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EXECUTIVE SUMMARY 

The objective of this research project was to assess whether standard forestry best management practices 
(BMPs) are sufficient to protect stream water quality from intensive silviculture associated with short-
rotation woody crop (SRWC) production for bioenergy. Forestry BMPs are designed to prevent the 
movement of deleterious quantities of nutrients, herbicides, sediments, and thermal energy (sunlight 
hitting stream channels) from clear-cuts and plantations to surface waters. Until now, there have been no 
watershed-scale studies examining the effectiveness of traditional forestry BMPs as applied to SRWC 
production for bioenergy. The demand for woody bioenergy feedstocks is expected to increase, especially 
in the southeastern United States where the climate, topography, and land ownership are favorable for 
wood production. Therefore, it is important to evaluate the environmental effects of SRWC production for 
bioenergy and the efficacy of BMPs. 

This study used a watershed-scale experiment in a before-after, control-impact design to examine the 
environmental effects of short-rotation loblolly pine (Pinus taeda) production for bioenergy and evaluate 
the efficacy of BMPs for protecting surface water quality. Environmental measurements included water 
and soil quality (i.e., nitrogen, phosphorus, suspended solid, pesticide concentrations in water, nitrate 
leaching, nitrogen mineralization, denitrification, ecosystem nitrogen budget, conservative tracer 
modeling), hydrology (i.e., overland flow and concentrated flow tracks, interflow [shallow lateral 
subsurface flow], groundwater dynamics), and productivity and stand-level ecophysiology (i.e., tree 
growth, carbon, water, and energy fluxes). Most of these environmental metrics were measured before 
(for ~2 years) and after (for ~6 years) harvest, planting, and managing short-rotation loblolly pine for 
bioenergy on more than 50% of the land area in two treatment watersheds and also in one mature timber 
reference watershed. The three study watersheds are located in the Upper Fourmile Creek watershed at 
the Savannah River Site in South Carolina. All silviculture practices in the two treatment watersheds 
followed South Carolina Forestry BMPs (e.g., minimized soil compaction and bare ground exposure; 
inhibited hydraulic connections between bare ground and surface waters; provided forested buffers 
around streams). 

The silvicultural plan used in the watershed-scale experiment was designed to achieve high yields of 
loblolly pine over a short rotation (10–12 green tons/acre/year at 10–12 years), and we intentionally 
pushed the system in terms of high rates of fertilizer applied. Tree growth and net ecosystem exchange 
(carbon flux) data demonstrated that the objective of accelerating growth was achieved. In the fourth 
growing season, aboveground biomass of trees averaged 12,000 kg/ha and carbon sequestration was 466 g 
C/m2/y. The carbon sequestration rate of the loblolly pine was 1–8 years ahead of conventional southern 
pine stands grown for pulp production. However, our plot-scale study that manipulated levels of fertilizer 
and herbicide applications found that the most efficient production system based on the ecosystem N 
budget was a silvicultural treatment of herbicide without fertilizer; tree growth was 90% of that achieved 
with operational-scale fertilizer additions and nitrate leaching was lower than in the fertilized treatments. 
At the operational (watershed) scale, only 30–60% of the nitrogen applied in fertilizers was sequestered in 
pine after the fourth growing season. Overall, some components of the silvicultural treatments were 
efficient (i.e., early control of competing plants) and some aspects were not (i.e., early fertilization). 
These results suggest that nitrogen fertilizers were applied in excess in the first three years and highlight 
the importance of evaluating water quality responses and efficacy of BMPs under these intensive 
silvicultural applications. 

Despite the high fertilizer applications in the watershed-scale experiment, there were minimal effects of 
SRWC production on stream water quality, suggesting that forestry BMPs appear to be effective at 
protecting surface waters. However, nitrate concentrations were elevated in shallow subsurface flow 
(interflow) and in concentrated flow tracks. Nitrate concentrations also increased in groundwater 



 

xii 

following harvest and the first fertilizer application. The highest nitrate concentrations measured in 
groundwater were <2 mg N/L, which is below the US Environmental Protection Agency regulatory limit 
of 10 mg N/L. These low-gradient watersheds are dominated by groundwater flow paths, and there are 
several lines of evidence suggesting that some of the elevated nitrate in groundwater should have reached 
the streams during the 6-year-long posttreatment monitoring period. Groundwater modeling suggests that 
although transport times to the stream might be on the order of a decade, transport from near-stream 
portions of the plantations are shorter (1–3 years). Conservative (i.e., non-reactive) tracer modeling also 
suggests that nitrate concentrations would be elevated in streams following the silvicultural treatments if 
nitrate travelled conservatively (i.e., nitrate is not taken up or transformed along the groundwater flow 
path). Estimates of denitrification suggest that this microbial process is important in removing nitrate in 
groundwater both in the sandy upland areas and in the organic-rich riparian zones (streamside 
management zones) that are characteristic of this region. Overall, the magnitude of these processes 
suggests that BMPs in these low-gradient, Coastal Plain watersheds are sufficiently robust to mitigate a 
relatively low nitrogen fertilizer use efficiency. Phosphorus-based fertilizers were also applied as part of 
the watershed-scale study, but there were no changes in soluble reactive phosphorus concentrations in 
stream or groundwater, likely because phosphorus is much less mobile than nitrate and the subsoils 
contain clays that bind phosphorus. 

