
water

Article

Response of Drainage Water Quality to Fertilizer
Applications on a Switchgrass Intercropped Coastal
Pine Forest

Augustine Muwamba 1,*, Devendra M. Amatya 2 , George M. Chescheir 3, Jamie E. Nettles 4,
Timothy Appelboom 5 , Ernest W. Tollner 6, Hebert Ssegane 7, Mohamed A. Youssef 3,
Francois Birgand 3 and Timothy Callahan 1

1 Department of Geology and Environmental Geosciences, College of Charleston, Charleston, SC 29424, USA;
callahant@cofc.edu

2 Center for Forested Wetland Research, Southern Research Station, USDA Forest Service,
Cordesville, SC 29434, USA; devendra.m.amatya@usda.gov

3 Department of Biological and Agricultural Engineering, North Carolina State University,
Raleigh, NC 27695, USA; gchescheir@gmail.com (G.M.C.); mohamed_youssef@ncsu.edu (M.A.Y.);
birgand@ncsu.edu (F.B.)

4 Weyerhaeuser Company, Columbus, MS 39701, USA; jami.nettles@weyerhaeuser.com
5 North Carolina Department of Environment and Natural Resources, Raleigh, NC 27699, USA;

tim.appelboom@ncdenr.gov
6 College of Engineering, University of Georgia, Athens, GA 30602, USA; btollner@uga.edu
7 Oshkosh Corporation, Oshkosh 5, WI 4901, USA; hssegane@oshkoshcorp.com
* Correspondence: augustinemuwamba@gmail.com; Tel.: +143-336-5612

Received: 4 March 2020; Accepted: 17 April 2020; Published: 29 April 2020
����������
�������

Abstract: The objectives of this study were (1) to test the hypothesis that fertilizer applications do not
increase nutrient fluxes on a switchgrass/pine forest (IC) when compared to a mature pine forest (MP)
and (2) to evaluate post-fertilization (post-fert, 2014–2016) fluxes of nitrogen (N) and phosphorus (P)
on IC and compare them to those observed during switchgrass growth prior to fertilization (pre-fert,
2012–2014) and site preparation for switchgrass establishment (site prep, 2009–2012). Nitrogen and P
were applied to IC, a paired pure switchgrass site (SG), and MP, each about 25 ha in size, in June
2014, and again in June 2015 for the IC and SG sites only. Nitrogen and P concentrations were
measured biweekly and rainfall and drainage outflow were measured continuously. During post-fert,
the mean N concentrations and total loads were lower (p < 0.05) in IC than in SG and MP. The mean
NO3-N concentration and loads in IC were lower during post-fert than during site prep. The post-fert
phosphate concentrations in IC were lower than they were during pre-fert and site prep. Frequent N
and P applications in IC did not significantly (α = 0.05) increase N and P fluxes, likely due to plant
uptake and sorption on the acidic site.

Keywords: loblolly pine; managed forest; nutrient concentrations; outflow; site preparation;
water table

1. Introduction

Traditional loblolly pine (Pinus taeda) forest management requires infrequent nitrogen (N) and
phosphorus (P) applications, preferably two to three times during a 25 to 30 year growth cycle [1],
unlike a switchgrass (Panicum virgatum L.)/pine system, which requires annual N and P fertilizer
applications to maximize production [2]. Understanding how drainage water exports N and P after
fertilizer application and how it affects switchgrass/pine systems is important for land management and
for insuring sustainable downstream water quality and other ecosystem functions [1]. Other studies
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have documented the effects of fertilizer application in pure switchgrass sites and forests with natural
understory on plant growth, soil properties, and water quality and quantity. Greater N and P fluxes
for a 10-year fertilized loblolly pine stand were observed when compared to a non-fertilized forest in
Scotland County, NC [3]. Plot scale soil data [4,5] in fertilized switchgrass/pine sites located in coastal
North Carolina revealed a short-lived spike in soil ammonium-N (NH4-N) and nitrate-N (NO3-N)
concentrations. The greater short-lived drainage water N concentrations of a pine-forested watershed
in Carteret County, NC were attributed to N fertilizer application followed by three consecutive storm
events right after fertilization [1]. In this study, we hypothesized that frequent fertilizer application in
switchgrass/pine forest does not lead to significant differences in water N and P concentrations and
loads compared to traditionally managed pure switchgrass and/or mature pine forest sites.

