
The impacts of historical land-use on phosphorus movement
in the Calhoun Critical Zone Observatory
in the southeastern US Piedmont

Maryam Foroughi . John M. Mallard . Donald R. Nelson . Lori A. Sutter .

Daniel Markewitz

Received: 5 September 2020 / Accepted: 7 April 2021

� The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract Human actions through land-use can alter

soil phosphorus (P) distribution over time and space as

vegetation is altered and added fertilizer P is translo-

cated downslopes by runoff and erosion, or through

the soil profile by leaching. In the southeastern US

Piedmont, a more than 100-year period of human land-

use of forest clearing and farming, which included P

fertilization, caused severe surface erosion before

reforestation. This history resulted in elevated surface

soil P in farmed ridge tops, even after 70 years of

reforestation, but little data exists on redistribution of

this P downslope or down profile during these

70 years. We aimed to investigate the effect of

different land-use histories on soil P losses over time.

Combined with multiple years of current soils, soil

solution, and stream water data from two small

watersheds in the Calhoun Critical Zone Observatory

(Calhoun CZO) in South Carolina, USA, we use the

soil and water assessment tool (SWAT) to simulate a

trajectory of seven different land-uses on Pmovement.

Results indicated annual solution total P loss under

100% agriculture (3.7 kg ha-1 year-1) was six times

greater than under 100% forest while mixed forest and

agriculture experienced about one-third the loss

observed under agricultural land. Furthermore, the

model predicted P leaching that ranged from 0.036 to

0.1 kg ha-1 year-1 with the highest rates during early

reforestation. These increased leaching rates could

account for 7–20 kg ha-1 of vertical P movement

through the soil profile over 200 years. This content of

P leaching is consistent with observed differences in

the content of extractable soil P in the 2 m of soil

under farmed vs. never farmed locations. Simulation

under high rainfall indicated wet periods or events

could augment P mobilization and better approxi-

mated observed increases in soil extractable P content.

These land-use change simulations indicate reforesta-

tion reduces surface runoff and erosion but increases

vertical leaching and, despite soil P retention mech-

anisms, may move P deep into the soil profile.
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Introduction

Transformation of forest land to agricultural use and

return to forest cover has left a legacy of impacts on

forest soils (McLauchlan 2006; Richter and Marke-

witz 2001). Land-use and land management influence

soil chemistry, soil erosion, and soil nutrient runoff to

surface water (Grieve 2001; Johnes and Heathwaite

1997;Wang et al. 2010). Given a period of agricultural

crop production and fertilization, these activities have

particularly influenced soil phosphorus (P) and its

landscape distribution (Aguiar et al. 2013; Alt et al.

2011; Foroughi 2019). A variety of attributes and

actions impact P movement in watersheds such as

inherent soil P concentration, P loading to the soil

through fertilization or organic amendments, water-

shed land cover and clearing, tillage, topography, soil

erodibility, and precipitation quantity and intensity

(Dillon and Kirchner 1975; Osborne 1988; Sharpley

et al. 1981; Sharpley and Smith 1990). For example,

Sharpley et al. (1996) demonstrated how P loading that

results in extractable soil P concentrations

of[ 200 mg kg-1 are excessive and likely to gener-

ate P runoff. Similarly, Elrashidi et al. (2005) exhib-

ited increased water (1122 vs 939 m3 ha-1) and P (217

vs 190 g-P ha-1) runoff in croplands compared to

native grasslands. Finally, Sharpley (1985) revealed a

clear link between increasing rainfall intensity

(50–150 mm h-1) and slope (2–20%) with the effec-

tive depth of surface soil generating P runoff

(2–14 mm).

Two centuries of land-use history in the eastern US

has followed a trajectory of forest to agriculture to

afforestation that has extensively influenced soil

properties (Compton and Boone 2000; Foster et al.

2003). The southeastern Piedmont of the US was

particularly altered due to an extended era of cotton

farming (Wear and Greis 2013). Land-use and land

management changed in the Southeast from the 1700s

to the 1800s with a transition from mature forest to

cropland. Subsequently, the abandonment of agricul-

tural land to afforestation occurred after the 1900s

(Brender 1952; Cowell 1998). More than half of the

eastern forest of the US was cleared and converted to

farm, pasture, and industry in the nineteenth century

(Williams 1992). By the twentieth century, however,

the proportion of agricultural land in the southeastern

Piedmont of the US began to decline (Hart 1980). For

example, coniferous and deciduous forests covered

less than 19% of the Georgia Piedmont in the 1930s

when agricultural land comprised 81% (Turner and

Ruscher 1988). By 1980, agricultural land declined to

36% whereas the coniferous forest distribution

increased to 41%. Recently, in 2016, forests covered

more than 67% of Georgia and South Carolina (Vogt

and Smith 2017).

Well-known soil legacies of this history of land

clearing and farming in the southeastern US include

excessive surface soil erosion (Hall 1949; Ireland et al.

1939; Trimble 2008) and P enrichment (Richter et al.

2006; Richter and Markewitz 2001). Nearly 17 cm of

surface soil is estimated to have eroded from hillslopes

in the Southeast between 1750 and 1950 (Trimble

2008). During this period, there was increasing P

fertilization in upland locations (Ruffin 1852) and

surface soil extractable P is still elevated due to these

practices (Richter and Markewitz 2001). For example,

in the Piedmont of South Carolina in 2017, when

comparing hardwood forest soils that were never

farmed to forest soil under 70-year-old afforesting

crop fields, extractable P was still 50–100% greater (4

to 6 lg-P g-soil-1 in surface soil or 2 to 4 lg-P
g-soil-1 in subsoil) than in the never farmed hardwood

forest; this difference was evident through 2 m of soil

(Foroughi 2019). Phosphorus enrichment in the top-

soil horizons of agricultural land can lead to P leaching

loss and P movement with soil erosion (Hurtt et al.

