively
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returned to the laboratory and sectioned into 1 cm (0–20 cm) 
and 2 cm (20 cm to base of the core) increments. Sediment 
samples from every ~ 2–5 cm down each core were analyzed 
for bulk density, grain size, organic and particulate nutrient 
content, and the naturally occurring radioisotopes 7Be and 
210Pb. Finer-scale increments and analyses near the tops of 
cores were intended to improve resolution of sediment char-
acteristics during recent years.

Bulk density was assumed to be a function of porosity, 
calculated from water loss after drying wet samples at 60 °C 
until constant sediment weight was reached, assuming sedi-
ment density of 2.65 g cm−3. Grain-size analyses were per-
formed by wet sieving sediments at 64 μm to separate the 
mud (< 64 μm) and sand (> 64 μm) components. Organic 
content was determined via combustion at 450 °C for 4 h. 
Total particulate nitrogen (N) and phosphorus (P) analyses 
were conducted by the HPL Analytical Services Laboratory, 
as described above for water-column particulates.

7Be (half-life 53.3 days) was used to quantify the sedi-
ment deposition rates in 2016 at all stations. 7Be is gener-
ated naturally in the atmosphere and attaches to organic and 
inorganic sediment particles during wet and dry deposition 
(Olsen et al. 1986). The presence of 7Be in bottom sediments 
of Trippe and Goldsborough Creeks requires that the mate-
rial had been on land within the last ~ 250 days (5 half-lives, 
when < 5% of the original activity remains). 7Be activities 
were measured via gamma spectroscopy of the 477.7 keV 
photopeak, using a Canberra germanium detector and fol-
lowing the procedure of Palinkas et al. (2005). Gamma emis-
sions were counted for 24 h and measured activities were 
decay-corrected to the time of sample collection. For each 
core, analysis began with the topmost sample (0–1 cm incre-
ment) and proceeded with every 1-cm section down the core 
until no 7Be activity was detected; one additional section 
was counted below this horizon. 7Be was restricted to the top 
sample in all cores except the most upstream site in Trippe 
Creek (TC1), where it was also present in the 1–2-cm incre-
ment. Sediment deposition rates also were calculated follow-
ing Palinkas et al. (2005), after normalizing activities to the 
corresponding mud content, since 7Be preferentially attaches 
to fine-grained particles (Goodbred and Kuehl 1998).

210Pb (half-life 22.3 years) was used to quantify longer-
term decadal-scale sediment accumulation. 210Pb is pro-
duced by the decay of 238U and is supplied to the water 
column through precipitation, runoff, and decay of its par-
ent 226Ra (Nittrouer et al. 1979). 210Pb has been used in 
many Chesapeake Bay environments (Brush 1989; Colman 
et al. 2002; Willard et al. 2003), including those with his-
torically varying sedimentary environments (Palinkas and 
Koch 2012; Palinkas et al. 2017; Palinkas and Russ 2019). 
210Pb measurements were carried out via alpha spectros-
copy following the procedure of Palinkas and Nittrouer 
(2007). Measured activities were decay-corrected to the 

time of sample collection and normalized to the corre-
sponding mud content of sampled depth horizons in cores. 
Depth-integrated 210Pb inventories were calculated for each 
core and used to calculate sediment accumulation rates 
with the Constant Rate of Supply (CRS) model (Appleby 
and Oldfield 1978), also referred to as the Constant Flux 
(CF) model (Sanchez-Cabeza and Ruiz-Fernández 2012). 
This model does not require an assumption of steady sedi-
mentation but rather calculates ages for discrete sediment 
horizons within the core (see Table S3). Supported 210Pb 
activities were calculated via gamma spectroscopy from a 
weighted average of the 214Pb energies (295 and 352 keV) 
and 214Bi photopeak (609 keV) (Arias-Ortiz et al. 2018; 
Russ and Palinkas 2020). Several samples were analyzed 
for each core, and the activities were averaged. Down-core 
linear (cm year−1) sedimentation rates were calculated by 
dividing the sediment age by its depth; mass accumula-
tion rates (g cm−2 year−1) were then calculated by multi-
plying the linear sedimentation rate by the corresponding 
bulk density. The CRS model is relatively insensitive to 
the effects of mixing but may underestimate sedimenta-
tion rates if, as in our case, every sample down the core is 
not analyzed (Arias-Ortiz et al. 2018). The depth horizon 
corresponding to 1996 was calculated via the CRS model.

GIS Analyses

Changes in the potential contribution of shoreline-derived 
sediments were evaluated via GIS analyses of shoreline 
change, following Russ and Palinkas (2020). These methods 
are similar to those used in other coastal settings to quan-
tify geomorphic changes at the land–water interface (Eulie 
et al. 2017; Smith and Terrano 2017; Hopkinson et al. 2018; 
Johnson et al. 2020). For these analyses, shoreline surveys 
in 1942 and 1994 by the Maryland Geological Survey 
(https://​data.​imap.​maryl​and.​gov) represented historical con-
ditions, and LiDAR data collected in 2003 and 2015 were 
obtained via NOAA’s Digital Coast (http://​coast.​noaa.​gov/​
digit​alcoa​st) to represent more current conditions. Hori-
zontal accuracy of LiDAR data collected between 1998 and 
2013 ranged over 0.7–1.5 m (Stockdon et al. 2002; Hapke 
et al. 2011; Johnson et al. 2020). Shapefiles of digitized 
shorelines were created as boundaries to calculate the area 
of water in each creek for each year. The rate of change in 
creek area was calculated by differencing these areas and 
normalizing by the time between surveys.

Individual watershed boundaries of Trippe and Goldsbor-
ough Creeks were not available in public datasets but rather 
were contained within a larger hydrologic unit (HUC-12) 
defined by the US Geological Survey (USGS) and avail-
able from the USGS National Map Viewer (https://​viewer.​
natio​nalmap.​gov/​basic/). The watershed boundaries of the 
creeks and subwatershed boundaries of two water quality 
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monitoring stations within each creek, Railroad (RR) and 
Goldsborough (GC), were estimated using 1-m resolution 
LiDAR data of the HUC-12 area. Watershed boundaries 
were calculated from the LiDAR data with the ArcHydro 
toolbox in ArcGIS 10.4 (Saunders 1999; Callow et al. 2007; 
Li 2014). The resulting digital elevation model (DEM) was 
reconditioned via the stream-grid tool to burn-in known 
hydrology (https://​www.​usgs.​gov/​natio​nal-​hydro​graphy/​
access-​natio​nal-​hydro​graphy-​produ​cts) via the AGREE 
methodology (Saunders 1999; Baker et al. 2006; Callow 
et al. 2007).