Given adequate nutrients, including fertilization after a three-year maturity period, switchgrass
can be harvested every year [6]. Switchgrass regenerates from the root stocks after harvesting due
to the allocation of large amounts of resources in the root system during establishment [6] and
senescence. In the pre-fertilization period, switchgrass plants germinate from broadcasted seeds;
during the post-fertilization period, mature switchgrass is harvested, and regenerates from the root
stocks. During pre-fertilization, switchgrass grows using nutrients from the mineralization of harvest
residues incorporated into the soil during site preparation. These biological processes, resulting
from switchgrass growth and from the growth of young pine trees on the intercropped site and
their interactions with added nutrients from fertilization, may alter hydrologic and nutrient cycling,
potentially influencing the nutrient discharges from these systems. Comparing nutrient levels for the
post-fertilization period with levels from pre-fertilization and site preparation is necessary to evaluate
the overall effects of these operational periods of switchgrass intercropping for biofuel production on
the watershed-scale responses of water quality variables before its large-scale implementation.

Other watershed scale studies have examined the effects of site preparation for switchgrass
establishment that involved shearing and bedding on N and P, and found an initial increase in N
fluxes that gradually decreased after switchgrass establishment during the pre-fertilization period [7].
However, the watershed-scale effects of fertilizer application on water quality discharged from
switchgrass/pine systems compared to a fertilized traditional pine forest have not yet been explored.
This information is critical because the effects of pine/switchgrass systems on water resources are
yet to be evaluated, although growing and harvesting such crops on vast areas of forestland in the
Southeastern U.S.A appears to be very attractive. Therefore, the objectives of the study were to: (1) test
the hypothesis that fertilizer applications do not increase nutrient fluxes in a switchgrass/pine forest
compared to the managed pine forest as well as pure switchgrass and (2) evaluate watershed-scale
post-fertilization N and P fluxes on the intercropped site and compare them to levels at prior periods
(switchgrass growth without fertilizer applied and site preparation for switchgrass establishment).
If the hypothesis in objective (1) is true, we can confidently use the space between pine rows to produce
switchgrass as a cellulosic biofuel, by replacing natural understory between pine rows in a traditional
pine forests with switchgrass. In addition, part of the land that would have been otherwise used
for pure switchgrass can be used for food production and other land uses. In this study, we used
a fertilized switchgrass intercropped pine forest (IC), a pure switchgrass site (SG), and a traditionally
managed mature thinned pine (MP) forest located in Carteret County, North Carolina to examine the
changes in N and P water concentrations and loads associated with adopting a more frequent fertilizer
application schedule in an intercropped forest.

2. Materials and Methods

2.1. Site Description

The study site consists of three experimental watersheds (Figure 1) including a mid-rotation
thinned loblolly pine forest (MP~25.9 ha) with natural understory (control), switchgrass/loblolly pine
(IC~26.3 ha) treatment, and pure switchgrass treatment (SG~27.1 ha) located in Carteret County, North
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Carolina (34.8◦ N, 76.7◦ W) in USA. The site is on a flat coastal plain with a 0.1% gradient and is elevated
3 m above sea level [8]. The soil type at the site is classified as Deloss fine sandy loam (fine loamy,
mixed, thermic Typic Umbraquult) and is acidic with a pH of about 4 [1]. The soil properties include
poor drainage, shallow water tables, fine sandy loam texture at 0–50 cm depth, an average hydraulic
conductivity of 3.9 m d−1, a drainable porosity of 0.05 m m−1, a saturated water content of 0.43 m3

m−3, and a wilting point water content of 0.22 m3 m−3 [1]. Four parallel ditches in each watershed
with a spacing of 100 m and average depth of 1.4 m were used to drain the sites. Artificial divides
implemented midway between parallel ditches separated the watersheds, and 0.30 m raised beds
planted with loblolly pine trees minimized surface runoff toward the watershed outlet [9]. The site is
surrounded by forest-dominated areas to the north, south, and west, and an agriculture-dominated
area to the east. Historic stand characteristics, drainage design, soil type and properties, and weather
parameters for the study site were described elsewhere [1,8,9].
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Figure 1. Layout of the switchgrass/pine forest (IC), reference mature thinned pine forest (MP), and pure
switchgrass (SG) sites.
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2.2. Management of the Sites