2006), and a strong correlation between agricultural

land-use and P movement into streams has been

demonstrated (Nielsen et al. 2012). On the other hand,

in the South Carolina location noted above, after

70 years of afforestation total soil solution P was

lower in abandoned sites compared to the never

farmed reference and 1st order streams in afforested

watersheds typically had\ 1 lmol P L-1 (Foroughi

2019). The transition from high P fluxes during

agriculture to low P fluxes under afforestation while

soil P remains elevated is difficult to resolve mech-

anistically given a lack of long-term measurements.

Recent reviews of agricultural legacies on soil and

solution P (Deng et al. 2017; Goyette et al. 2018;

MacDonald et al. 2012) have all addressed the
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dichotomy observed above of the potential for high P

loss during agricultural use due to surface runoff but

with long-term persistence of soil P enrichment. This

elevated soil P suggests P sorption by clay, and P

bonding with Al and Fe. MacDonald et al. (2012), for

example, using a meta-analysis of 94 studies, demon-

strated a clear increase in extractable and total soil P in

abandoned agricultural land compared to reference

sites with no farming history (similar to results

documented above for South Carolina). On the other

hand, this research also indicated that abandoned

areas, depending on current land-use, had lower soil

total P than current agricultural areas. This suggests

that although soil total P is enriched after abandon-

ment some soil P continues to be lost and land-use

might influence the rate of loss. Deng et al. (2017)

specifically looked at abandoned agricultural areas in

220 independent sampling sites that had been afforest-

ing. In these areas, the soil total P content had an

overall decline (12% on average) with afforestation

but no measurable change in extractable P concentra-

tions (* 27 lg-P g-soil-1), highlighting a continued

loss of P but also a buffering of the extractable P pool

(Richter et al. 2006; Schmidt et al. 1997). These

findings also highlighted that soil total P declined most

in afforesting tropical sites with high rainfall suggest-

ing that rainfall inputs may play an important role in

soil total P loss. Finally, Goyette et al. (2018)

reconstructed 110 years of P fluxes in 23 watersheds

and concluded that the time to eliminate legacy P in

runoff might range from 100 to 2000 years. They also

suggest this variance is a function of rainfall and land-

use.

In the southeastern US Piedmont today, we found

extractable P-enriched soils through 2 m but also

limited soil solution P and low first-order stream water

P concentrations (Foroughi 2019). The quantity of P

lost to streams or leached through the soil profile when

these lands were transforming from active agriculture

to afforestation over 200 years is not well known.

Modeling P solution fluxes through soils and to

streams during these land-use changes may help us

to understand these land-use dynamics (Veldkamp and

Verburg 2004). Previous modeling studies have

investigated the impact of land-use and climate

changes on runoff and P flows (Jiang et al. 2018;

Mehdi et al. 2015; Wilson and Weng 2011). For

example, Mehdi et al. (2015) highlighted how com-

bining land-use and climate change scenarios could

increase the loss of solution total P by eightfold

compared to climate change scenarios alone. Simi-

larly, Wilson and Weng (2011) tested the effect of

future urban land-use and climate changes on water

quality in the Chicago metropolitan area. Their

findings showed that solution total P concentration

should decline in watershed streams by 2–18% as a

result of a reduction in agricultural land.

Our objectives for this modeling study were to: (1)

assess the legacy effect of land-use changes on the

surface and subsurface movement of P and (2)

determine the impact of precipitation inputs on surface

and subsurface P movement under these different

land-use scenarios. Based on our present-day soil and

solution P data, we hypothesized that under cultivation

and P fertilization our model would estimate P

solution fluxes in surface water due to runoff and soil

erosion that are an order of magnitude higher than

today (e.g.,[ 10 kg-P ha-1 year-1). Thereafter, loss

of P would decrease with agricultural land abandon-

ment and afforestation. During this period, however,

we hypothesized that as surface runoff declined that

part of the applied fertilizer P would be leached

through the soil profile. We also expected, based on

previous research, that solution total P fluxes would

increase when the precipitation rate was increased but

that this influence would be greater when the land was

still under agricultural use due to more soil and

sediment runoff to the stream. Overall, we employed

model simulations to test our hypothesized trajectories

of soil and solution P dynamics during 200-years of

land-use conversion in the southeastern US Piedmont.

Methods

Study site

Our study watersheds, W4 of 8.75 ha and W3 of

10.3 ha, are situated in the Calhoun CZO within the

Sumter National Forest (34� 70 55.3600 N, 82�180
36.1700 W) in Union County, SC (Fig. 1). Elevation

ranges from 125 to 172 m and nearly 85% of the

watershed slope is 0–30% (Fig. 2). The average

temperature and annual precipitation of this region

between 2011 and 2018 were 17�C and 1185 mm,

respectively (Clinton, SC; https://www.ncdc.noaa.

gov/cdo-web/). According to the National Land

Cover Database (NLCD), approximately, 93% of
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these watersheds are covered by forest (deciduous

and pine) and 7% by grasses (Fig. 2).