Aside from fertilizer fate, other important water quality parameters are the fate of applied pesticides and 
the transport of sediments and associated nutrients to streams. We found little evidence of pesticide 
movement as none of the stream water samples collected posttreatment had detectable levels of 
pesticides. The pesticides applied in this study are commonly used in southeastern US silvicultural 
operations and have low mobility and are moderately persistent. We also found very little evidence of 
sediment transport to streams via overland flow. Concentrated flow track surveys found that the most 
likely path of solutes by overland flow was from variable source areas that expanded into the plantations 
during periods with elevated water tables. The greatest sediment input was from an interior ditch of a 
paved road and was unrelated to silvicultural management of the site. There were no effects of SRWC 
production on total nitrogen, phosphorus, or suspended solid concentrations in stream water. Therefore, 
forestry BMPs were effective with respect to pesticide applications, and overland flow and associated 
sediment transport. 

Overall, the lack of effect of short-rotation loblolly pine production for bioenergy on stream water quality 
suggests that current forestry BMPs are effective at protecting surface waters in the Coastal Plain 
landscape even with high levels of fertilization and herbicide application associated with SRWC 
production. These results should be applicable throughout the southeastern Coastal Plain, in watersheds 
that are characterized by low-gradient uplands with sandy soils and organic-rich riparian zones. 
Hydrologic processes in the Piedmont differ sufficiently from those in the Coastal Plain that caution 
should be used when extrapolating these findings to the Piedmont. 
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1. STANDARD FORESTRY BMPS AND THEIR APPLICABILITY TO WOODY BIOMASS 
PRODUCTION  

The objective of this research is to assess whether standard forestry best management practices (BMPs) 
are sufficient to protect surface water quality from the greater levels of ground disturbance and chemical 
application associated with short-rotation woody crop (SRWC) production for bioenergy (Griffiths et al. 
2019). Forestry BMPs are designed to prevent the movement of deleterious quantities of nutrients, 
herbicides, sediments, and thermal energy (sunlight hitting stream channels) from clear-cuts and 
plantations to surface waters. BMPs vary across states and regions, but all forestry BMPs share common 
guidance: (1) minimize soil compaction and bare ground exposure, including roads and log decks; (2) 
locate roads and log decks on ridges away from surface waters; (3) separate fertilizer and herbicide 
applications from surface waters; (4) inhibit hydraulic connections between bare ground and surface 
waters; (5) provide forested buffers around streams (i.e., streamside management zones [SMZs]); (6) 
engineer stable road surfaces and stream crossings; and (7) minimize landslide initiation risks (Olszewski 
and Jackson 2006, Griffiths et al. 2019). Application of many of these BMPs can be discerned from aerial 
photographs of the Upper Fourmile Creek experimental watersheds at the Savannah River Site (SRS) in 
South Carolina (Figure 1), where the study described in this report took place. Scientists have studied 
BMP effectiveness for decades, finding that BMPs work well for traditional forest management in most 
settings (see reviews by Anderson and Lockaby 2011, NCASI 2012, Cristan et al. 2016). Nevertheless, 
there is continuing debate about the efficacy of BMPs; this is especially true as forest production evolves 
(e.g., Shepard 2006, Jackson 2014, MacDonald and Coe 2014). Until now, there have been no watershed-
scale studies of the effectiveness of traditional forestry BMPs as applied to SRWC production for 
bioenergy. 

 

Figure 1. Upper Fourmile Creek experimental watersheds showing the application of BMPs. Satellite image 
from the National Agricultural Imagery Program, US Department of Agriculture; watersheds and streams delineated 
by Seth Younger. Figure adapted from Griffiths et al. 2019 GCB Bioenergy 11:554-572 DOI: 10.1111/gcbb.12536.  
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It is important to evaluate the environmental effects of SRWC production for bioenergy and the efficacy 
of BMPs as demand for woody bioenergy feedstocks is expected to increase. Harvest and mill residues 
are currently the largest sources of woody biomass for bioenergy in the United States (US Energy 
Information Administration 2018). The United States is also the largest exporter of wood pellets, 
primarily to Europe (US Energy Information Administration 2014, Wang et al. 2015, Dale et al. 2017ab, 
Parish et al. 2017). Most woody biomass used for bioenergy production comes from residues left over 
after harvest or from processing traditional wood products (e.g., pulp and paper). However, SRWC 
production on lands marginal for food production is expected to become a larger contributor to the 
biomass portfolio (US Department of Energy 2016). One region where SRWC production for bioenergy 
will likely occur is the southeastern United States. The climate, topography, and land ownership of the 
southeast are favorable for wood production as nearly 60% of US wood products originate from the 
region (Wear and Greis 2002). Further, the southeast supplies a large proportion of the world’s industrial 
timber (18%) and pulp products (25%) (Wear and Greis 2002, McKeand et al. 2003, Munsell and Fox 
2010, Kantavichai et al. 2014). Within the southeastern United States, loblolly pine dominates 
commercial forest growth and is a likely candidate to support SRWC biomass production (Kline and 
Coleman 2010). 

SRWCs have the potential to increase the availability of bioenergy feedstocks with minimal 
environmental effects, but SRWCs also raise new questions about the need to revise forestry BMPs to 
compensate for more intensive silviculture. SRWC silviculture differs sufficiently from typical pulp and 
sawtimber management that the associated environmental effects cannot be assumed to be equivalent 
(Griffiths et al. 2019). SRWC silviculture involves more frequent harvests and associated ground 
disturbance, potentially greater competition control (herbicide application), and potentially greater 
fertilizer application (Srestha et al. 2015). Because of the shorter rotation lengths of SRWCs, these 
silvicultural techniques would be applied more often than for typically less-intensive and longer-rotation 
pulpwood and sawtimber management. SRWC rotation lengths range from 1–15 years (Dickmann 2006) 
but vary based on the feedstock planted. Rotation lengths are ~3–4 years under high-density coppice 
plantings (e.g., willow; Volk et al. 2006) and 8–12 years under relatively lower density plantings (e.g., 
eucalyptus, loblolly pine; US Department of Energy 2011, Coyle et al. 2016). 