Pine seedlings were planted on the intercropped site (IC) in January 2010. Switchgrass seeds were
broadcasted on the IC and pure switchgrass sites (SG) in April 2012. Site preparation (site prep) was
performed during November 2009 to April 2012 for switchgrass establishment that involved harvesting
35-yr old mature pine trees, shearing, bedding and root raking on the IC and SG sites as documented
in details in [7]. Pre-fertilization (pre-fert, from April 2012 to May 2014) was the period of switchgrass
growth in IC and SG without fertilizer applications [10]. Post-fertilization (post-fert) occurred between
June 2014 and May 2016. The control site with 12-yr old (in 2009) pine stands planted in 1997 was
thinned between the end of 2008 and beginning of 2009 [11].

Nitrogen (N) and phosphorous (P) fertilizers were applied in June 2014 and June 2015 at rates of
65.7 kg N ha−1 and 15.1 kg P ha−1 for IC and SG, and rates of 175 kg N ha−1 and 40.4 kg P ha−1 for
mature thinned pine forest (MP) in June 2014. A John Deere skidder with a fertilizer spreader on the
back, and a farm tractor (Kubota 3540; Company: Mitchell tractor, Washington, DC, USA) with a farm
spreader were used to apply fertilizers in 2014 and 2015, respectively.

In 2014, switchgrass at IC and SG sites was harvested during November to the end of December,
and again from November 2015 to end of January 2016. Switchgrass harvest residues were retained
on the sites. It took three months to harvest switchgrass in the second year because of wet site
conditions. After switchgrass harvesting, based on field observations, it took about a month for
complete switchgrass regeneration from the root stocks.

2.3. Field Measurement of Precipitation and Flow

Precipitation was measured by tipping-bucket rain gauges (HOBO; Onset Computer Corporation:
470 MacArthur Blvd., Bourne, MA 02532) backed up by manual gauges placed in open areas near the
outlet of each watershed (Figure 1). Drainage outflow was calculated using standard weir equations
with stage heights measured downstream and upstream of a 120◦ V-notch weir at a 12-min interval
by In situ Level TROLL 500 (https://in-situ.com); CR200 (Campbell Scientific, Logan, Utah, USA) at
each of the watershed ditch outlets (Figure 1). A large pump installed at the main roadside ditch
(downstream of all weir outlets) minimized weir submergence during large storm events [9]. Other
details of hydro-meteorological measurements were documented [12].

2.4. Field Sampling and Laboratory Analysis of Drainage Water Nitrogen and Phosphorus Concentrations

Biweekly water quality samples were obtained from the field using an automatic sampler
(ISCO-2700) that was connected to flow measurement instrumentation (Figure 1) to collect flow
proportional composite samples. The sampler was programmed to collect 150 mL after every 200 cm3

(0.8 mm of watershed area-based water depth) of volume flowing over the V-notch weir. The biweekly
composited field water samples were collected, stored in ice coolers and taken to the laboratory for N
and P analysis on the same day.

Cadmium reduction (EPA standard method- 4500 NO3-E, 1998 [13]) was used for NO3-N
analysis with a detection limit of 0.01 mg L−1. The ammonium salicylate method (EPA standard
method-4500 NH3G, 1998 [13]) was used for NH4-N analysis with a detection limit of 0.01 mg L−1.
The acid digestion method (EPA standard method- 4500 Norg B, 1998 [13]) was used for total Kjedahl
nitrogen (TKN) analysis and the detection limit was 0.04 mg L−1. A Bran Luebbe Autoanalyzer II (SEAL
Analytical Inc. Mequon Technology Center, 10520-C North Baehr Road, Mequon, Wisconsin 53092)
was used for N analysis with colorimetry. The ascorbic acid method (EPA standard method-4500-P,
1998 [13]) was used for phosphate analysis with a detection limit of 0.01 mgL−1. The details of water
quality sampling protocols for recent and earlier periods can be found in other studies [1,10].

https://in-situ.com
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2.5. Data Processing and Statistical Analyses

Instantaneous precipitation was processed to obtain daily, monthly, and annual totals. Similarly,
flow rates calculated on 12-min intervals were integrated to obtain daily flow totals. Daily total flow and
total precipitation during site preparation for switchgrass establishment (site prep), the pre-fertilization
period (pre-fert), and the post-fertilization period (post-fert) were calculated and used to characterize
the patterns/changes in nutrient concentrations and loads. Nitrogen and P loads were calculated by
multiplying daily flows with corresponding measured flow proportion-based concentrations from
biweekly composite samples. Because a biweekly schedule for water sampling was adopted, days with
flow but without measured concentrations were filled with measured concentrations for the following
days. Daily loads were summed to obtain annual loads.