Land-use history data and scenarios

Land-use history data were derived from US Forest

Service (USFS) archives that contained legal descrip-

tions, maps, deed abstracts, and other records about the

land acquisition by the US Forest Service. At the time

of purchase, the USFS recreated deed chains for each

property, going back to the original land grant,

whenever possible. When land transactions occurred,

whether, through sale, inheritance, partitioning, or

other mechanisms, surveyors mapped the property

using the metes and bounds system (Pettus 1995). The

metes and bounds surveys fixed property boundaries

based on landscape features (including trees, rivers,

and later, as trees became scarcer, stakes and rocks)

and compass bearings. For each property, the land-

scape features were recorded for each historical

transaction and later aggregated into hardwood, pine,

open, and water categories (Fig. 3). The figure incor-

porates data recorded from all the properties in the

research site. The category counts for each decade

represent the sum of transaction records for the

previous 10 years (e.g., 1850 includes data from

1841 to 1850). The Calhoun CZO was covered with

mixed hardwood forest before 1800, then the upland

forest was converted to agricultural land (Gray and

Thompson 1933; Metz 1958; Ruffin 1852). Further-

more, farmers applied P fertilizer and lime to the land

after intensive deforestation (Sheridan 1979; Taylor

1953). Most of the agricultural lands were abandoned

and then converted to regrowing forest or pasture in

the early twentieth century (Metz 1958; Richter and

Markewitz 2001). Land-use history data for the

Calhoun CZO revealed that hardwood forest declined

from * 65% to\ 20% between 1790 and 1910 while

open land (i.e., agricultural land) increased to * 80%

in 1910. Thereafter, between 1910 and 1940 open land

declined to * 50% while hardwood and pine forest

re-developed slowly to cover * 25 and 10% of the

landscape, respectively (Fig. 3).

Based on these specific records for the Calhoun

CZO and other historical accounts for the region,

scenarios for model simulation were developed. Six

land-use scenarios were created (Fig. 4) to approxi-

mate the forest to cropland to afforestation trajectory.

The starting watershed condition is covered with

mature deciduous forest (i.e., deciduous forest).

Thereafter, flatter, upland areas that were likely

cleared first are converted to agricultural land for a

Fig. 1 Study location in the Calhoun Critical Zone Observatory, South Carolina, USA. W4: Calibration watershed, W3: Validation

watershed
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mixed land-use watershed (agriculture-deciduous

forest). The next step assumes less desirable lands

(i.e., steeper) were cleared and brought into agriculture

such that 100% of the watershed area is converted to

agricultural land (i.e., agriculture). As economic and

environmental conditions changed it is presumed

some of the less desirable lands were abandoned and

pine forests started to develop on these hillslopes (pine

forest-agriculture). Eventually, agriculture in the

uplands is abandoned and the whole watershed area

is covered with pine forest (i.e. pine forest). Finally,

the most recent land-use that approximates current

conditions is a mixture with the pine trees persisting in

the flatter upland and hillslopes reverting to a decid-

uous forest (mixed forest) (Fig. 4). The current NLCD

map contains around 7% grassland, which is incon-

sistent with observations so was not considered in the

simulation scenarios.

Reported rates of historical fertilization indicate

that farmers normally applied 224–336 kg ha-1

fertilizer with 11-20-13 (N-P-K) or 560–673 kg ha-1

4-10-6 fertilizer (Sheridan 1979; Taylor 1953). Based

on these reports, the agricultural land area in each

scenario received annual inputs of 250 kg ha-1 fertil-

izer application of N-P-K (11-20-13). Initial

extractable soil P was increased to 20 lg g-1 after

agricultural abandonment based on reported values for

agricultural land after afforestation at the Calhoun

CZO (Richter et al. 2006). Similarly, soil extractable P

was set to 5 lg g-1 for the current land-use scenario

based on measurements from the watersheds in 2017

(Foroughi 2019). Each scenario is simulated for 10

years and the results are reported as an average over

the 10 years. Initial extractable soil P was set to the

measured reference conditions (2 lg g-1). All these

land-use scenarios were simulated with either normal

precipitation, an annual input of 1169 mm, or high

precipitation, 2688 mm, which is consistent with the

highest rainfalls recorded between 1979 and 2014

(https://www.ncdc.noaa.gov/cdo-web/).

Fig. 2 ArcSWAT input data for calibration watershed W4 in the Calhoun Critical Zone Observatory, South Carolina, USA. DEM
Digital elevation map, FRSD deciduous forest, FRSE evergreen forest, RNGE grasslands
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SWAT model description

The Soil and Water Assessment Tool (SWAT) was

implemented to determine the influence of land

management activity on streamflow (discharge), P

loss into runoff, and P leaching through soil horizons

(Arnold et al. 1993, 1998).We chose the SWATmodel

because of its broad application in addressing ques-

tions related to land management changes (Arabi et al.

2006; Rocha et al. 2015; Ullrich and Volk 2009). The

SWAT model predicts the effect of different land-use

and land management on the quantity and quality of

water and soil over multiple years (Arnold et al. 1998;

Neitsch et al. 2011). SWAT employs a daily time step

which can subsequently be aggregated to report

monthly output (Wilson and Weng 2011). Based on

a digital elevation model (DEM), the study watershed

is divided into sub-watersheds that contribute to a

stream. Each sub-watershed is further divided into

multiple hydrological response units (HRU), each

comprising the watershed area with unique soil type

and land-use. Surface runoff, evapotranspiration (ET),

subsurface lateral flow, canopy interception, and other

components of the water balance are calculated for

each HRU individually and summed across sub-

watersheds (Gassman et al. 2007). SWAT uses a
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Fig. 3 Land cover changes at the Calhoun Critical Zone Observatory in the Sumter National Forest, South Carolina, USA from 1790 to
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Fig. 4 Land-use scenarios for the calibration watershed W4 in the Calhoun Critical Zone Observatory, South Carolina, USA
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modified curve number approach (USDA-NRCS

2004) to calculate surface runoff and the Penman–

Monteith method to calculate ET (Monteith 1965).