Changes in land use and land cover over 23 years were 
evaluated at three time steps (1994, 2006, and 2017) using 
aerial imagery with a spatial resolution of 0.3–1 m. These 
years were chosen to coincide as closely in time as possi-
ble with the onset of land-use conversion at Harleigh Farms 
(1996) and water-column and sediment sampling (2010, 
2016–2017). The imagery was acquired from Maryland 
iMAP (https://​imap.​maryl​and.​gov/​Pages/​data.​aspx). The 
2017 imagery was acquired as part of the National Agricul-
ture Imagery Program (NAIP; https://​imap.​maryl​and.​gov/​
Pages/​image​ry-​downl​oad-​files.​aspx). A land-cover change 
analysis was completed for the two intervals between the 
three years by digitizing the areas at a 1:20,000 map scale 
using the DEM-defined watershed boundaries. Land-use 
codes were derived from the Anderson Level 1 and Level 
2 land-use and land-cover (LULC) classification system 
(Anderson et al. 1976). One such code, “conservation land,” 
is defined differently in this paper to be agricultural land 
that is no longer actively farmed for cash crops (e.g., corn, 
soybean, and wheat) and has been allowed to senesce and 
go fallow by the farmer and/or land owner. Differences in 
LULC between time steps were evaluated as percent change 
in area for each land use. The error rates for digitizing these 
watersheds were calculated by re-digitizing three polygons 
of varying land use and size. The percent differences were 
less than 1%.

Auxiliary Data

Like most small estuaries within the highly dissected lands 
of the lower Choptank basin, neither Trippe nor Goldsbor-
ough Creeks are routinely monitored for water discharge 
and chemistry. The closest USGS gauge is at Greensboro 
MD (USGS 1,491,000), which is ~ 40 km from the study site 
and measures discharge and water chemistry from a nearby 
portion of the Choptank Basin (Fig. 2). We obtained annual 
rainfall data (m year−1) from several local meteorological 
stations in the Choptank Basin and water yields (m3 water 
m−2 watershed area year−1 = m year−1, units equivalent to 
rain) from the USGS gauge as proxies for local discharge.

Rainfall data were obtained from NOAA’s National 
Centers of Environmental Information (NCEI; https://​

www.​ncdc.​noaa.​gov). We requested data for the time 
period from 1 January 1949 (first complete year of data) 
to 5 May 2019 (most recent data), using the Global 
Historical Climatology Network (GHCN) database 
for stations at Royal Oak (GHCND:USC00187806), 
Easton (GHCND:US1MDTB0001), and Bellevue (US1M-
DTB0007). The Royal Oak station was the closest to the 
study site (~ 7 km) and had the longest and most complete 
dataset. Daily rainfall was averaged over the three stations 
to include spatial variability in rainfall and to cover gaps in 
data records, and the averaged daily values were summed 
over each calendar year to obtain total annual rainfall in 
2010 and 2016 (m year−1). Rain data were available from 
all stations during 2010 and 2016, and data were available 
from at least one station for every day of those two years.

We obtained daily water discharge (m3 day−1) from the 
USGS Gauge near Greensboro MD (USGS 1,491,000) for 
1949–2019. Discharge was normalized to watershed area 
(m2) and summed by calendar year to obtain annual water 
yields (m year−1), which are independent of watershed 
size, enabling comparisons between watersheds. In addi-
tion, water yields have the same units as rainfall and are 
typically ~ 40% of rainfall in the Mid-Atlantic region (Fisher 
et al. 2010). Figure 3 shows the relationship between water 
yields at various USGS gauges on the Delmarva Peninsula 
compared to water yields at Greensboro, MD. There is a 
strong correlation (r2 = 0.87, p < 0.0001) between water 
yields at the eight stations, and the intercept (2.9) and slope 
(0.97) through the data are not different from 0 (p = 0.16) 
and 1 (p = 0.96), respectively. The average absolute differ-
ence between annual water yields at Greensboro and other 
USGS stations was 11% of the Greensboro value, which 
represents real spatial variations plus measurement errors. 
Approximately double the average absolute difference (22%) 
sets the limit of accuracy for the use of water yields to esti-
mate discharge at any location on the Delmarva Peninsula 
at the annual time scale.

Statistical Analyses

Statistical tests were performed with R statistical software 
and SigmaPlot v12.5. T tests were used to reveal differ-
ences between measurements, grouped by location (Trippe 
versus Goldsborough Creek) and/or time period (< 1996, 
1996–2016). ANOVA was used to assess within-creek vari-
ability. P values are reported for all tests, although p values 
do not measure the importance of results (Wasserstein and 
Lazar 2016), and management decisions should not be based 
solely on them (Smith 2020). Indeed, geological field data 
often preclude robust statistical analysis (Krumbein 1960), 
and the number of stations and samples in this study were 
relatively low. To that end, we highlight trends that may 
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reflect physically meaningful processes, especially differ-
ences of > 10% in our change analysis. This value exceeds 
the average replication error in similar Chesapeake shallow-
water environments (Palinkas and Koch 2012).

Results

Basin Descriptions and Land Uses

The watersheds of both Trippe and Goldsborough Creeks 
were rural in 1994, with 40–50% agricultural land use 
(Fig. 4). The Trippe Creek watershed area was 22.0 km2, 
with a 5:1 ratio of land to water, and the Goldsborough 
Creek watershed area was smaller (6.4 km2), but with a simi-
lar ratio of land to water (4.5:1). Both contained portions of 
the Harleigh Farms property. However, the majority of Har-
leigh Farms was located in the Trippe Creek watershed (5.8 
km2 or 26.4% of the watershed), with only a small fraction of 
Harleigh Farms in the reference Goldsborough Creek water-
shed (0.55 km2 or 8.6% of the watershed). In 1994, the year 

with the highest agricultural land-use percentage, Harleigh 
Farms represented 63.0% and 20.4% of the agricultural lands 
in Trippe Creek watershed and the reference Goldsborough 
Creek watershed, respectively.

Changes in land use were observed between the three 
time steps (1994, 2006, 2017) in the Trippe Creek and ref-
erence Goldsborough Creek watersheds (Fig. 4). In 1994, 
both watersheds were dominated by agricultural land 
(40–50%). In 2006 and 2017, conservation areas in Trippe 
Creek watershed increased from 0.5 to 21%, and agricul-
tural land decreased from 42 to 20%, resulting in > 50% 
reduction in agriculture in the Trippe Creek watershed. In 
the reference Goldsborough Creek watershed, conservation 
lands increased from 0 to 9% and agricultural land decreased 
from 53 to 42%, a ~ 20% decrease in agriculture. Most of 
these changes occurred during 1994–2006, but continued 
more slowly during 2006–2017. Areas of other land uses 
varied little in either watershed over time. The majority of 
conversions in both watersheds occurred on the Harleigh 
Farms property, accounting for 67% and 59% of the land-use 
change in Trippe and Goldsborough Creeks, respectively.