The flow-weighted concentrations for a given period were calculated by dividing total load by
total flow volume. Exploratory statistics (mean, standard deviation, and ranges) were calculated for all
water quality variables. A multiple mean comparison test, Tukey’s Honest Significant Difference (HSD),
was used to (1) test the hypothesis that the mean nutrient concentrations and loads on the IC site were
equal or smaller than those on the MP Site and (2) examine the significance (α = 0.05) in concentrations
and load differences between the three periods (post-fert, pre-fert and site prep), individually, on each
watershed with the IC and SG treatments. The total nutrient loads and flow-weighted concentrations
for the post-fert period were also compared to that of the site prep and pre-fert, individually.

3. Results and Discussion

3.1. Drainage Water Nitrogen and Phosphorus Responses to Fertilizer Applications

There was a short-lived (about 30 day) increase in NH4-N (maximum for IC: 0.31 mg L−1, SG:
0.39 mg L−1, and MP: 0.69 mg L−1), NO3-N (maximum for IC: 0.23 mg L−1, SG: 1.62 mg L−1, and MP:
1.49 mg L−1), and TKN (maximum for IC: 1.07 mg L−1, SG:1.42 mg L−1, and MP: 0.99 mg L−1)
concentrations after fertilizer application on all the sites, but no increase in phosphate (Figure 2). After
this short-lived increase in N following fertilizer application, concentrations decreased during the
post-fertilization period (Figure 2). The concentrations of NH4-N, TKN, and NO3-N increased at
first flush after every dry period (2014: between May and July; 2015: between May and September),
represented by days with no flow (Figure 2). For example, first flush for N was observed in either early
October or late September in 2014 and 2015 (Figure 2).



Water 2020, 12, 1265 6 of 13

Water 2020, 12, x FOR PEER REVIEW 6 of 14 

 

 
Figure 2. Measured flow for pure switchgrass (SG), and total Kjedahl nitrogen (TKN), nitrate 
nitrogen (nitrate-N) and phosphate concentrations during three experimental periods of site 
preparation before switchgrass establishment, switchgrass growth without fertilizer applied, and 
switchgrass growth with fertilizer on watersheds with (IC) intercropping, (SG) pure switchgrass , 
and (MP) mature pine forest. 

The mean NH4-N, NO3-N, and TKN concentrations in IC were lower than concentration in SG 
and MP during post-fert (Figure 2; Table 1). The maximum values for NO3-N and TKN on the IC 
watershed were lower than the average values obtained for the same watershed with a managed 
pine forest for the 1989-1990 period when the watershed was fertilized in Spring of 1989 [14]. The 
mean NO3-N concentration for MP during post-fert was greater (p < 0.05) than the concentration for 
SG (Figure 2; Table 1). There was no significant (α = 0.05) difference in mean phosphate 
concentrations among the watersheds during the post-fert period (Figure 2; Table 1). This supports 

Figure 2. Measured flow for pure switchgrass (SG), and total Kjedahl nitrogen (TKN), nitrate nitrogen
(nitrate-N) and phosphate concentrations during three experimental periods of site preparation before
switchgrass establishment, switchgrass growth without fertilizer applied, and switchgrass growth with
fertilizer on watersheds with (IC) intercropping, (SG) pure switchgrass, and (MP) mature pine forest.

The mean NH4-N, NO3-N, and TKN concentrations in IC were lower than concentration in SG
and MP during post-fert (Figure 2; Table 1). The maximum values for NO3-N and TKN on the IC
watershed were lower than the average values obtained for the same watershed with a managed pine
forest for the 1989-1990 period when the watershed was fertilized in Spring of 1989 [14]. The mean
NO3-N concentration for MP during post-fert was greater (p < 0.05) than the concentration for SG
(Figure 2; Table 1). There was no significant (α = 0.05) difference in mean phosphate concentrations
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among the watersheds during the post-fert period (Figure 2; Table 1). This supports the hypothesis of
the first objective that fertilizer application did not increase nutrient levels in the IC watershed when
compared to the traditional managed pine forest (MP).