Percolation into subsurface soil horizons is calculated

as a function of soil water volume and saturated

hydraulic conductivity, while the lateral subsurface

flow is modeled using a kinematic wave approxima-

tion; upwelling and return flow are driven by satura-

tion in the shallow aquifer or deeper soil horizon

components (Arnold et al. 1998).

Soil P in the SWAT model included inorganic and

organic pools, with each of these pools divided into

three pools: solution, active, and stable for the

inorganic pool and fresh, active, and stable for the

organic pool. Interactions between these pools are

controlled by their concentrations, physical character-

istics of the soil (e.g., temperature), relevant rate

constants, and stoichiometric relationships with

modeled C and N. Phosphorus loss into the stream is

composed of both dissolved inorganic P in solution

and total P that includes P adsorbed to eroded

sediment. P leached into the soil profile was calculated

as a function of soil water infiltration and the vertical P

concentration that accounts for plant uptake of labile P

(Chaubey et al. 2006). Though SWAT generates

dozens of outputs, for this study, we focused on

outputs for discharge, P loss into the stream, and P

leached into the soil profile.

SWAT input data

The ArcSWAT 2012 interface was used to build this

model using a DEM with 1 9 1 m resolution, a land-

use map obtained from the National Land Cover

Database (http://www.mrlc.gov), and the Soil Survey

Geographic Database (SSURGO) extracted from the

Table 1 Streamflow and phosphorus parameters, fitted values, and P-values from calibration of the model in SWAT-CUP (Soil and

Water Assessment Tool Calibration and Uncertainty Program)

Parameter Description Fitted value P-value

Flow parameters

r__CN2.mgt Runoff curve number II - 0.095 1.34e-66

v__ALPHA_BF.gw Exponential decay factor for groundwater flow to the stream (1/day) 0.598 0.579

v__GW_DELAY.gw Ground water delay time (days) 70.48 0.265

v__GWQMN.gw Threshold depth of water in the shallow aquifer (mm) 0.075 0.714

v__GW_REVAP.gw Groundwater re-evaporation coefficient 0.175 0.220

v__TRNSRCH.bsn Fraction of transmission losses from main channel (m3/s) 0.487 2.74e-27

v__CH_K2.rte Effective hydraulic conductivity of the alluvium in the main channel (mm/hr) 11.30 1.34e-66

v__CH_K1.sub Effective hydraulic conductivity in tributary channel alluvium (mm/hr) 197.5 0.638

v__CH_N2.rte Manning’s roughness coefficient of the main channel 0.157 0.024

v__SURLAG.bsn Surface runoff lag coefficient 4.144 0.546

r__SOL_K().sol Saturated hydraulic conductivity (mm/hour) 0.223 0.252

r__SOL_AWC().sol Available water capacity of the soil horizon

(mm H2O/mm soil)

1.140 0.243

r__SOL_BD().sol Moist bulk density (g/cm3) - 0.090 1.884

v__ESCO.bsn Soil evaporation compensation factor 0.498 0.831

v__EPCO.bsn Plant uptake compensation factor 0.170 0.570

Phosphours parameters

v__PPERCO.bsn Phosphorus percolation coefficient 13.05 0.107

v__PSP.bsn Phosphorus sorption coefficient 0.824 0.789

v__ERORGP.hru Organic P enrichment ratio 4.791 1.56e-15

v__RSDCO.bsn Residue decomposition coefficient 0.006 0.937

v__PHOSKD.bsn Phosphorus soil partitioning coefficient 164.1 2.65e-07
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web soil survey (https://websoilsurvey.sc.egov.usda.

gov/). Climate data were gathered from the National

Oceanic and Atmospheric Administration (https://

www.ncdc.noaa.gov/cdo-web/) using the nearby

Clinton, SC station including maximum and minimum

temperature, and precipitation. In addition, onsite

precipitation data for 2015 and 2016 were available

and utilized [(Mallard 2017); unpublished data].

According to the soil map, most parts of the water-

sheds (87.8%) are loamy, mixed, active, thermic,

shallow Typic Hapludalfs with a small portion

(12.2%) of the upland as fine, mixed, active, thermic

Ultic Hapludalfs (12.2%). Field observation and soil

analysis classify these soils as Kanhapludults and

Hapludults, which are more acidic and base poor but

texturally similar. For model purposes, we used the

available map designations. The soil horizons (and

range in thickness) are generally A (B 7.6 cm), E

(7.6–20 cm), Bt or Be (15–53 cm), Bt1 (25–84 cm),

and Bt2 (33–122 cm).

Model calibration and validation

Stream discharge was consistently measured in water-

sheds W3 and W4 during 2015–2017 and these data

were used to calibrate and validate the model for

streamflow [(Mallard 2018); unpublished data]. Fur-

thermore, monthly stream samples were collected in

these same watersheds to measure P concentration

through 2014–2017. SWAT was calibrated using W4

for daily and monthly streamflow, monthly solution

total P, and monthly solution inorganic P with the

SWAT Calibration and Uncertainty Program (SWAT-

CUP) version 5.2 using the SUFI2 (sequential uncer-

tainty fitting) version 2 (Abbaspour 2012; Abbaspour

et al. 2007). The daily and monthly streamflow were

initially calibrated with 15 parameters, then the P

concentration parameters were calibrated. According

to the calibration process, the sensitive parameters for

streamflow and P were adjusted in SWAT (Table 1).