With respect to water-transported nonpoint source pollutants, current forestry BMPs largely focus on 
mitigating the movement of sediment, nutrients, and herbicides as carried by surface runoff. Harvest, 
yarding, and site preparation equipment can expose bare mineral soils. Where litter is absent, the kinetic 
energy of raindrops breaks apart soil aggregates, leading to the formation of crusts that greatly reduce 
infiltration rates. Compacted and bare soils are also created at the log landings (where logs are cut and 
sorted before loading onto trucks) and on the haul roads. In these areas, Horton overland flow (when 
precipitation rates exceed infiltration rates) can produce surface runoff that mobilizes soil particles and 
soluble forms of fertilizers and pesticides and transports them to streams. Forest roads, landings, and skid 
trails have been repeatedly identified as the dominant sources of sediment from silvicultural operations 
(e.g., Hoover 1952, Megahan et al. 1972, Rivenbark and Jackson 2004). As the new plantation grows, the 
expanding canopy and the associated litter fall again protect the soils from raindrop impact. In the rapidly 
growing pine plantations of the southeast, overland flow issues are thus confined to the first 2 or 3 years 
after harvest. Therefore, the hydrologic and water quality effects of silvicultural operations depend to a 
large degree on the amount, connectivity, and duration of bare soils and on the coincidence of chemical 
application with the presence of bare soils. In contrast, chemical movement to streams via interflow (i.e., 
shallow subsurface flow) or groundwater (Figure 2) is assumed to be negligible in forest BMP studies. 
Consequently, BMP studies have only rarely included any monitoring of groundwater or subsurface 
flows. With this focus on surface processes, little is known about the potential for contamination of 
groundwater after forest harvest, herbicide application, and fertilization. In this study, we examined 
water-borne contaminants moving across all possible transport mechanisms: surface runoff, interflow, and 
groundwater flow (Figure 2).  
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Figure 2. Potential transport pathways of waterborne pollutants mobilized from SRWC plantations. This 
study examined waterborne contaminants moving across all possible transport mechanisms: surface runoff, 

interflow, and groundwater flow. Figure adapted from Klaus and Jackson 2018 Water Resources Research 54(9): 
5921-5932 DOI:10.1029/2018WR022920.  

2. OBJECTIVE 

The objective of this experiment was to examine the environmental effects of short-rotation loblolly pine 
production for bioenergy at a watershed scale. The experiment also evaluated whether current forestry 
BMPs were adequate to protect surface water quality from more intensive silviculture expected for short-
rotation woody biomass production. The experiment used a before-after, control-impact design that 
measured environmental parameters before (for ~2 years) and after (for ~6 years) planting and 
management of short-rotation loblolly pine for bioenergy in two treatment watersheds and one reference 
watershed in the Upper Fourmile Creek watershed at the SRS in South Carolina (see Section 3, 
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“Experimental Design and Methods,” for details). All silviculture practices in the two treatment 
watersheds followed South Carolina Forestry BMPs (South Carolina Forestry Commission 1998). 
Environmental measurements included water and soil quality (i.e., nitrogen [N], phosphorus [P], 
suspended solid, pesticide concentrations in water, nitrate leaching, nitrogen mineralization, 
denitrification, ecosystem nitrogen budget), hydrology (i.e., overland flow and concentrated flow tracks, 
interflow, groundwater dynamics), and stand-level ecophysiology (i.e., carbon, water, and energy fluxes). 
In this report, we summarize the environmental effects of short-rotation loblolly pine production for 
bioenergy on water quality, hydrology, soil quality, and productivity and provide an evaluation of BMP 
effectiveness for minimizing water quality effects.    

3. EXPERIMENTAL DESIGN AND METHODS 

3.1 SITE DESCRIPTION 

The watershed-scale experiment took place in three adjacent watersheds (R, B, and C) located within the 
Upper Fourmile Creek watershed at SRS in South Carolina (Figure 3). From the outlet of these 
watersheds, Fourmile Branch flows for ~20 km before meeting the Savannah River, which drains to the 
Atlantic Ocean. SRS was established in the 1950s by the US Atomic Energy Commission (AEC; now the 
US Department of Energy) for the production of nuclear weapons materials (Kilgo and Blake 2005). 
Before the AEC acquisitioned land for SRS, the region was primarily agricultural fields and intact and 
regenerating forests. Starting in 1951, the US Forest Service (USFS) began reforesting the site and 
continues to manage forest resources at SRS (Kilgo and Blake 2005). 

 

Figure 3. Light detection and ranging (LiDAR) image of the three experimental watersheds (R, B, C) located 
within the Upper Fourmile Creek watershed at SRS and location of SRS within the southeastern United 

States (inset map). Topographic imagery shown here was acquired by the USFS. 
 