Table 1. Tests for significance of paired multiple means for measured N and P concentrations between
watersheds for the post-fertilization (post-fert) period and within sites for each experimental period
using Tukey’s test.

Site TKN NH4-N NO3-N PO4-P

Mean (mg L−1)
IC 0.49 0.06 0.05 0.04
SG 0.70 0.08 0.16 0.04
MP 0.56 0.09 0.33 0.03

Between watersheds NH4-N NO3-N TKN PO4-P

Post-fert (mg L−1)
IC vs. MP S S NS NS
IC vs. SG NS S S NS

SG vs. MP NS S NS NS

IC, intercropped watershed; SG, pure switchgrass watershed; MP, mature thinned pine forest; S, significant difference
(α = 0.05); NS, not significant.

In other studies, the first-flush effects on nutrient export were associated with large rainfall
events [1,15]. In this study, greater numbers of measurements were made when high amounts of
rain were recorded, e.g., between September 2013 and April 2014 (Figure 2). The short-lived increase
in NH4-N, NO3-N, and TKN concentrations in all watersheds immediately following fertilization
was probably due to the dissolution of applied solid fertilizer. Nitrogen concentrations decreased
thereafter, likely due to plant uptake [16], biochemical transformations [17], and dilution effects [18].
The established pine roots and growing roots of switchgrass improved the uptake of the applied
fertilizers. The dilution caused by subsequent rain events also decreased nutrient concentrations.
The increase in N mineralization in the immediate months after application might have also contributed
to the observed short-lived increase in concentration [19]. A short-term increase in NH4-N and NO3-N,
with NO3-N peaking at greater soil concentration than NH4-N in the fertilized switchgrass/pine site
was observed in a plot located in Lenoir County, NC [5]. Following a short-lived spike, effective
utilization of inorganic N by plants older than 2.5 years in switchgrass/pine plots was reported [5],
recording 39% and 60% reduction in soil NH4-N and NO3-N, respectively.

A probable explanation for the greater NH4-N and NO3-N concentrations in MP, when compared to
IC and SG during the post-fert period was the difference in fertilizer application rates (175 kg N ha−1

and 40.4 kg P ha−1 applied in June 2014 on MP while only 65.7 kg N ha−1 and 15.1 kg P ha−1 in June
of 2014 and 2015 on both IC and SG). Recent nutrient cycling studies also recorded a greater net N
mineralization rate for pine/natural understory than for pure switchgrass and switchgrass/pine forest [20].
There was potentially no uptake in SG due to complete removal of switchgrass aboveground biomass
during harvesting in late 2014 and 2015, unlike in IC, where there was continuous nutrient uptake by
pine even after the intercropped switchgrass was harvested. This was the probable reason for the higher
NO3-N and TKN concentrations on SG compared to the IC during the post-fert period. There was no
significant difference (p < 0.05) in phosphate concentrations among the watersheds during the post-fert
period despite applying a greater amount of P (40.4 kg P ha−1) in MP than in IC and SG (15.1 kg P ha−1).
This was likely due to the acidic nature of the soil, which enhances fixation of P [7]. Figure 2 shows that
TKN and phosphorous were mostly related to surface flow when the first flush flow occurred, and NO3-N,
with a greater potential for leaching, was mostly related to lateral flow. This was probably due to low
plant uptake coupled with less transpiration, and leaching of NO3-N during winter [21].

The NO3-N, TKN, and phosphate flow-weighted concentrations during post-fert 2 period
(June 2015 to May 2016) were greater than corresponding concentrations during post-fert 1 period
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(June 2014 to May 2015) on IC and SG (Table 2). The above trend in flow concentrations (post-fert 2
> post-fert 1) in IC and SG was likely due to the cumulative effect of the first fertilizer coupled with
harvest residues mineralization [20–22]. Nitrogen loads in MP during post-fert for our study were
lower than other fertilization studies [1], likely due to the effects of three back-to-back large storms
right after fertilization as reported in one study [1].