The validation model was performed for daily and

Fig. 5 The observed and simulated data for daily streamflow in the calibration and validation watersheds in the Calhoun Critical Zone

Observatory, South Carolina, USA
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Fig. 6 The observed and simulated data of monthly streamflow in the calibration and validation watersheds in the Calhoun Critical

Zone Observatory, South Carolina, USA

Table 2 Primary objective functions to evaluate the correspondence between predicted vs observed values in calibration (W4) and

validation (W3) watersheds of the Calhoun Critical Zone Observatory, South Carolina, USA

Itemsa Time Criteriab Calibration Validation

Streamflow (m3/s) Daily RMSE 0.003 0.005

NSE 0.620 0.590

r2 0.620 0.480

Streamflow (m3/s) Monthly RMSE 0.001 0.001

NSE 0.720 0.550

r2 0.750 0.590

Solution total P (kg/ha) Monthly RMSE 1.420 0.970

NSE 0.390 0.340

r2 0.520 0.820

Solution inorganic P (kg/ha) Monthly RMSE 0.040 0.020

NSE 0.460 0.310

r2 0.500 0.830

Data for streamflow and P loss in calibration and validation are from 2014 to 2017. r2 and NSE equal to 1 and RMSE to zero are best
aP phosphorus
bNSE Nash-Sutcliff Efficiency, r2 Coefficient of determination, RMSE Root mean square error
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monthly discharge and monthly P for W3 with the

same condition of soil type, land cover, hydrology, and

slope (Fig. 2). The coefficient of determination (r2),

Root Mean Square Error (RMSE), and Nash–Sutcliffe

Efficiency (NSE) were used as the primary objective

functions for calibration and validation. The NSE is a

standardized measurement demonstrating how well

the predicted and observed data fit the 1:1 line with

values nearer to 1 suggesting a model with more

predictive skill (Nash and Sutcliffe 1970).

Result and discussion

Calibration and validation

The calibration between observed and simulated

discharge in daily and monthly time steps were

generally highly correlated (r = 0.70–0.86) in Figs. 5

and 6, respectively. Occasionally, peak observed and

predicted discharge values were not well correlated,

which may relate to the lack of onsite rainfall data. The

r2 and NSE between daily observed and simulated

streamflow were C 0.48 for both W4 and W3

(Table 2). Similarly, the NSE of monthly calibration

and validation for streamflow were 0.72 and 0.55,

respectively (Table 2). Observed and simulated solu-

tion total P and inorganic P were also generally well

aligned (Fig. 7). The monthly calibration had NSE

with a range of 0.39 for solution total P and 0.46 for

solution inorganic P. For the validation, the NSE were

0.34 and 0.31 for the monthly solution total P and

inorganic P, respectively (Table 2).

Streamflow

Using the calibrated model based on the current

conditions described above we simulated the different

land-use change scenarios for discharge. The model

simulation starting with deciduous forest found 38%

(453 mm) of annual precipitation as runoff. As

uplands were initially cleared (agriculture-deciduous

forest) runoff increased to 41% percent (482 mm).

After 100% of the watershed was converted to

agriculture, runoff reached 563 mm or 48% as runoff

(Fig. 8). During initial agricultural abandonment

under pine forest-agriculture with secondary pine

forests on the hillslopes, runoff declined to 37%.

Finally, as land-use reverted to fully forested

conditions under pine forest and mixed forest runoff

was 36% (418–420 mm). Thus, the simulation of

different land-use scenarios with SWAT indicated that

streamflow through the study watershed increased as a

percent of input by 3 to 10% when 20 to 100% of the

area was converted to agricultural use (Fig. 8). This

finding is well-supported by previous research, with

decreasing forest or increasing agricultural cover in

watersheds consistently corresponding to increases in

streamflow (Brown et al. 2005; Hornbeck et al. 1993).

Deforestation results in less soil organic matter in

and on the topsoil thus decreases the infiltration rate.

Evapotranspiration is also lower from agricultural

land compared with forest land. Both these processes

lead to a greater proportion of precipitation moving to

surface runoff. In the current model, runoff increased

annually by 16–25%when 100% of the watershed was

agricultural land in comparison with forest-agriculture

and 100% forest land-use, a result within the range of

previous studies. For example, in a multi-site study

including sites in New Hampshire, West Virginia, and

North Carolina, Jones and Post (2004) found defor-

estation increased runoff around 18% (from 4 to 21%)

depending on the watershed.

Reforestation of previously agricultural land

resulted in a decrease in runoff, coincident with an

increase in the infiltration rate. This infiltration rate

increase likely results from a decrease in surface soil

bulk density and an increase in porosities built up by

root activity and higher surface organic matter. In

comparison with agricultural land, forest land has

improved soil structure (Mapa 1995). A review of 167

reforestation studies globally found 80% reported

declines in water yield (Filoso et al. 2017). In the

southeastern Piedmont, an increase of reforestation

from 1919 to 1967 ranging from 10 to 28% of the area

caused a decrease of 4–21% in surface runoff (Trimble

et al. 1987). Interestingly, our simulated streamflow

water yields remain slightly below their pre-agricul-

tural levels as coniferous and deciduous trees replace

agricultural land (Fig. 8). Other studies have observed

higher water use among young trees relative to older

ones (Hornbeck et al. 1993; Swank et al. 2001), and

cFig. 7 The observed and simulated data of solution total

phosphorus and inorganic phosphorus for the calibration and

validation watershed in the Calhoun Critical Zone Observatory,

South Carolina, USA
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our simulation suggests legacies of land-use change

may persist past their apparent recovery.