SRS is located in the Piedmont and Upper Coastal Plain physiographic provinces just south of Aiken, 
South Carolina. The climate at SRS is humid subtropical: the mean annual air temperature for the region 
is 18°C, and the mean annual precipitation is 1225 mm (Kilgo and Blake 2005). The annual precipitation 
and the mean, maximum, and minimum air temperature during the experiment (2010–2017) are shown in 
Table 1. 
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Table 1. Annual precipitation, mean annual air temperature, and maximum and minimum air temperatures 
measured in a given year. Data encompass the duration of the project (2010–2017). Precipitation data are from a 

climate tower in Aiken, South Carolina, and temperature data are from a climate tower at SRS (see 
https://www.ncdc.noaa.gov/cdo-web/). Missing measurements were gap filled with data from nearby climate 

towers 

Year 
Annual precipitation 

(mm) 
Mean annual air 
temperature (°C) 

Max air temperature 
(°C) 

Min air temperature 
(°C) 

2010 992 17.4 38.9 -9.4 

2011 1109 18.5 40.0 -8.3 

2012 1088 18.7 42.2 -7.8 

2013 1538 17.4 35.6 -4.4 

2014 1205 17.4 37.2 -11.7 

2015 1280 18.7 39.4 -10.6 

2016 1187 18.8 37.8 -12.8 

2017 1415 19.1 36.7 -6.1 

 

The vegetation, topography, and soils are similar among the three watersheds, but the watersheds differ in 
size: watershed R is 45 ha, watershed B is 169 ha, and watershed C is 117 ha. Upland vegetation is 
primarily mature pines (loblolly pine [Pinus taeda], longleaf pine [P. palustris], and slash pine [P. 
elliottii]). Hardwoods are also present in the watersheds (mainly sweetgum, Liquidambar styraciflua), 
primarily in riparian zones. The topography of SRS and the watersheds is low gradient, with gently 
rolling hills and slopes of 2%–3% (Kilgo and Blake 2005), with some moderately steep areas (30%–55%) 
mainly in valley margins (Kilgo and Blake 2005, Du et al. 2016). The soils are well drained, loamy, and 
siliceous Ultisols of the Fuquay sand series (Rasmussen and Mote 2007, Klaus et al. 2015, Du et al. 2016, 
Jackson et al. 2016). The characteristics of the surface soils are a loamy sand A horizon overlaying a 
sandy E horizon and below that a sandy clay loam argillic Bt horizon (Klaus et al. 2015, Du et al. 2016, 
Jackson et al. 2016). The streams that drain the watersheds flow intermittently and are characterized as 
blackwater streams with low nutrient concentrations, which is typical of streams in the southeastern 
United States (Jager et al. 2011). All three streams were dry for approximately a year (~mid-2011 to 
~mid-2012) because of a regional drought. Two Carolina bays, which are isolated and poorly drained 
wetlands and a common feature in this region, are located in watershed C. 

3.2 WATERSHED-SCALE EXPERIMENT 

The watershed-scale experiment uses a before-after, control-impact (BACI) approach (Stewart-Oaten et 
al. 1986). One watershed (R) serves as the reference (“control”) watershed, and two watersheds (B and C) 
served as treatment (“impact”) watersheds. Before the treatment (i.e., planting and managing loblolly pine 
for bioenergy), vegetation in all three watersheds was similar: mature pine stands with scattered 
hardwoods. Approximately 50% of the two treatment watersheds were selected for harvest of the mature 
pines and for planting and management of short-rotation loblolly pine for bioenergy. Measurement of 
most environmental parameters began in 2010 (“before”), and harvest of the mature pine stands in 
watersheds B and C occurred in 2012 (“after”). Water, soil, and productivity measurements continued 
until canopy closure (2018). Progression of the experiment is visible via satellite images (Figure 4). 
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Figure 4. Satellite images of the three study watersheds before (2010 and 2011) and after (2013 onward) 

harvest of mature pines and planting and management of short-rotation loblolly pine for bioenergy. A lack of 
visible bare ground, indicative of canopy closure, is evident in the image from 2017. Images are from Google Earth. 

3.3 SILVICULTURE 

The silvicultural plan was designed to achieve high yields of loblolly pine (10–12 green tons/acre/year at 
10–12 years) over a short rotation. This is considered to be more intensive than management for longer-
rotation, traditional forestry (i.e., 25–35 year rotations for pulp and paper production) because of more 
frequent rotations (i.e., more frequent bare ground) and a higher frequency of fertilizer and herbicide 
applications. The silvicultural treatments are described subsequently and include harvest of mature pine 
stands, site preparation, planting of loblolly pine seedlings, and management of pine for high productivity 
(Figure 5, Table 2). 

Harvesting of commercial timber occurred from February 28 to May 31, 2012. Approximately 50% of 
each experimental watershed was harvested (148 ha total; 85.4 ha in watershed B and 62.7 ha in 
watershed C; Figure 6). All of the harvested stands were planted pines from the second or third rotation 
following the abandonment of row-crop agriculture in 1951 (Kilgo and Blake 2005). Approximately 
2,721 metric tons of low-quality and small-diameter material was harvested and chipped on-site for 
fuelwood for a local bioenergy facility. There was little residue left on the fields after harvest (1,934 ± 
171 kg dry mass/ha). 

All forest practices complied with the guidance of South Carolina BMPs for Forestry (South Carolina 
Forestry Commission 1998). In almost all locations, SMZ widths exceeded the minimums recommended 
in the manual (12.3 m from each bank) because typical practice is to mark the harvest boundary where the 
forest stands shift from upland pines to lowland hardwoods. SMZ widths on streams and wetlands 
averaged 27 and 25 m in watersheds B and C, respectively. No temporary stream crossings were used 
during harvest, and no new road surfaces were constructed. Roads featured turnouts to disperse runoff, 
and log decks were located on uplands far from SMZ boundaries.  

Between June 14 and September 13, 2012, the harvested areas were subsoiled parallel to the slope. 
Subsoiling was conducted using a tractor to a depth of 45 cm and with ~3.1 m between rows. The purpose 
of subsoiling was primarily to break up the old plow layer from prior tillage and to facilitate ground 
application of herbicides and fertilizer by providing lines to control planted tree spacing. Between 
September 14 and 19, 2012, herbicides as a mixture of imazapyr 4SL (1680 mL/ha) and glyphosate as 
Rodeo (6720 mL/ha) were broadcast to control woody and nonwoody vegetation. 