The load trends for NH4-N and NO3-N during post-fert were SG > MP > IC, and MP > SG > IC,
respectively (Table 2). The TKN and phosphate loads trend during post-fert were both SG > IC > MP
(Table 2). The NO3-N, TKN and phosphate total loads in IC and SG during post-fert 2 were greater
than corresponding loads during post-fert 1 (Table 2), partly due to greater flow during post-fert 2.
The NH4-N and NO3-N loads in IC were lower than in SG and MP during post-fert, likely due to
greater flow in SG, and greater applied N in post-fert 1 coupled with greater rates of N mineralization
that led to greater concentrations in MP. There might have been greater net mineralization in MP
than in IC and SG due to greater applied N and P. Greater field net mineralization was associated
with additional N and P applied to a 14-year-old loblolly pine plantation and 11-year old Pinus
radiata [16,19]. Greater soil NH4-N than NO3-N concentrations were reported in a switchgrass/pine
plot scale study [20,21,23], and the pattern was attributed to the immobile nature of NH4-N when
compared to NO3-N. The TKN and phosphate loads in IC were lower than in SG during post-fert
(Table 2), also likely due to greater flow in SG. The TKN and phosphate loads in IC were greater than
in MP during post-fert (Table 2), probably due to greater flow in IC. The data for this study showed
that the fertilizer application did not increase the nutrient loads on the IC treatment when compared to
the MP, except for phosphate, again supporting the above hypothesis. The nutrients concentrations in
watershed outflows did not lead to water quality degradation; positive water quality effect was also
reported in switchgrass plot scale studies [20,21]. The outflow nutrients load ratios to applied N and P
for a 2-year post fertilization period followed the following trends, IC (0.005) < SG (0.012) = MP (0.012)
for NO3-N, IC (0.006) < MP (0.009) < SG (0.014) for NH4-N and MP (0.013) < IC (0.048) < SG (0.060) for
PO4-P, respectively. The ratios of exported N and P were lower for IC than SG, which showed that
switchgrass/loblolly pine forest reduced N and P export during the post-fertilization period.

Table 2. Total outflow, loads and flow-weighted concentrations of N and P during post-fertilization
periods 1(post-fert 1) and 2 (post-fert 2).

Sites Sites

Period Variable IC SG MP IC SG MP

Outflow (mm) Outflow (mm)
Post-fert Flow 1614.5 1931 1442 1614.5 1931 1442

Post-fert 1 Flow 640.5 856 689 640.5 856 689
Post-fert 2 Flow 974.0 1075 753 974.0 1075 753

Loads (kg ha−1) Concentration (mg L−1)
Post-fert NH4-N 0.79 1.83 1.55 0.049 0.095 0.118

Post-fert 1 NH4-N 0.48 0.82 0.75 0.074 0.096 0.134
Post-fert 2 NH4-N 0.31 1.01 0.80 0.032 0.093 0.106

Post-fert NO3-N 0.65 1.59 2.15 0.040 0.082 0.164
Post-fert 1 NO3-N 0.23 0.40 1.54 0.036 0.047 0.276
Post-fert 2 NO3-N 0.42 1.19 0.61 0.043 0.111 0.080

Post-fert TKN 8.59 11.15 5.69 0.532 0.377 0.434
Post-fert 1 TKN 2.86 4.93 2.88 0.447 0.576 0.516
Post-fert 2 TKN 5.73 6.22 2.81 0.588 0.578 0.373

Post-fert PO4-P 0.72 0.91 0.54 0.044 0.047 0.041
Post-fert 1 PO4-P 0.15 0.36 0.12 0.024 0.043 0.021
Post-fert 2 PO4-P 0.56 0.55 0.43 0.058 0.051 0.057

Site prep, site preparation; Pre-fert, switchgrass growth without fertilizer; Post-fert, switchgrass growth with
fertilizer applied; IC, intercropped site; SG, pure switchgrass site; MP, mature thinned pine forest.
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3.2. Comparisons of Post-Fertilization Water Quality Variables to those of the Pre-Fertilization and Site
Preparation Periods

The post-fert mean NH4-N concentration was greater (p < 0.05) than concentration during site prep,
and post-fert mean NO3-N and phosphate concentrations were lower than concentrations during site
prep in IC treatment (Figure 3; Table 3). The post-fert mean NO3-N concentration was greater (p < 0.05)
than concentration during pre-fert, and post-fert phosphate concentration was lower than concentration
during pre-fert in IC treatment (Figure 3; Table 3). The post-fert mean NH4-N concentration was
significantly greater (p < 0.05) than concentration during site prep, and site prep mean phosphate
concentrations were significantly greater than concentration during post-fert in SG treatment (Figure 3;
Table 3). The post-fert mean NH4-N, NO3-N, and TKN concentrations were greater (p < 0.05) than
corresponding concentrations during pre-fert, and post-fert phosphate concentrations were lower
than pre-fert concentrations in SG treatment (Figure 3; Table 3). The post-fert mean NH4-N, NO3-N,
and TKN measured concentrations in MP were greater (p < 0.05) than corresponding concentrations
during pre-fert. The post-fert mean phosphate measured concentrations in MP forest were lower
(p < 0.05) than concentrations during pre-fert (Figure 3; Table 3).