The interaction of land-use changes and precipita-

tion magnitude on stream discharge varied across the

land-use scenarios. For the high rainfall simulations

using the same land-use scenarios, the amount of

precipitation was increased twofold (1169 to

2688 cm). With higher precipitation, the model pre-

dicted a runoff increase from 453 to 1371 mm per year

under deciduous forest and from 562 to 1620 mmwith

agricultural land cover (Fig. 8). Relative to rainfall

input, percentage change of runoff output increased

8.5–11.5% under forest and[ 12% under agricultural

land. This difference in sensitivity to increased

precipitation can likely be attributed to both the

modified physical characteristics of agricultural soils

(Zimmerman et al. 2006) and elevated evapotranspi-

ration (primarily transpiration) of forests (Stoy et al.

2006). The greatest difference in percent runoff was

between agricultural land with high precipitation

compared with forest land-use under average precip-

itation (Fig. 8). Other studies have demonstrated the

clear effects of both land-use and precipitation

changes on streamflow. In a watershed in Ontario,

Canada El-Khoury et al. (2015) observed an

8.5–11.2% increase in streamflow due to precipitation

increases and a 1.2–2.6% increase in streamflow due

to land-use changes. In another model simulation

conducted in Brazil, watershed stream discharge

decreased 39–57% due to a 20–32% reduction of

precipitation (Von Randow et al. 2019). These studies

along with our study highlight the complexity of these

Fig. 8 Simulated streamflow, solution total phosphorus (stream

TP) and solution inorganic phosphorus (stream Pi) in streams,

and solution inorganic phosphorus (soil leaching Pi) to the

subsoil layer for different land-use and climate scenarios.

Streamflow, stream TP, and stream Pi are an average (1SD) of

annual means output for 10-year simulation under each land-

use. Leaching rates are output as a 10-year average mean rate
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concurrent drivers of change in streamflow, where we

find higher but less relatively variable streamflow in

agricultural land under extreme conditions (Fig. 8).

Our simulation indicates that changes in both precip-

itation inputs and land-use can result in non-linear

streamflow responses. Overall, the model prediction of

increasing streamflow when mature hardwood forests

are cleared and converted to agriculture followed by

streamflow reduction with afforestation after aban-

donment of agriculture is well-supported by previous

research and provides a solid basis for considering

historic P movement.

Patterns of P loss

Total P loss increased by * sixfold from 0.6 to

3.7 kg ha-1 year-1 when 100% mature deciduous

forest was converted to 100% agricultural land, which

included the application of P fertilizer (Fig. 8). This

increase in P runoff from fully forested (deciduous

forest) to fully agriculture followed a rising and falling

pattern with land-use conversion and recovery. Sim-

ilar to the discharge patterns, mixed land-uses had an

intermediate level of P runoff compared to deciduous

forest and agricultural land. When upland portions of

the watershed were agriculture, but the rest was

covered with forest (agriculture-deciduous forest and

pine forest-agriculture), the solution total P loss

ranged from 1 to 1.2 kg ha-1 year-1 (an increase of

50%). As land returned to fully forested (pine forest

and mixed forest) loss of solution total P ranged from

0.6 to 0.9 kg ha-1 year-1.

Based on these P outflows and according to land-

use histories for the southern US Pied-

mont, * 560 kg ha-1 P could have been lost over

150 years of cultivation. In comparison to a similar

period of forest (deciduous or mixed forest) cover, just

90 kg ha-1 P would have exited. The greater loss of P

to stream water in agricultural land results largely

from annual applications of P fertilizer but harvesting

activities, the loss of deep tree roots in forests, and the

accelerated erosion of soil P with sediments also

contribute. Multiple prior studies have quantified the

role of current agricultural activities in causing soil

erosion and transport of soil nutrients to streams

(Carpenter et al. 1998; Sharpley and Withers 1994).

Agricultural activities such as tillage disturb soil

aggregates, decrease soil organic matter, reduce

hydraulic conductivity, and interrupt earthworm and

macroinvertebrate activities, all causing a decline in

infiltration and an increase in erosion (Lindstrom et al.

1994). In contrast, reforestation of prior agricultural

land can restore these attributes and decrease losses of

different forms of P in surface runoff by up to 30%

(Wang et al. 2012). Recent research in the Calhoun

CZO watersheds measured limited P (* 1 lmol L-1)

in surface water after 70 years of forest regrowth,

although extractable P in soils is still elevated due to

former agricultural fertilization. These data demon-

strate the effect of reforestation on limiting P move-

ment in runoff relative to crop land (Foroughi 2019).

The accumulation of soil P when P fertilizer is

applied to agricultural land increases the potential for

P movement from soil to stream (Elrashidi et al. 2005;

Sharpley et al. 1996). Historical research about the

southeastern Piedmont reported that farmers added

animal manure to the land until about 1870–1873

when superphosphate fertilizer production was begun

in Charleston, SC (Sheridan 1979). We used this

information to simulate 250 kg ha-1 of 11-20-13

fertilizer application or 50 kg ha-1 of P. Given the

various sources of P (manure and superphosphate) as

well as uncertain formulations of superphosphate it is

hard to estimate exactly how much P as fertilizers was

added to our Calhoun CZO watershed over 150 years.

If, however, we assumed sustained inputs of

50 kg ha-1 for 150 years the total input is

7500 kg ha-1. Currently, measured total soil P

through 2 m of soil with an agricultural history

has * 4000–6000 kg-P ha-1 but this is not greater

than profiles measured in areas without previous

agriculture (Foroughi 2019). As such, we might expect

high rates of P loss when 100% of the simulation

watershed was agricultural land with 50 kg ha-1 P

fertilizer added to the surface soil. Under this model

condition, however, only 3.7 kg ha-1 year-1 total P

moved annually from soil to stream. In addition to

stream export (3.7 kg ha-1 year-1), plant P uptake

may account for an additional * 5–6 kg-P ha-1 -

year-1 of fertilizer inputs based on our model output,

which still leaves 82% of P fertilization in soil mineral

stocks. After 70-years of afforestation, current total

soil P measurements do not account for any of this un-

exported fertilizer P.