 

7 

Hand-planting of bareroot loblolly pine (Pinus taeda; ArborGen Mass Control Pollinated AGM 37) 
occurred between February 28 and March 3, 2013, at a nominal spacing of 2.4 m × 3.1 m or 1,346 
trees/ha. This genetic source was rated as having 70% greater growth than the North Carolina State 
University Cooperative standard check source and has excellent stem form and rust resistance. Trees in 
the new plantations were planted on contour. A second weed control treatment was applied over the top of 
the planted seedlings between March 18 and 20, 2013. The herbicide was broadcasted and consisted of a 
mixture of sulfometuron methyl as OustXP (140 mL/ha) and imazapyr as Arsenal AC (280 mL/ha). The 
first fertilizer application occurred between April 22 and 24, 2013, as diammonium phosphate at 
281 kg/ha (50.6 kg N/ha and 56.2 kg P/ha). Nitrogen generally limits forest productivity at SRS (Kilgo 
and Blake 2005); therefore, nitrogen-based fertilizers were used in all applications. 

Between March 3 and 4, 2014, urea fertilizer was broadcast applied at a rate of 241 kg/ha (110.9 kg 
N/ha). A second release treatment of sulfometuron methyl as OustXP (175 mL/ha) was made between 
March 10 and 12, 2014. Because of an extensive Nantucket pine tip moth (Rhyacionia frustrana 
[Comstock]) infestation that severely damaged the planted seedlings during the summer of 2013, fipronil 
was injected at the base of each seedling between March 21 and April 17, 2014, at the equivalent rate of 
1365 mL/ha (Asaro and Creighton 2011). 

Between February 10 and 12, 2015, a blended application of urea and diammonium phosphate was 
broadcast applied at 313.6 kg/ha. The blend consisted of urea at 179.2 kg/ha (82.4 kg N/ha) and 
diammonium phosphate at 134.4 kg/ha (24.2 kg N/ha and 26.9 kg P/ha). The last herbicide treatment was 
applied between March 18 and April 12, 2015, as sulfometuron methyl (Oust XP, between 175 and 
210 mL/ha). Between September 28 and 30, 2016, the last planned fertilizer treatment was applied by 
fixed-wing aircraft and was of urea fertilizer at 425 kg/ha (equivalent to 196 kg N/ha). 

 
Figure 5. Silvicultural activities occurring on watersheds B and C for the production of short-rotation loblolly 
pine for bioenergy. (A) Mature pine stands before harvest. (B) Harvest of mature pine stands in 2012. (C) Loblolly 

pine seedlings planted in 2013. (D) Herbicide for woody and nonwoody vegetation control applied before (2012) 
and after (2013, 2014, 2015) pine seedlings were planted. (E) Fertilizer applied after pine seedlings were planted 

(2013, 2014, 2015, and 2016; the final application was carried out by fixed-wing aircraft). (F) Pine trees in the third 
growing season. Photos by Ben Morris, Kevin Fouts, and Natalie Griffiths. 
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Table 2. Timeline of silvicultural activities including harvest of mature pine stands, site preparation, planting 
of loblolly pine seedlings, and management of loblolly pine for high productivity (i.e., multiple herbicide and 

fertilizer applications) 

Start date End date Activity Additional details 

2/28/2012 5/31/2012 Harvest 50% of 
extant forest 

Harvest included bioenergy residues chipped for the local biomass 
plant (2,721 metric tons). 

6/14/2012 9/13/2012 Site preparation Ripping with tractor and subsoil tooth to 45 cm. 

9/14/2012 9/19/2012 Herbicide Herbicides applied: Imazapyr 4 SL (1680 mL/ha) and glyphosate as 
Rodeo (6720 mL/ha). Additional components included Hi-Light, 
CKII. 

1/28/2013 2/3/2013 Planting of 
loblolly pine 

Seedlings planted: AborGen MCP AGM 37, 1,346 trees/ha on 148 ha, 
2.4 × 3.1 m spacing. 

3/18/2013 3/20/2013 Herbicide Herbicides applied: Oust XP (sulfometuron methyl at 140 mL/ha) and 
Arsenal AC (imazapyr at 280 mL/ha). 

4/22/2013 4/24/2013 Fertilizer Fertilizer applied: Diammonium phosphate at 281 kg/ha. 

3/3/2014 3/4/2014 Fertilizer Fertilizer applied: Urea by skidder-mounted spreader, 241 kg/ha. 
Excess fertilizer was applied to NW corner of unit 3 at 265.9 kg/ha. 

3/10/2014 3/12/2014 Herbicide Herbicide applied: Oust XP (sulfometuron methyl at 175 mL/ha). 

3/21/2014 4/17/2014 Pesticide Pesticide applied: Fipronil (tip moth control; injected into soil) at 
1,365 mL/ha. 

2/10/2015 2/12/2015 Fertilizer Fertilizer applied: Blended urea and diammonium phosphate at 313.6 
kg/ha (urea at 179.2 kg/ha and diammonium phosphate at 134.4 
kg/ha). 

3/18/2015 4/12/2015 Herbicide Herbicide applied: Oust XP (sulfometuron methyl at 175 and 210 
mL/ha). 

9/28/2016 9/30/2016 Fertilizer Fertilizer applied: Blended urea by fixed-wing aircraft at 425 kg/ha. 
 