Fig. 3   Comparison of annual 
water yields from USGS gauge 
sites on the Delmarva Penin-
sula. Large dashed lines are 
the 95% CIs of the slope (solid 
line), and the dotted line is a 
1:1 relationship passing through 
zero. The intercept and slope of 
the linear regression are not dif-
ferent from 0 and 1, respectively
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These land-use changes were not distributed uniformly 
within each watershed. The two headwater sampling sites, 
RR and GC, exhibited changes on a smaller scale. For the 
full time period, the only land-use changes that occurred 
in the subwatersheds of RR and GC stations were transi-
tions from cropland to conservation land; all other land uses 
were the same in total area and spatial location. The RR 
site subwatershed of Trippe Creek comprised 34% of the 
total watershed of Trippe Creek but was only 9% Harleigh 
Farms property. In contrast, the reference subwatershed of 
the GC site comprised 13% of the total watershed of Golds-
borough Creek but was 56% Harleigh Farms property; i.e., 
land-use changes on Harleigh Farms have a potentially larger 
influence on the reference GC site in Goldsborough Creek 

than on the RR site of Trippe Creek. However, the land-use 
changes by 2017 represented large changes in conservation 
lands compared to 1994: from 0 to 33% in the RR site sub-
watershed of Trippe Creek, and from 0 to 9% in the reference 
GC site subwatershed of Goldsborough Creek.

Shoreline Erosion

There was considerable evidence for shoreline erosion in 
both creeks. The total shoreline length was more than twice 
as long around Trippe Creek (28.8 km in 2015) than around 
the reference Goldsborough Creek (13.0 km in 2015). In 
Trippe Creek, the area between shorelines (i.e., area of 
water) expanded by 3.5 × 103 m2  year−1 between 1942 
and 1994 (5.1% total change in area), and by an additional 
2.6 × 103 m2 year−1 between 2003 and 2015 (0.75% total 
change in area). This represents land loss at the shoreline, 
with the recent (2003–2015) rate of loss ~ 25% lower than 
the historical rate (1942–1994). In reference Goldsborough 
Creek, the area between shorelines expanded by 1.3 × 103 
m2 year−1 between 1942 and 1994 (8.5% total change in 
area), and by 0.45 × 103 m2 year−1 between 2003 and 2015 
(0.55% total change in area). Like Trippe Creek, this rep-
resents land loss at the shoreline, with the recent rate of 
loss ~ 65% lower than the historical rate. Shoreline heights 
along both creeks were > 0–1.5  m and were composed 
mostly of sandy, siliceous sediment.

Rainfall and Water Yields

Local rainfall and Greensboro water yields for the calendar 
years of water column sampling were used as indicators of 
transport from land to water. Average annual rainfall from 
1949–2018 was 117.5 ± 2.5 cm, highest in 2003 (167.3 cm) 
and lowest in 1965 (80.5 cm; Fig. 5). There is a long-term 
trend in annual rainfall, increasing at a rate of 0.23 cm year−2 
(r2 = 0.05, p = 0.059). The highest daily rainfall was 22.6 cm 
on 2 November 1956, and precipitation was not measur-
able (0 cm) for ~ 65% of the days. For the two historical 
periods of interest for sediment transport, average ± SE of 
annual rainfall was 114.4 ± 20.5 cm from 1949 to 1996 and 
118.1 ± 19.7 cm from 1997 to 2018, with no differences in 
means between these time periods (p = 0.27). The additional 
degrees of freedom in the entire dataset were required to 
detect the increasing rainfall over the entire time period 
(Fig. 5). High-rainfall events occurred in both time peri-
ods, with similar magnitudes; maximum daily rainfall was 
22.6 cm (2 November 1956, Hurricane Greta) before 1996 
and 20.1 cm (16 September 1999, Hurricane Floyd) after 
1996. These large storm events are likely to be the major 
drivers of terrestrial sediment delivery to the estuaries.

There were only small differences in annual rainfall dur-
ing the years of water column sampling. For calendar year 

Fig. 4   Time series of land use in the watersheds of Trippe and Gols-
borough Creeks based on aerial imagery taken in 1994, 2006, and 
2017. Bars are centered on the year of the imagery, and dashed lines 
indicate linear extrapolation between analyzed imagery. The data 
show conversion of grain agriculture (“grain ag”) to conservation 
planting due to the presence of Harleigh Farm straddling the bound-
ary between the two watersheds (see Fig. 2). Harleigh Farms lies pri-
marily in the Trippe Creek watershed, where ~ 50% of grain agricul-
ture was converted to conservation plantings. “Other” land use refers 
to water, wetlands, and transitional lands
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2010, the annual precipitation was 127 cm year−1, 10 cm 
above the long-term mean of 117 cm year−1. For calendar 
year 2016, the total rainfall was 112 cm year−1, 5 cm below 
the long-term mean rainfall. These data allow us to charac-
terize 2010 as slightly (8.5%) wetter than average and 2016 
as slightly drier than average (− 4.3%). However, we note 
that December 2009, 1 month prior to the first water column 
sampling in January 2010, was one of the wettest Decembers 
in the entire rainfall record (20.6 cm month−1) and may have 
influenced the 2010 water quality samples. For the sediment 
sampling, especially 7Be depositional data, rainfall data for 
other time scales are more relevant. For the time period coin-
ciding with 7Be observations in 2016 prior to core collection 
(77 days mean lifetime), total rainfall was 28.4 cm, which 
is similar to the long-term mean of 24.7 ± 8.1 cm over that 
same 77-day time period. Data from 210Pb deposition span 
decades, and the long-term mean values for rainfall are most 
relevant.

Annual water yields (cm year−1) at the USGS gauge at 
Greensboro MD indicated conditions similar to annual pre-
cipitation (Fig. 5). The long-term mean of annual, calendar 
year, water yield was 43.3 ± 2.1 cm year−1, and there was a 
long-term increase in annual water yields of 0.25 cm year−2 
(r2 = 0.0803, p = 0.0297), largely parallel to the long-term 
trend in precipitation. Not surprisingly, annual water 
yields were correlated with annual precipitation (r2 = 0.60, 
p < 0.0001), supporting our use of average precipitation and 
annual water yield as measures of transfer of materials from 
the watersheds to the estuaries of both basins.