Table 3. Nutrient concentrations for study watersheds during site preparation, pre-fertilization growth,
and post-fertilization periods.

Period Site TKN NH4-N NO3-N PO4-P

mg L−1

Site preparation IC 0.48 0.04 0.5 0.08
Pre-fertilization IC 0.35 0.06 0.01 0.07

Post-fertilization IC 0.49 0.06 0.05 0.04
Site preparation SG 0.69 0.02 0.15 0.07
Pre-fertilization SG 0.33 0.04 0.08 0.06

Post-fertilization SG 0.70 0.08 0.16 0.04
Site preparation MP 0.43 0.02 0.06 0.09
Pre-fertilization MP 0.24 0.04 0.01 0.07

Post-fertilization MP 0.56 0.09 0.33 0.03

Between Experimental Periods Site TKN NH4-N NO3-N PO4-P

Significance
Post-fert vs. Site prep IC NS S S S
Post-fert vs. Pre-fert IC NS NS S S

Post-fert vs. Site prep SG NS S NS S
Post-fert vs. Pre-fert SG S S S S
Post-fert vs. Pre-fert MP S S S S

MP pre-fert (11/2009 to 5/2014) and post-fert only; IC and SG site prep (11/2009 to 03/2012), pre-fert (04/2012
to 05/2014), and post-fert (06/2014 to 06/2016). Site prep, site preparation; Pre-fert, switchgrass growth without
fertilizer; Post-fert, switchgrass growth with fertilizer applied (June 2014 to June 2016); IC, intercropped site; SG,
pure switchgrass site; MP, mature thinned pine forest; S, significant difference (α = 0.05); NS, not significant.
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Figure 3. Comparison of distribution of measured mean nitrogen concentrations using Box-Whisker
plots for experimental periods for (A,C, and E) IC and (B,D, and F) SG sites. The middle horizontal bar
in the box represents the median value. The upper and lower edges of the box represent the 75% and
25% percentiles, respectively. The upper and lower ends of the whiskers represent the maximum and
minimum values, respectively.

Data in Table 4 show the nutrient loads for the three watersheds during three experimental periods.
The post-fert NH4-N and TKN loads in IC and SG were greater than both the site prep and pre-fert
loads. The post-fert NO3-N loads were greater than pre-fert loads, but lower than site prep loads in IC.
The post-fert NO3-N loads were greater than pre-fert and site prep loads in SG. The post-fert NH4-N,
NO3-N, and TKN loads were greater than pre-fert loads in MP. The post-fert phosphate loads were
lower than pre-fert loads, and greater than site prep loads in IC. The post-fert phosphate loads were
greater than pre-fert and site prep loads in SG, but were lower than pre-fert loads in MP.
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Table 4. Nutrient loads per unit area for study watersheds during site preparation, switchgrass growth,
and fertilizer application periods.

Year Site Flow (mm) TKN NH4-N NO3-N PO4-P

kg ha−1

Site preparation IC 693.1 4.99 0.22 3.20 0.64
Pre-fertilization IC 736.0 3.29 0.49 0.30 0.74

Post-fertilization IC 1614.5 8.59 0.79 0.65 0.72
Site preparation SG 488.8 4.56 0.25 1.48 0.34
Pre-fertilization SG 965.5 5.01 0.49 1.27 0.77

Post-fertilization SG 1931 11.15 1.83 1.59 0.91
Site preparation MP 698.3 3.25 0.20 0.29 0.66
Pre-fertilization MP 700.9 2.21 0.58 0.29 0.61

Post-fertilization MP 1442 5.69 1.55 2.15 0.54

MP pre-fert (11/2009 to 5/2014) and post-fert only; IC and SG site prep (11/2009 to 03/2012), pre-fert (04/2012
to 05/2014), and post-fert (06/2014 to 06/2016). Site prep, site preparation; Pre-fert, switchgrass growth without
fertilizer; Post-fert, switchgrass growth with fertilizer applied (June 2014 to June 2016); IC, intercropped site; SG,
pure switchgrass site; MP, mature thinned pine forest; S, significant difference (α = 0.05); NS, not significant.