 
Figure 6. Map of the areas in watersheds B and C where mature pines were harvested and 

loblolly pine seedlings were planted. Topographic imagery shown here was acquired using LiDAR 
by the USFS. 
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3.4 ENVIRONMENTAL MEASUREMENTS 

The three study watersheds were well instrumented to measure environmental responses to short-rotation 
woody biomass production for bioenergy (Figures 7–9). The following section describes the methods 
used to measure the water quality, hydrology, soil quality, and productivity responses described in this 
report. 

 

Figure 7. Map of watershed B showing the sampling locations for water quality, hydrology, soil quality, and 
productivity. Maps were produced with ArcGIS and ArcMap (copyright Esri). Sources: Esri, DigitalGlobe, 

Earthstar Geographics, CNES/Airbus DS, GeoEye, USDA FSA, USGS, Aerogrid, IGN, IGP, and the GIS user 
community. Maps produced by Seth Younger. 
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Figure 8. Map of watershed C showing the sampling locations for water quality, hydrology, soil quality, and 
productivity. Maps were produced with ArcGIS and ArcMap (copyright Esri). Sources: Esri, DigitalGlobe, 

Earthstar Geographics, CNES/Airbus DS, GeoEye, USDA FSA, USGS, Aerogrid, IGN, IGP, and the GIS user 
community. Maps produced by Seth Younger. 
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Figure 9. Map of watershed R showing the sampling locations for water quality, hydrology, soil quality, and 
productivity. Maps were produced with ArcGIS and ArcMap (copyright Esri). Sources: Esri, DigitalGlobe, 

Earthstar Geographics, CNES/Airbus DS, GeoEye, USDA FSA, USGS, Aerogrid, IGN, IGP, and the GIS user 
community. Maps produced by Seth Younger. 

3.5 TREE GROWTH 

Tree growth was measured in eight replicate blocks: three in watershed B, four in watershed C, and one 
that spanned the B-C watershed boundary (Figures 7–9). Each block consisted of five individual 
“treatment” plots measuring approximately 37 × 34 m. The treatments within each block were used to test 
variable herbicide, fertilizer, and tree density effects on biomass accumulation and nitrogen cycling. The 
five treatments were: 

1. No herbicide + no fertilizer 
2. Operational herbicide + no fertilizer 
3. Operational herbicide + ½ operational fertilizer 
4. Operational herbicide + operational fertilizer 
5. Operational herbicide + operational fertilizer + increased tree density 

Treatment #4 (operational herbicide + operational fertilizer) was equivalent to the silvicultural treatments 
applied to experimental watersheds B and C (described previously). 
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A smaller 18.5 × 20 m “measurement” plot was embedded in each “treatment” plot. Each measurement 
plot contained 48 trees planted on 2.4 × 3.1 m spacing with the exception of the high tree density plot, 
which had 60 trees planted on 1.2 × 3.1 m spacing. The area outside of the measurement plot but inside 
each treatment plot served as a buffer, and trees within the buffer were used for destructive harvests to 
develop allometric equations. At the end of each growing season (Nov.–Dec., 2013–2017), all trees 
within each measurement plot were assessed for total height, basal diameter, and diameter at breast 
height.  

To determine tree mass and nutrient budgets from tree measurements, we harvested one tree from the 
“buffer” around each measurement plot at the end of each growing season (8 trees/treatment/year = 40 
trees/year × 5 years = 100 total trees). Trees were of variable size but were representative of each plot in 
each year. Before harvest, each tree was assessed for total height, basal diameter, diameter at breast 
height, and crown diameter. Trees were then cut at the lowest point possible on the trunk and weighed to 
obtain aboveground green mass. Each tree was then divided into thirds and a subsample of bole, branches, 
and needles was obtained from each third. These samples were dried and used to estimate moisture 
content, dry mass, and nitrogen and carbon concentration. Belowground biomass was determined by 
extracting the remaining stump and root wad using a mechanical tree spade. The spade was a cone 
measuring 1 m across and 0.7 m deep. Stump and root wads were weighed to obtain green mass and were 
subsampled to obtain moisture content and carbon and nitrogen concentrations. Finally, a 0.75 × 0.75 m 
pit was excavated along the diagonal halfway between adjacent trees to a depth of 0.6 m. Coarse roots 
were removed from soil in the field using a 10 mm sieve and were then dried and weighed. The sum of 
dry aboveground biomass, dry belowground biomass, and total dry mass were regressed against basal 
diameter and diameter at breast height to estimate mass from tree allometry. A similar approach was used 
to determine total tree nitrogen and total tree carbon content. 

3.5.1 Carbon, Water, and Energy Fluxes 

We measured the carbon, water, and energy fluxes in watershed B using the open-path eddy covariance 
(EC) method (Moncrieff et al. 1997, Ocheltree and Loescher 2007) beginning in 2015 (third growing 
season). A control volume approach was applied to attain net ecosystem exchange (NEE; µmol m-2 s-1). 
This technique simplifies the continuity equation so that Integrals I and II (Eq.1) represent the vertical 
rate of change of the mean molar carbon dioxide (CO2) concentration and the vertical scalar flux 
divergence from ground level to the measurement height (z, m), respectively: 

 𝑁𝐸𝐸 𝐼 𝜕𝑧  𝐼𝐼  𝜕𝑧 . (Eq. 1) 

Here, ρ represents the dry air density. The CO2 concentration (C, µmol/m3) and vertical wind velocity (w, 
m/s) were made at a fixed plane ~5 m above the mean canopy height. Meteorological conventions were 
used with negative values representing ecosystem carbon uptake. Primes indicate instantaneous 
fluctuations around the mean measured at 10 Hz while overbars denote the mean over the averaging 
period of 30 min. Because of the young age of the stand and low canopy height at the beginning of the 
study, the initial instrument height was 11.5 m and the zero plane displacement estimate was changed 
monthly (because of the rapid accrual of canopy height) using the average heights of 20 randomly 
selected trees within the site. 