As for annual precipitation, there were small differences 
in annual water yields during the years of sampling. For cal-
endar year 2010, the annual water yield was 51.1 cm year−1, 
7.8 cm above the long-term mean of 43.3 cm year−1. For cal-
endar year 2016, the annual water yield was 43.0 cm year−1, 
0.3 cm below the long-term mean. These data allow us to 
characterize 2010 as having 18% more discharge than aver-
age and 2016 as having only 0.01% discharge less than aver-
age. As noted above, precipitation in December 2009, prior 
to our initial sampling, was anomalously high and resulted 
in a record water yield of 19 cm month−1 for all Decem-
bers since 1949. For the sediment sampling, especially 
7Be deposition, water yields for other time scales are more 
relevant. For the time period in 2016 represented by 7Be 
(77 days mean lifetime prior to core collection), the mean 
water yield was 11.6 cm, similar to the long-term mean of 
11.8 ± 5.6 cm over that the time period. Data on 210Pb depo-
sition spans decades, and the long-term mean water yield is 
most relevant.

Water‑Column Observations

Salinity increased from east to west along the length of both 
creeks. TC1 and Railroad stations in Trippe Creek were 
closest to freshwater (salinity = 8.3), indicating that the salt 
gradient penetrated far inland in these small systems (see 
Fig. 2). The highest salinities were found at Deep Water 
Point in Trippe Creek (13.4) and the NOAA Goldsborough 
station (11.7) in Goldsborough Creek.

Fig. 5   Average annual precipitation data from 3 local NOAA rain gauges and annual water yields from the USGS gauging station near Greens-
boro MD. See Fig. 2 for locations. Water yields are discharge normalized to watershed area, with the same units as precipitation
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Average (± SE) of water quality constituents (TN, TP, chla) 
at each station for 2010 and 2016 are shown in Fig. 6 and 
Table 1 (see Supplemental Material, Table S1 for observations 
at individual stations). TN, TP, and chla at the stations sam-
pled along the salinity gradient of each creek are plotted against 
salinity to account for the effects of mixing of freshwater from 

the watershed (high-nutrient, freshwater end-member) with 
estuarine water from the Tred Avon river (lower nutrient, more 
saline end-member). Note that we did not measure salinity in 
2010; we assumed that average salinities in 2010 were similar 
to those in 2016, an assumption supported by the similar pre-
cipitation and water yields for both years reported above.

Fig. 6   Total N (TN), total P 
(TP), and chlorophyll a (chla) 
along the salinity gradients 
of Trippe Creek (circles) and 
Goldsborough Creek (squares) 
during the two time periods 
of sampling (2010 in gray, 
2016–2017 in black). TN was 
mixed linearly along the salin-
ity gradient in both years, and 
the y-axis intercepts for TN 
(salinity = 0) were significantly 
different (p < 0.0001), indicating 
systematically lower concentra-
tions of TN in 2016 compared 
to 2010. For TP, there were also 
systematically lower concen-
trations in 2016 compared to 
2010, but both years showed 
a non-linear distribution with 
salinity, suggesting a P source 
near salinities of 10–12. Like 
TN, chlorophyll a declined with 
salinity, with systematically 
lower concentrations in 2016 
compared to 2010. See Table S1 
in the Supplemental Material 
for values of all water-column 
constituents, including the 
forms of nitrogen and phos-
phorus
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These adjacent estuaries exhibited similar mixing patterns 
from local freshwaters to estuarine waters of the Tred Avon 
River, a tributary of the Choptank (see Fig. 2). Average TN 
values of both estuaries for each sampling period fit on one 
TN line in Fig. 6, indicating similar mixing of local fresh-
water with Tred Avon water. However, the TN data for 2016 
were systematically lower than in 2010 (− 0.19 mg N L−1). 
Although TN had a negative linear relationship to salinity 
(dilution of freshwater TN by lower-TN, Tred Avon water), 
TP exhibited a convex pattern suggestive of a local P source 
at salinities of 10–12. Both years had parallel mixing pat-
terns for TP, with 2016 concentrations systematically lower 
than those of 2010. Trippe Creek chla in 2010 had a con-
cave relationship with salinity due to unusually high algal 
biomass in summer 2010 in the lower salinity waters at the 
Railroad site. However, in 2016, chla was linearly related to 
salinity in both creeks, with systematically lower values in 
2016 compared to 2010. All chla values were high, particu-
larly in 2010, and most chla values in both creeks exceeded 
the chla criterion of 15 μg chla L−1 developed by Harding 
et al. (2014) for Chesapeake Bay stations.

The composition of the TN and TP in both creeks was 
primarily organic. Average ammonium and nitrate were 
both ≤ 0.01 mg N L−1, comprising < 2% of the TN. Total dis-
solved P, an analytical class that includes dissolved organic 
P, was ~ 0.03 mg P L−1, representing ~ 27% of the TP in both 
creeks. Inorganic N and P were clearly small fractions of 
the TN and TP and likely close to limiting concentrations 
for phytoplankton growth (Fisher et al. 1992, 1999) due to 
biological interception of inorganic forms upstream of our 
lowest salinity stations (Trippe RR, Goldsborough GC).

Sediment Observations

Surficial (uppermost 1 cm) sediment characteristics were 
similar in Trippe and Goldsborough Creeks (Table 2). How-
ever, there was a notable outlier at the most upstream station 
in Trippe Creek (TC1, close to the Railroad water-column 
station, Fig. 2), where both particulate nitrogen (PN) and 
particulate phosphorus (PP) were higher than the other 

stations. Seasonal (7Be-derived) sediment deposition rates 
in Trippe Creek were similar at the lower salinity head and 
middle of the estuary, with a decrease at the higher salinity 
mouth (Table 2). In contrast, seasonal deposition rates in 
reference Goldsborough Creek increased downstream from 
the lowest salinity station (GC2) to the highest salinity sta-
tion (GC3).

Core-averaged sediment characteristics and 210Pb-derived 
burial rates (Table 2) reflect changes over decades within 
the estuaries but may not include the same time span for all 
cores due to spatially varying burial rates. At the decadal 
time scale, sediment characteristics were similar (p = 0.24 
to 0.33), but sediment burial rates in Goldsborough Creek 
were approximately twice those in Trippe Creek (1.0 vs. 
0.49  g  cm−2  year−1; p = 0.11). Core averages for mud, 
organic, PN, and PP content generally decreased down-
stream in reference Goldsborough Creek, but accumulation 
rates increased downstream (Fig. 7). In contrast, in Trippe 
Creek, average mud, organic, PN, and PP content generally 
decreased downstream, as did accumulation rates. Overall, 
mean mud and organic composition of sediments were some-
what higher in Trippe Creek than in reference Goldsborough 
Creek, whereas the accumulation rates were somewhat lower 
in Trippe Creek, suggesting a lower sediment supply. While 
spatial patterns may be explained by sample locations within 
the creeks (e.g., higher accumulation rates at sites in more 
embayed regions), the large variability around all averages 
in Table 2 resulted in p values > 0.10.