Given the limited P loss relative to inputs noted

above, we combined land-use changes with precipita-

tion conditions addressing whether periods of high

rainfall (or specific high rainfall events such as
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hurricanes) may have a disproportionate effect on P

loss. The response of solution total P loss to rainfall

quantity (from 1169 to 2688 cm) was an increase from

0.6 to 1 kg-P ha-1 year-1 on average when the

watershed was covered with mature hardwood forest

(deciduous forest). Under higher rainfall, the solution

total P loss increased by * 1.5-fold (1.2 to

1.7 kg ha-1) when uplands were initially cleared

(agriculture-deciduous forest). The highest loss of

solution total P occurred when the watershed was

under agriculture with high rainfall (4.46 kg ha-1).

Thereafter, along the trajectory but still with higher

rainfall, the solution total P loss to surface water

increased from 1.0 to 1.6 kg ha-1 under agriculture-

pine forest, 0.9 to 1.2 kg ha-1 under pine forest, and

0.6 to 1.0 kg ha-1 under mixed forest (Fig. 8).

In comparison to the solution total P loss, which

includes organic and mineral bound P, solution

inorganic P followed the same pattern as solution

total P in runoff but comprised a small percentage of

the total. The model predicted that solution inorganic

P loss increased during forest clearing and conversion

to agricultural land. Under deciduous forest, solution

inorganic P loss was 0.02 kg ha-1 while the highest

loss of solution inorganic P was 0.18 kg ha-1 when

the entire watershed was under cultivation (Fig. 8).

Again, solution inorganic P loss trended up and down

with forest loss (agriculture-deciduous forest and

agriculture) and recovery (pine forest-agriculture,

pine forest, and mixed forest). Interestingly, solution

inorganic P loss was higher under pine forest and

mixed forest compared to deciduous forest, likely due

to the historical application of P to agricultural land

that increased extractable soil P concentration in

model parameterizations. The content of solution

inorganic P loss with the twofold increase in rainfall

increased proportionally such that fluxes were

50–60% higher for all land-use scenarios. Increasing

discharge in streams can dilute P concentrations but

there is a strong correlation between streamflow

volume and loss of P content (r = 0.47–0.82), which

persisted for all the different land-use scenarios.

Combining land-use and precipitation changes can

cause a large increase in runoff and nutrient loss to

streamflow (Tong et al. 2012). For example, in the

Pheasant Branch watershed in Dane County, Wiscon-

sin solution total P movement increased sixfold during

a storm event compared to a period of average rainfall

(7 kg ha-1 year-1) when comparing pastureland and

cultivated cropland (Huisman and Karthikeyan 2012).

Similar storm event sampling in pastureland in the

Georgia Piedmont showed an average of * 0.1 kg

total P movement in solution to streams per day that

increased to 0.47 kg just after each storm (Byers et al.

2005).

In the Calhoun CZO, under the model conditions,

changing land-use history under high rainfall could

account for 735 kg ha-1 solution total P loss over

150 years when the watershed was agricultural land

compared to 560 kg ha-1 solution total P loss under

average conditions reported above. Thus, loss of P into

stream and plant uptake could account for around

1600 kg ha-1 P over 150 years when the watershed

was agricultural land. After agricultural abandonment

and afforestation, 69 kg ha-1 P could be lost over

70 years under the high rainfall situation compared

to * 55 kg ha-1 P under average rainfall. The high

rainfall simulation indicates that to the extent these

years or events occurred they likely drove more P from

the watershed, but the differences estimated here still

do not account for 7500 kg ha-1 of fertilizer P inputs,

suggesting lower P inputs or underestimated loss rates

over this land-use trajectory.

Soil P leaching through the profile: land-use

and precipitation changes

While land-use changes influence P movement with

surface runoff, both through soil erosion and dissolved

in surface runoff, a part of P movement is vertical as

solution leaching through the soil profile. The model

predicted that 0.06 kg ha-1 of solution inorganic P

leached annually from the first soil horizon to the

second soil horizon (below 7.5 cm) when land-use

was mature hardwood forest (deciduous forest).

Leaching of P into the soil declined to 0.05 kg ha-1 -

year-1 when the upland part of the watershed

converted to agriculture (agriculture-deciduous for-

est). Phosphorus leaching was even slightly lower

(0.036 kg ha-1 year-1) when the entire watershed

was converted to agricultural land. Leaching of

solution inorganic P increased to 0.092 kg ha-1 -

year-1 with early afforestation in most of the water-

shed (pine forest-agriculture). Similarly, P leached

around 0.1 kg ha-1 year-1 when the watershed con-

verted to pine forest; however, it declined to

0.06 kg ha-1 year-1 after the watershed reforested

to mixed forest (Fig. 8). A lower volume of surface
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runoff was predicted under forest land-uses due to

greater surface infiltration compared with agricultural

land. This greater infiltration resulted in increased

vertical P leaching. P leaching is influenced by land

cover, management activities, and the quantity of

fertilizer application (Leinweber et al. 1999). Hydro-

logic flow rates are also a primary driver with P

moving through the soil profile in proportion to flow

(Akhtar et al. 2003). Finally, soil clays, including iron

and aluminum oxides, can fix or adsorb P potentially

slowing the down profile movement (Parfitt 1978).