The concentrations of CO2 and water vapor were measured with the open-path LI-7500-A infrared gas 
analyzer (IRGA, LI-COR Inc., Lincoln, Nebraska) and 3D sonic anemometer (CSAT-3, Campbell 
Scientific, Logan, Utah). The IRGA’s optical path was aligned to match the sampling volume of the 3D 
sonic anemometer. The instruments were separated by 0.23 m to minimize airflow distortion. A 
datalogger (CR3000, Campbell Scientific Inc., Logan, Utah) collected the raw data at 10 Hz. The IRGA 



 

13 

was calibrated every 4 to 6 weeks using a known concentration of CO2 gas (600 ppm ± 2%), dry N2 gas 
scrubbed with soda lime and Drierite, and a dew point generator (LI-610, LI-COR Inc., Lincoln, 
Nebraska) as outlined in Ameriflux protocols (Loescher and Munger 2006, Munger et al. 2012).  

The datalogger that acquired the EC data also recorded micrometeorological data for wind direction and 
velocity (Model 05103-5, R. M. Young Company Inc., Traverse City, Michigan), air temperature (Tair) 
and relative humidity (Model HMP60C, Campbell Scientific Inc., Logan, Utah), global radiation (LI-200, 
LI-COR Biosciences, Lincoln, Nebraska), net radiation (Rnet) (NR01, Hukseflux Thermal Sensors, Delft, 
The Netherlands), barometric pressure (Vaisala PTB110, Campbell Scientific, Logan, Utah), 
photosynthetically active radiation (PAR) (LI-190, LI-COR Biosciences, Lincoln, Nebraska), and 
precipitation (TE525 Tipping Bucket Rain Gage, Texas Electronics Inc., Dallas, Texas). The 
micrometeorological instruments were mounted on the tower at the same height as the EC instruments.   

Micrometeorological data were acquired at 5 s and reported as 30 min averages. A separate datalogger 
was installed to measure the soil environment (CR1000, Campbell Scientific Inc., Logan, Utah). This data 
logger recorded soil volumetric water content at three locations near the tower (CS616 water content 
reflectometer sensors, Campbell Scientific Inc., Logan, Utah), soil temperatures at 4 and 8 cm (copper-
constantine type T, Omega Engineering, Inc., Stamford, Connecticut), and soil heat flux (HFP01, 
Hukseflux Thermal Sensors, Delft, The Netherlands). Measurements were taken every 5 s and averaged at 
30 min time intervals. 

The EC data were processed using EdiRe (v1.5.0.32), which performs a 2D coordinate rotation of the 
horizontal wind velocities to calculate turbulence statistics perpendicular to the local streamline. The time 
series examination occurred at 0.1 s intervals on both sides of a fixed lag time (±0.3 s) to maximize the 
covariance between turbulence and scalar concentrations (Loescher et al. 2006). Fluxes were calculated at 
30 min intervals, and corrections were performed for the mass transfer due to changes in density not taken 
into account by the IRGA and differences in the frequency response between the CSAT3 and LI-7500 
(Webb et al. 1980, Massman 2000). To attain flux estimates independent of synoptic pressure fields, 
pressure corrections were conducted using the barometric pressure data. 

Flux data were screened for errors caused by (1) excess moisture in the sampling path; (2) data retrieval 
and instrument calibration or maintenance; (3) values where the standard deviations for u, v, or w were > 
3.0; (4) CO2 concentrations outside a reasonable range; or (5) poor coupling between the canopy and 
external atmospheric conditions defined by a friction velocity of u* < 0.2 m/s (Goulden et al. 1996, 
Whelan et al. 2013). Because of the evergreen canopy, this u* threshold did not change with season. 
Plausibility tests, stationarity criteria, and integral turbulence statistics helped assure data quality (Foken 
and Wichura 1996, Foken and Leclerc 2004). 

Gross ecosystem exchange (GEE) is the light dependent portion of net ecosystem exchange (NEE) and 
was calculated from the following equation (Loescher et al. 2006): 

 𝐺𝐸𝐸  𝑁𝐸𝐸  𝑅   . (Eq. 2) 

In southern pine systems, it is common to fill NEE data gaps using nonlinear light and temperature 
response curve models parameterized on a monthly basis. However, these models were not appropriate 
during our study period, as the stand developed so rapidly that monthly light and temperature response 
curves did not consistently yield stable and reasonable parameter estimates. For this reason, we followed 
a modified methodology introduced in Kunwor et al. (2017), filling missing NEE values using light and 
temperature response curves parameterized with a moving window of 31 days. When PAR ≥ 10 µmol m-2 
s-1, we estimated NEEday via the Michaelis-Menten equation (Michaelis and Menten 1913). Gaps in 
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NEEnight (PAR < 10 µmol m-2 s-1) were filled using a modified Van’t Hoff exponential expression (Lloyd 
and Taylor 1994), which was also dependent on vapor pressure deficit (VPD). 

 𝑁𝐸𝐸  
 

𝑅  , and (Eq. 3) 

 𝑁𝐸𝐸   𝑅   𝑅 𝑅   𝑉𝑃𝐷  𝑒𝑥𝑝  , (Eq. 4) 

where α is the apparent quantum efficiency (µmol CO2 µmol m-2 s-1), ϕ is PAR (µmol m-2 s-1), Rd is 
ecosystem respiration (µmol CO2 m-2 s-1), Pmax is maximum ecosystem CO2 rate (µmol CO2 m-2 s-1), R0 is 
the base respiration rate when both temperature and VPD are 0, R0v is the coefficient denoting the effect 
of VPD on base respiration, and b is an empirical coefficient.  