Down-core changes in sediment characteristics reflect 
temporal variability of sedimentation (Supplemental Mate-
rial, Fig. S1, Table S3). Geochronologies established from 
210Pb activities (see “Methods” section) were used to sepa-
rate observations into two time periods above and below the 
depth horizon corresponding to 1996, the onset of land-use 
conversion at Harleigh Farms. Since excess 210Pb may be 
present in sediments up to ~ 100 years old (5 half-lives), and 
cores were collected in 2016, the 210Pb activities represent 
both 1916–1996 and 1996–2016 (Fig. 7; Table S2). Before 
1996, stations in Trippe Creek had higher average PN and 
PP composition (p = 0.07 and p < 0.001, respectively), but 

Table 1   Water-column 
observations averaged over the 
two study periods, given as 
mean ± SE

TC Trippe Creek (all stations), GC Goldsborough Creek stations, RR Railroad station
* All TC stations except RR

TC GC Trippe* RR

2010 2016/17 2010 2016/17 2010 2016/17 2010 2016/17

Total Nitrogen, mg L−1 1.03
 ± 0.10

0.78
 ± 0.081

1.16
 ± 0.080

0.84
 ± 0.10

0.83
 ± 0.053

0.63
 ± 0.05

1.64
 ± 0.21

1.37
 ± 0.45

Total Phosphorus, mg L−1 0.11
 ± 0.019

0.088
 ± 0.010

0.20
 ± 0.035

0.12
 ± 0.017

0.079
 ± 0.012

0.076
 ± 0.010

0.19
 ± 0.054

0.134
 ± 0.022

Chlorophyll a,
μg L−1

44.9
 ± 19.9

15.7
 ± 2.1

26.6
 ± 9.33

15.8
 ± 2.3

18.9
 ± 3.1

13.0
 ± 1.7

122.7
 ± 73.4

31.5
 ± 12.2
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lower average sedimentation rates than stations in reference 
Goldsborough Creek (p < 0.001). In addition, sedimentation 
rates increased downstream in both creeks. After 1996, this 
spatial pattern in accumulation rates persisted, and aver-
age accumulation rates in Trippe Creek were lower than in 
reference Goldsborough Creek (p = 0.006), but average PN 
and PP content were similar between the creeks (p = 0.17 
and p = 0.65, respectively). Directions of change for each 
parameter were determined by calculating the percent 
change before and after 1996 (Table 3); for our purposes, 
a change of > 10% was considered notable, as described in 
“Methods” section. Averaging all down-core data within the 
creek, the only change > 10% in Trippe Creek was a decrease 
in PP composition. However, PN increased at the upstream 
site, PP decreased at the middle site, and accumulation rates 
decreased at the upstream and middle sites. For reference 
Goldsborough Creek, both average PN and average accu-
mulation rate increased > 10%, with the latter being the only 
change in average values for either creek with p < 0.10 in 
t tests. At individual sites, all parameters either remained 
similar or increased after 1996, except for a decrease in 
accumulation rate at the upstream site.

Discussion

The testable hypotheses for the present study were evalu-
ated through the lens of comparative analysis (Fig. 1). 
Our hypothesis about land-use change (hypothesis 1) 
was partially supported (Table 4). We found that land use 
in Trippe and Goldsborough Creeks was indeed similar 
prior to conversion of grain production fields to conserva-
tion plantings (Fig. 4, left bars in each graph). As con-
servation plantings increased during 1994 to 2017, there 

Fig. 7   Average values of (top to bottom) decadal (210Pb) sediment 
burial rates, particulate nitrogen (PN), and particulate phosphorus 
(PP) in Goldsborough Creek (solid bars) and Trippe Creek (cross-
hatched bars). For each parameter, the left panel shows averages for 
individual stations from 1916 to 1996 (light color) and 1996–2016 
(dark color), and the right panel includes all down-core data for each 
creek, separated into the two time periods, with dark horizontal bars 
indicating the median. All error bars represent one standard devia-
tion. P values for comparisons between the two time periods for each 
station are listed in Table 3; asterisks (*) indicate p values < 0.10

Table 2   Surficial-sediment (upper 1 cm) characteristics (PN = particulate nitrogen; PP = particulate phosphorus) and seasonal (7Be) sedimenta-
tion rates

P values for comparisons between Trippe and Goldsborough Creek are listed below the Trippe average. See Fig. 2 for station locations; stations 
are organized by position along the salinity gradient

Station Mud content (%) Organic content (%) PN content (%) PP content (%) 7Be rate
(g cm−2 year−1)

GC2 95.7 9.9 0.28 0.94 0.42
GC1 95.5 8.9 0.23 0.97 0.92
GC3 71.9 7.8 0.19 0.58 1.42
TC1 89.9 7.0 0.47 0.12 0.70
TC2 89.6 8.9 0.18 0.87 0.69
TC3 97.8 8.9 0.24 0.87 0.53
Goldsborough average 87.7 ± 13.7 8.8 ± 1.0 0.23 ± 0.05 0.83 ± 0.22 0.92 ± 0.50
Trippe average 92.4 ± 4.7

p = 0.61
8.3 ± 1.1 (8.9 ± 0.04 w/

out TC1)
p = 0.53

0.30 ± 0.15 
(0.21 ± 0.04 w/out 
TC1)

p = 0.55

0.62 ± 0.43
(0.87 w/out TC1)
p = 0.51

0.64 ± 0.09
p = 0.44
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was a net ~ 50% decrease in agriculture and correspond-
ing increase in conservation in Trippe Creek, but only a 
20% decrease in agriculture in the reference Goldsbor-
ough Creek. In contrast, developed lands remained simi-
lar in both watersheds over time. Most of the conversion 
from agriculture to conservation land in both watersheds 
occurred on the Harleigh Farms properties, accounting 
for ~ 85–90% of observed changes in both watersheds. 
These changes were concentrated in the headwaters of each 
watershed, which drained directly to the RR water quality 
station in Trippe Creek and the GC water quality station 
in reference Goldsborough Creek. While this potentially 
confounds the comparative analysis because a small por-
tion of Harleigh Farms lies in the reference Goldsborough 

Creek watershed, the reduction of agriculture was much 
larger in the Trippe Creek watershed (− 50%) than in the 
Goldsborough watershed (−20%)(Table 5).