The trend of post-fert > site prep for mean NH4-N concentration in IC and SG was likely
due to additional N during post-fert period coupled with the low pH of the soil, which reduces
nitrification rates. The post-fert mean NH4-N concentration in IC and mean NH4-N, NO3-N, and TKN
concentrations in SG were greater than corresponding concentrations during pre-fert, probably also
due to additional N. The post-fert mean NO3-N concentration was lower than that for site prep with
young and small trees in IC, likely due to greater plant nutrient uptake during post-fert [7,24]. Newly
planted tree seedlings require minimal nutrients due to their small size, and nutrient uptake rates
subsequently increased with an increase in tree size [24]. The post-fert NH4-N, NO3-N, and TKN
concentrations in MP were greater than those for the pre-fert, also likely due to additional N applied
during post-fert. For all the watersheds, post-fert mean phosphate concentration was lower than those
for the prior periods, likely due to inherent low pH, such that even after P application, there might
have been rapid plant uptake coupled with sorption on soil [20,21,25].

Differences in concentrations and total flow volumes (Tables 2 and 4) as a result of the corresponding
rainfall amounts and vegetation types played an important role in differences in nutrient loads among
experimental periods [26]. The total rainfall amounts during site preparation were 3188 mm for IC,
3007 mm for SG, and 3071 mm for MP. The total rainfall amounts during pre-fertilization were 3298 mm
for IC, 3302 mm for SG, and 3289 mm for MP. The total rainfall amounts during post-fertilization were
10,027 mm for IC, 10,025 mm for SG, and 10,072 mm for MP. For instance, post-fert total flow and
NH4-N and TKN mean concentrations (Figure 3) and loads (Table 2), in all the watersheds were greater
than those for the pre-fert and site prep periods. The post-fert total flows (Table 2) were greater than
pre-fert (1615 mm for IC, 1931 mm for SG and 1442 mm for MP) and site prep (693 mm for IC, 489 mm
for SG and 698 mm for MP). Post-fert NO3-N loads (Table 2) in IC were lower than site prep loads,
likely due to greater concentrations for the later period, despite the fertilization effects on the former
period (Figure 3). However, the post-fert total NO3-N loads and mean concentration in IC were greater
than during pre-fert, potentially due to fertilization effects, but it is important to note that outflow
was also higher. The post-fert NO3-N load was five times lower than the site prep on the IC, despite
more than double the amount of flow for post-fert than the site prep and pre-fert, mainly because of
substantially reduced concentrations (Figure 2). It was the opposite for NH4-N, which yielded 3.5 to
7 times higher loads for post-fert than the site prep in all three vegetation treatments, likely due to both
increased flow and higher concentrations than for the former period. Interestingly, for the MP site,
higher outflow coupled with greater applied N during the post-fert period was likely responsible for
increased loads for TKN, NO3-N, and NH4-N.
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4. Conclusions

Fertilizer application did not increase the nutrient concentrations and loads on the switchgrass
intercropped (IC) treatment when compared to the mature pine (MP) forest, except for the phosphate
loads. The lower flow-weighted concentrations and loads of NH4-N and NO3-N for the IC treatment
compared to the pure switchgrass treatment (SG) and the MP site, indicated greater retention through
plant uptake in the IC. The short-lived increase of N concentrations after fertilization on IC was not
observed in P, likely due to greater P sorption by the site’s acidic soils. Lower N concentrations
were observed in IC during the post-fertilization period than were observed for the site preparation
period with younger pine trees, indicating that adverse effects due to reduced plant uptake during the
latter period may be critical in water quality management. High precipitation events, for example
in September and October of 2015, might have influenced the variability in N and P exports during
the post-fertilization period. Annual fertilization and switchgrass harvesting in a switchgrass/pine
plantation forest did not result in greater N and P concentrations in drainage water when compared
to the traditional mature pine forest on this coastal landscape. The enhanced water quality data for
intercropping switchgrass on this coastal pine forest showed that switchgrass can be produced on
managed pine forests, while allocating more land that would have otherwise been used for pure
switchgrass sites to other land uses.
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