Consistent with historical land-use changes in the

Calhoun CZO, we previously found elevated

extractable P in upper (0–30 cm) surface layers

(Richter and Markewitz 2001) that we presume is a

response to prior fertilization. More recently, when

comparing soil through 2 m in lands known to have

been farmed previously relative to reference sites, we

found increases in soil extractable P throughout the

profile (Foroughi 2019). We presume this is a result of

vertical soil P leaching, although this is inconsistent

with expected P fixation in the iron oxide-rich clay

horizons (i.e., Bt layer). Based on the model output,

rates of P leaching into the soil profile over 150-years

of agriculture and afforestation could account

for * 7–20 kg ha-1 P movement. Foroughi (2019)

estimated extractable P (Mehlich-III P) in watersheds

of the Calhoun CZO that have historical agricultural

land to be 33 kg ha-1 (through a 2 m soil profile)

greater than profiles in hillslopes with no agricultural

history. This result suggests vertical P leaching over

decades may account for most of the observed increase

in subsoil extractable P. Soil extractable and total P

could be enriched in prior agricultural land due to

fertilization or manure application (MacDonald et al.

2012). Thus, part of the agricultural legacy of elevated

extractable P can be leached through the soil profile,

particularly during afforestation and the associated

increase in soil infiltration. As noted earlier, soil

infiltration increases during reforestation due to the

recovery of soil macropores, increased soil organic

matter, and better soil structure (Mapa 1995).

Increases in infiltration with reforestation have been

widely observed (Filoso et al. 2017).

Simulation under high rainfall further increased P

leaching to the second soil horizon from 0.06 to

0.27 kg ha-1 year-1 under deciduous forest and agri-

culture-deciduous forest. The highest leaching of P

was associated with agriculture, which increased from

0.036 to 0.33 kg ha-1 year-1 with a twofold increase

in rainfall. Under agriculture abandonment (pine

forest-agriculture) P leaching increased threefold due

to high rainfall. Similarly, P leaching increased from

0.1 or 0.05 kg ha-1 year-1 to[ 0.3 kg ha-1 year-1

under pine forest and mixed forest, respectively

(Fig. 8). Incorporating high precipitation into model

simulations for the various land-uses resulted in the

content of P leaching to subsoil layers to increase

five to ninefold largely due to an increasing volume of

water infiltration. Previous work has similarly demon-

strated how periods of saturated soil conditions under

forest or agroforestry conditions can enhance P

mobility by 50–70% relative to unsaturated soil

conditions (Maranguit et al. 2017). Thus, leaching of

P into subsoil layers over decades of land-use change

in the Calhoun CZO may well have been enhanced

during high rainfall years or specific high rainfall

events (i.e., hurricanes). The novel observation of an

increase in soil extractable P concentration through a

2 m clay-rich soil profile with an agriculture history is

counter to perceptions of soil P immobility. The model

simulations over a long-term trajectory of land-use

change including high rainfall periods suggest the

33 kg-P ha-1 increase through 2 m of the soil profile

could be accounted for by P concentrations and

contents in vertical leaching.

Conclusion

Two centuries of land-use history in the Calhoun CZO

has followed a trajectory of forest to agriculture to

afforestation that has left a legacy of P enrichment and

redistribution. Inmodel outputs, streamwater losses of

P increased with decreasing forest proportion and

increased inputs of P fertilizer during agriculture while

during afforestation P stream water fluxes declined, all

expected responses. Phosphorus leaching vertically

through soils followed a different pattern. The highest

P leaching rates to subsurface soil were observed

under afforesting conditions when soil P was elevated,

but so were surface soil infiltration rates. Modeled

concentrations of solution inorganic P in leachate at

the end of the afforestation trajectory were similar to

soil solution concentrations we measured in 2016 to

2018 (0.48–0.55 and 0.2–0.6 lmol-P L-1 P at 15 cm

and 60 cm, respectively). On the other hand, our

measurements of soil total P contents that showed no
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difference between historically farmed and unfarmed

watersheds could not be well-explained by P losses in

the model even at 4.5 kg ha-1 year–1 under agriculture

with high rainfall. If fertilizer inputs were

7500 kg ha-1 over the long sweep of 150-years, P

loss would account for\ 1000 kg ha-1. In contrast,

subsurface soil increases in extractable P through 2 m

of * 33 kg-P ha-1 were consistent with model

leaching estimates over the agriculture to afforestation

period of the trajectory. Vertical leaching fluxes

of * 40 kg-P ha-1 could account for the entire soil

profile increase.

This study revealed how historical land-use

changes may have affected P movement from soil to

stream and how increased rainfall has the potential to

amplify the loss of P with runoff. Deforestation and

cultivation of the watershed increased streamflow and

P loss from soil to stream, particularly with agricul-

tural P fertilizer. Higher magnitude rainfall had a

positive effect on P movement that combined with

land-use scenarios increased P content in streamflow.

Phosphorus fluxes in stream water declined with

afforestation after agricultural land abandonment. The

estimated losses of P over this historical trajectory,

however, suggested a lower historic P fertilization rate

than presumed here. The model also highlighted that

afforestation coincided with a shift from surface

runoff and erosion to infiltration and vertical leaching

of P at a magnitude consistent with currently observed

extractable subsoil P increases. It will be difficult to

improve estimates of historical fertilizer inputs. On the

other hand, continuing to better reconcile retention of

surface soil P from historic agriculture with observa-

tions of elevated extractable P at depth, possibly due

to episodic vertical leaching should be possible. Our

work highlights how P leaching though at least 2 m

depth may occur in spite of presumed immobility.
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