We also evaluated changes in estuarine N, P, and chla 
concentrations (hypothesis 2) between two time points: 2010 
and 2016. The 6-year time span between these time points 
is longer than observed decreases in groundwater nitrate in 
the Trippe Creek surficial aquifer (90% reduction within 
3–5 years, Bunnell-Young et al. 2017), and hypothesis 2 pre-
dicts decreases in estuarine N, P, and chla concentrations. 
All TN, TP, and chla annual means in 2016 were in fact 
consistently lower than 2010 means. TN, TP, and chla means 
were similarly distributed along the salinity gradient in both 
years, but with consistently lower concentrations in 2016 

Table 3   Sediment characteristics and decadal (210Pb) sedimentation rates averaged for each entire core; superscripts indicate within-creek differ-
ences with p < 0.05 to highlight relatively large differences

These station averages were used to calculate average values for Goldsborough and Trippe Creeks; p values for the comparison between creeks 
are listed below the Trippe average

Station Mud content (%) Organic content (%) PN content (%) PP content (%) 210Pb rate
(g cm−2 year−1)

GC2 91.8 ± 8.2a 6.5 ± 1.9ab 0.20 ± 0.05b 1.0 ± 0.26b 0.86 ± 0.18a

GC1 89.6 ± 12.9a 6.9 ± 1.3a 0.17 ± 0.05a 0.80 ± 0.13a 0.80 ± 0.20a

GC3 77.0 ± 8.2b 5.5 ± 0.7b 0.12 ± 0.03c 0.90 ± 0.27ab 1.4 ± 0.86b

TC1 91.3 ± 4.1a 11.3 ± 2.8a 0.30 ± 0.05a 1.70 ± 0.72a 0.22 ± 0.06a

TC2 91.7 ± 3.6a 7.0 ± 0.95b 0.15 ± 0.03b 0.95 ± 0.30b 0.44 ± 0.15b

TC3 98.0 ± 0.69b 7.4 ± 0.65b 0.17 ± 0.04b 0.98 ± 0.22b 0.81 ± 0.24c

Goldsborough average 86.1 ± 8.0 6.3 ± 0.7 0.16 ± 0.04 0.90 ± 0.11 1.0 ± 0.33
Trippe average 93.6 ± 3.6

p = 0.24
7.2 ± 4.1

p = 0.24
0.20 ± 0.08
p = 0.47

1.2 ± 0.36
p = 0.33

0.49 ± 0.29
p = 0.11

Table 4   Percent change from before and after 1996 (see Table S2; Fig. 6) at each station, with negative values indicating a decrease; p values are 
given for the corresponding t test

Values in the “average” row for each creek are calculated using all down-core data

Station Mud content (%) Organic content (%) PN content (%) PP content (%) 210Pb rate
(%)

GC2  −0.36
p = 0.43

 +24.7
p = 0.16

 +9.4
p = 0.26

 +12.9
p = 0.23

 −17.9
p = 0.15

GC1  +1.5
p = 0.11

 +13.6
p = 0.009

 +30.8
p < 0.001

 +17.4
p = 0.03

 +41.7
p = 0.05

GC3  −8.9
p = 0.06

 +0.52
p = 0.95

 +23.1
p = 0.04

 −6.0
p = 0.71

 +79.2
p = 0.07

TC1  −1.6
p = 0.46

 −10.2
p = 0.78

 +41.2
p < 0.001

 −25.4
p = 0.77

 −33.0
p = 0.47

TC2  +0.73
p = 0.65

 −0.59
p = 0.95

 +2.7
p = 0.67

 −1.9
p = 0.87

 −53.8
p = 0.04

TC3  −0.07
p = 0.89

 +0.47
p = 0.87

 +1.0
p = 0.87

 +1.2
p = 0.93

 +1.3
p = 0.95

Goldsborough average  −6.1
p = 0.13

 +7.4
p = 0.20

 +11.8
p = 0.23

 +5.9
p = 0.45

 +50.7
p = 0.05

Trippe average  + 1.5
p = 0.20

 −7.0
p = 0.33

 +6.1
p = 0.60

 −15.6
p = 0.30

 +10.1
p = 0.68
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(Fig. 6). While TN was essentially conservative, TP was 
elevated in the middle of the salinity gradient in both creeks, 
implying a local P source. Average chla had the highest val-
ues at the Railroad station, with high variability from algal 
blooms in summer 2010. The systematically lower TN, TP, 
and chla in 2016 compared to 2010, and the algal blooms in 
2010 support hypothesis 2 (Table 4).

We have combined the TN, TP, and chla data from all sta-
tions in both creeks by year in Fig. 6. We argue that the par-
allel distributions of TN, TP, and chla along the salinity gra-
dient imply similar mixing between freshwater inputs from 
both watersheds and higher salinity waters of the Tred Avon 
River (Fig. 2). RR and GC stations had the highest TN and 
chla concentrations in each creek because they are located 
near the headwaters of their respective creeks, where land-
use effects are most influential (Leight et al. 2014, 2015). 
We also note that TP was higher at intermediate salinities 
of 10–12 (stations Goldsborough GC and Trippe TA5) due 
to apparent P inputs from local land uses or desorption from 
local sediments as salinity increased.

The systematic decreases in TN, TP, and chla between 
2010 and 2016 suggest improving water quality in both 
creeks as a result of reductions in agricultural land use. These 
results are similar to expectations from model results in other 
studies (White et al. 2014; García et al. 2016; Muenich et al. 
2016; Clune and Capel 2021). It is tempting to attribute 
decreases in TN, TP, and chla to the effects of conservation 
plantings. However, there are other possible explanations, 
including seasonal differences in data collection periods. The 
2010 dataset was collected during January–August of 2010 
(winter to summer conditions), while the 2016–2017 dataset 
was collected from May 2016 to March 2017 (spring to win-
ter conditions). Seasonal data in the Chesapeake typically 

show blooms of phytoplankton in late winter to spring, asso-
ciated with increasing light, nutrient availability, and fresh-
water flow, along with warming temperatures and increasing 
vertical stratification (Harding 1994; Harding et al. 2019). 
These seasonal increases in chla would have been captured 
in the 2010 data but not necessarily in the 2016–2017 data. 
Also, while daily average rainfall and water yields were simi-
lar between the two time periods, the 2010 record is highly 
influenced by multiple tropical depressions and a single 
large event occurring just before the July sampling. Large 
runoff events can fuel algal blooms by providing freshwa-
ter and nutrients and promoting stratification, as observed 
in long-term datasets in the Chesapeake region (e.g., Fisher 
et al. 1988; Prasad et al. 2010). Indeed, chla measurements 
at the Railroad station were anomalously high in both July 
and August 2010, with the August 2010 value being 5 times 
higher than any other chla observation. However, chla in 
reference Goldsborough Creek had no obvious response to 
this event, and there was no obvious response in TN or TP in 
either creek. Thus, while our observations are consistent with 
decreasing supplies of terrestrial nutrients due to land-use 
change, other environmental factors may have also influenced 
our results.

Sediment data support a more robust change analysis since 
they provide a continuous record of both pre- and post-conser-
vation conditions (hypothesis 3). In both time periods, relative 
to reference Goldsborough Creek, sedimentation rates were 
lower in Trippe Creek, but organic content, PN, and PP were 
higher. However, the trajectory of change for some param-
eters between pre- and post-conservation time periods differed 
between the two creeks. In Trippe Creek, percent sediment PN 
increased and percent sediment PP decreased at the upstream 
site, and accumulation rates decreased at the middle and 

Table 5   Results supporting or not supporting the 3 testable hypotheses

Hypothesis Observation Source Supports?

Land use was similar in both watersheds in 1994 Figure 4 Yes
Harleigh Farms represented 63% of ag in Trippe but only 20% of ag in Goldsborough 

watershed
Text Partial

1 50% reduction in grain ag in Trippe by 2017, but only 20% decrease in Golds, mostly due to 
Harleigh Farms

Figure 4 Partial

Little change in developed land in Trippe and Golds Figure 4 No
Precipitation and discharge were similar in 2010 and 2016 Figure 5 Yes
Estuarine station means of TN, TP, and chla lower in 2016/2017 compared to 2010 Figure 6 Yes

2 Major algal blooms in 2010, none in 2016/2017 Figure 6 Yes
Similar mixing behavior in both estuaries Figure 6 Yes
In both time periods, sed rates in Trippe > Golds Figure 7 No
Sediment organic C, N, and P conc in Trippe estuary > Golds estuary Figure 7 No

3 N sed rate increased in both estuaries between 2010 and 2016 Figure 7 No
2016 P sed rates in Trippe estuary were = or < 2010 rates Figure 7 Yes
2016 P sed rates in Golds estuary were > or = 2010 rates Figure 7 Yes
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upstream sites, with other parameters remaining fairly steady 
before and after conservation. In reference Goldsborough 
Creek, all parameters either remained similar or increased 
after conservation, except for a decrease in accumulation rate 
at the upstream site. Increases in PN observed in both creeks 
could reflect particle scavenging of dissolved N in the water 
column during settling and/or settling of primary and second-
ary producers from the water column (Boynton et al. 1995). 
Trends in PP and accumulation rates diverged, decreasing or 
remaining steady in Trippe Creek but increasing or remaining 
steady in Goldsborough Creek, except at the upstream site. On 
average, accumulation rates were similar in Trippe Creek but 
increased by 51% in Goldsborough Creek, providing evidence 
to support hypothesis 3 (Table 4).

Expected reductions in N and P loads from conversion 
can be estimated by comparing average export from agri-
cultural and forested lands under baseline conditions in 
the Choptank River (Fisher et al. 2021). Conversion from 
grain production to forest would result in an estimated 94% 
reduction for N and 69% for P. Note that these estimates do 
not include the time for groundwater response to conser-
vation (3–5 years; Bunnell-Young et al. 2017) and another 
5–10 years for groundwater to reach a stream (Sutton et al. 
2009). These estimated reductions are similar to those cal-
culated from average loading rates used in the Chesapeake 
Bay Program (CBP) model for crop production and forests 
(Chesapeake Bay Program, CBP 2020). The CBP model also 
includes “agriculture open space” as a land use, which may 
better represent the conservation land in our study. Transi-
tioning from crop production to agriculture open space land 
use in the CBP model results in slightly lower reductions, 
85% for N and 57% for P, and a 96% reduction in sediment 
loads. Using these values as long-term, steady-state esti-
mates, and given that only about half of the agricultural land 
was converted to conservation, expected reductions would 
be about half of these values (i.e., 42% for nitrogen, 28% for 
PP, and 48% for sediment). We did not observe a major dif-
ference in %PN between the two creeks, and the difference 
in %PP (decrease of 16% in Trippe Creek versus no change 
in Goldsborough Creek) was more modest than expected. 
The difference in sedimentation rates (no change in Trippe 
Creek versus an increase of 51% in Goldsborough Creek) 
was similar to expectations. This difference could reflect 
both differences in land-use change in the two watersheds 
and/or changes in the nature of agriculture. The intensity 
of agriculture has increased over the last ~ 50 years, with 
double cropping (winter wheat and soybeans harvested in 
the same years) and increased fertilizer use almost doubling 
corn yields (Fisher et al. 2006b) and potentially increasing 
sediment supply. However, there also has been increasing 
use of no-till agriculture and cover crops that would reduce 
sediment supply (Staver and Brinsfield 2001), and the net 
effect of these changes is not clear.

Land-use change is not the only factor influencing 
sediment and nutrient supply from terrestrial to aquatic 
environments. Climate variability and change are widely 
acknowledged (Kaushal et al. 2010), and rainfall is the main 
driver of watershed sediment erosion (Romkens et al. 2002), 
varying greatly over time scales from events to millenia 
(Cronin et al. 2000; Miller et al. 2006; Saenger et al. 2008; 
Wagena et al. 2018). The potential impact of this variability 
on sediment observations is more limited than for water-
column observations for two reasons. First, the watersheds 
are small and located immediately adjacent to each other. 
While we do not have direct, local measurements of rainfall 
within each watershed, we can assume that precipitation 
reaching each watershed was similar and thus does not drive 
differences between the two creeks. Second, the long-term 
increases in average annual rainfall are expected to have 
increased annual discharge (Fig. 5) and sediment deposi-
tion, even though precipitation was similar in 2010 and 
2016, and both time periods included high-rainfall events 
of similar magnitude. Thus, precipitation probably did not 
drive differences between pre- and post-conservation eras 
within each creek. Mean sea level has been measured in the 
Choptank River (at Cambridge; station 8,571,892; http://​
tides​andcu​rrents.​noaa.​gov) by NOAA since 1971. The rate 
of relative sea-level rise increased from 2.1 mm year−1 
between 1971 and 1996 to 4.2 mm year−1 between 1996 
and 2016. This increase in sea-level rise makes more bottom 
area and volume available for sediment deposition, facilitat-
ing higher sedimentation rates, but it would do so in both 
creeks. Thus, sea-level rise does not explain differences in 
trends between the two creeks.

The input of inorganic sediment is likely dominated by soil 
and shoreline erosion, with an unmeasured component of bio-
genic production of silica from diatoms in the estuary. Shore-
line erosion dominates the sediment supply in some settings, 
including mid-Chesapeake Bay (Hobbs et al. 1992; Schilling 
et al. 2011; Sherriff et al. 2018), although rigorous quantifica-
tion of shoreline sediment sources is hindered by availability 
of shoreline surveys and/or aerial imagery. Biogenic produc-
tion of silica and organic matter is typically significant only 
where inorganic sediment sources are minimal (e.g., southern 
portion of Chesapeake Bay; Hobbs et al. 1992).

In this study, the annual average loss of shoreline area 
from 1942 to 1994 and 2003–2015 is assumed to represent 
conditions during pre- and post-conservation eras, respec-
tively. Over both time periods, shoreline loss in Trippe Creek 
was much greater than in reference Goldsborough Creek. 
From 1942 to 1994, the shoreline-loss rate was ~ 2.5 × higher 
in Trippe Creek (3.5 × 103 m2 year−1) compared to Golds-
borough Creek (1.3 × 103 m2 year−1), approximately scaled 
with the shoreline length in each estuary (Trippe shoreline 
is approximately twice the Goldsborough shoreline length). 
However, during the later period 2003–2015, shoreline loss 
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in Trippe Creek (2.6 × 103 m2 year−1) was nearly 6 times 
higher than in reference Goldsborough Creek (0.45 × 103 
m2  year−1), and shoreline-loss rates decreased by ~ 25% 
and ~ 65% in Trippe and reference Goldsborough Creeks, 
respectively. This translates into slightly lower sediment 
loads in Trippe Creek but much lower loads in Goldsbor-
ough now than in the past—the opposite trend observed 
for sedimentation rates (higher sedimentation rates imply 
higher sediment supply). For comparison, shoreline-loss 
rates for Talbot County where these creeks reside decreased 
by ~ 70% after 1990 (Russ and Palinkas 2020) likely due to 
shoreline stabilization. Differences in the degree and timing 
of stabilization could explain observed differences between 
Trippe and Goldsborough Creeks. The only available shore-
line inventory for these creeks was completed in 2004 and 
shows that much of the Trippe Creek shoreline was already 
hardened (mostly rip rap and bulkheads), while the reference 
Goldsborough shoreline was not (MD Geological Survey; 
https://​data.​imap.​maryl​and.​gov). The diverging trends in 
sediment burial rates and shoreline-erosion rates in Golds-
borough imply an increase in terrestrial sediment supply, 
consistent with hypothesis 3. While we did not measure ter-
restrial sediment supply, trends in sedimentation rates (no 
change in Trippe Creek versus an increase of 51% in Golds-
borough Creek) was similar to model-derived expectations 
from land-use change discussed above.

The preceding discussion assumes that sediment deliv-
ered to each creek remains there, when in fact there could 
be some tidal exchange between the two creeks and/or with 
the Tred Avon River at their confluence, similar to exchange 
between the Choptank River and Chesapeake Bay (Sanford 
and Boicourt 1990). Other factors such as the presence of 
submersed aquatic vegetation (SAV; e.g., de Boer 2007) and 
nutrient uptake by phytoplankton (e.g., Prasad et al. 2010) 
can influence sediment and nutrient retention within each 
creek. Nonetheless, the most likely explanation for diverg-
ing trends in Trippe and Goldsborough Creeks is land-use 
change via conservation in Trippe Creek watershed.

Improvement of water-column and sediment conditions 
is critical for a healthy Bay ecosystem (Phillips and McGee 
2016; Tango and Batiuk 2016; Zhang et al. 2018). While 
Johnson et al. (2016) found that the ecosystem benefits pro-
vided by CRP conservation lands exceed the cost of pay-
ments to farmers, this balance may change under future 
climate scenarios (Bosch et al. 2018). It is also interest-
ing to speculate whether increased shoreline erosion and 
encroachment of wetlands into farm fields with continued 
environmental change (Stevenson et al. 1985; Garbisch and 
Garbisch 1994; Tully et al. 2019) will motivate shoreline 
stabilization and/or land conversion that reduces future ter-
restrial sediment and nutrient supply to adjacent waters. We 
recognize that the high rates of conversion from cropland to 
conservation land in these watersheds are atypical, especially 

in this region where agriculture is the dominant land use. 
However, high percentages of conserved land in watersheds 
may become more typical as interest in solar farms grows 
throughout the region. Unlike the CRP and CREP programs, 
land-rental payments from solar companies are likely to be 
relatively high, providing economic incentives along with 
equivalent or perhaps even greater ecological benefits of 
retiring agricultural land for 15–20 years, a typical solar 
farm contract term. Regardless, trade-offs between food 
production and conservation should be carefully considered 
to support sustainable communities (Martinelli and Filoso 
2009; Blanchard et al. 2017; McLellan et al. 2018).

Summary

This study evaluated the impacts of land-use change to 
downstream estuarine waters via comparative analysis of 
two adjacent, small watersheds with similar initial historical 
land uses. In 1996, conversion of land from grain agricul-
ture to conservation plantings began in the Trippe Creek 
watershed, and about half of the agricultural land was con-
verted by 2017. In the reference watershed (Goldsborough 
Creek), ~ 20% of the agricultural land was converted to con-
servation. Study results provide evidence for water quality 
improvement in the headwaters of Trippe Creek, where 
high and variable concentrations of chla decreased to lev-
els similar to those in Goldsborough Creek. Sedimentation 
rates remained fairly steady in Trippe Creek but increased 
by ~ 50% in our reference Goldsborough Creek. However, 
sediment particulate nitrogen (PN) concentrations increased 
in both creeks, suggesting particle scavenging during set-
tling through the water column. While other factors also 
may influence these observations, land-use change is the 
most likely explanation for driving the observed trends. Our 
results illustrate the problems of detecting improvements in 
estuarine water quality in locations with little systematic 
monitoring even when there is documentation of significant 
land-use change that could result in improved water qual-
ity. We recommend that more efforts to identify improve-
ments in estuarine water and sediment quality be undertaken 
when significant land-use changes are documented. There 
are many small datasets collected by citizen groups, stu-
dents, and other scientists in Chesapeake Bay far from major 
monitoring stations that can potentially be used to document 
local responses. We also suggest that USDA and other agen-
cies should use more targeted watershed approaches in the 
placement of conservation efforts to simplify the evaluation 
of their effects downstream. Improving sediment conditions 
and water quality are critical for a healthy Bay ecosystem, 
but documentation of estuarine improvements can be dif-
ficult to quantify.
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