Because of the extensive change in light and temperature response curves during the study period, not all 
parameters from all estimated gap-filling equations were biologically reasonable and significant 
(P < 0.05). Where parameters from the 31-day moving window were not significant or reasonable, 
parameters from a 3-month fixed window were used. In addition, a 35-day gap in data occurred because 
of a data acquisition failure from October 29 to December 4, 2015. This data gap was filled using Eq. 3 
and Eq. 4 parameterized with data from the 30-day periods both preceding and following the gap. 
Because of site damage by Hurricane Hermine on August 24, 2016, there was a data gap through 
December 4, 2016, which was filled using data from the 90-day periods both pre- and post-gap.  

Error estimations of gap-filled data were performed via bootstrap methods (Whelan et al. 2013) that 
accounted for the moving window. For original data sets of size n, n observations from the original data 
set were randomly selected to generate synthetic data sets. One thousand synthetic data sets were 
generated for each model (day and night), and the distribution of each model parameter was constructed 
(e.g., see Starr et al. 2015) and verified for stability.  

To investigate energy dynamics, LE, H, and ET were calculated using the half-hourly data as follows: 

 𝐿𝐸  𝜆𝑝 𝑤′𝑞′ , (Eq. 5a) 

 𝐻 𝑝 𝐶 𝑤′𝑡′  0.000321𝑇 𝑤′𝑞′  , and (Eq. 5b) 

 𝐸𝑇  , (Eq. 5c) 

where LE is latent energy (W/m2); ρa is the air density (kg/m3); λ is the latent heat of vaporization 
(KJ/kg); H is sensible energy (W/m2); Cp is the specific heat of air (J K-1 kg-1); ρw is water density; and w′, 
q′, and ts′ are the instantaneous deviations of vertical wind speed (m/s), water vapor concentration (kg/kg), 
and sonic temperature (Ts, ˚K, from the sonic anemometer), respectively, from their mean using standard 
EC methods (Kaimal and Gaynor 1991, Loescher et al. 2006). The overbars are time averaged (30 min) 
covariances. Following standard methods (e.g., see Whelan et al. 2013), gaps in LE and H were filled via 
monthly linear regression equations, with Rnet as the independent predictor variable. Water use efficiency 
was examined in terms of GEE and ET using Eq. 6: 

 𝑊𝑈𝐸   . (Eq. 6) 

The energy balance and Bowen ratio (β) were calculated using methods to examine energy interactions 
similar to those employed by Gholz and Clark 2002 (Eqs. 7 and 8): 
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 𝑅𝑛𝑒𝑡 𝐻 𝐿𝐸 𝐺 , and (Eq. 7) 

 𝛽 
 

 , (Eq. 8) 

where G is soil heat flux (W/m2). 

3.5.2 Transport to Streams by Overland Flow and Concentrated Flow Tracks 

When overland flow concentrates as it moves downslope, it carries leaf litter from the ground surface and 
potentially erodes soil, leaving tell-tale trails referred to as concentrated flow tracks (CFTs) (Rivenbark 
and Jackson 2004). Mapping the locations and frequencies of CFTs entering SMZs, and determining 
whether these tracks convey flow or sediment to channels or whether they disperse within SMZs, has 
become a common way of evaluating the efficacy of BMPs for minimizing overland flow transport to 
streams (e.g., Litschert and MacDonald 2009, Lakel et al. 2010, Lang et al. 2015). When a CFT reaches 
the stream, this is referred to as a “breakthrough,” which represents a failure of the BMPs as the goal is 
for no transport of sediments to streams by overland flow. 

We conducted CFT surveys per the methods of Rivenbark and Jackson (2004) along the SMZ boundaries 
of all plantation units in watersheds B and C. Surveys were conducted for 3 years following harvest 
(2012–2014). Each year, the survey was conducted in late summer, after the season of intense 
thunderstorms and before leaf fall covered the tracks with new leaves. CFTs were categorized as follows: 
Category I: water, fine sediments, and sand reach the stream; Category II: water and fine sediments reach 
the stream; Category III: water (without sediments) reaches the stream; and Category IV: water infiltrates 
and sediment disperses within the SMZ before reaching the stream. Categories I, II, and III represent 
breakthroughs of decreasing severity. At each CFT, the category, size, and characteristics of the 
contributing area were noted.  

3.5.3 Interflow Dynamics  

Soil profiles at the site suggest that interflow, or shallow lateral subsurface flow (Figure 2), could be a 
significant pathway for moving nitrate and herbicides from slopes to stream valleys. Hillslope soils 
feature a thin loamy sand A horizon overlying a deep loamy sand E horizon that grades, usually through a 
transitional BE horizon, into an argillic Bt horizon of sandy clay loam (Kilgo and Blake 2005, Jackson et 
al. 2014, 2016, Du et al. 2016). Depths to the Bt horizon measured on a 2 × 4 m grid within a 
representative hillslope plot ranged from 0.95 to 1.53 m and averaged 1.25 m with a standard deviation of 
0.18 m. Infiltration rates and surface hydraulic conductivities are high, and Hortonian overland flow is not 
observed. Conductivities of the argillic layer are two orders of magnitude lower than those of topsoils and 
are much lower than typical rainfall rates, so conditions are appropriate for the formation of perched 
zones of saturation during rainfall.  

In light of these soil conditions, we conducted a series of investigations to assess the frequency and spatial 
extent of interflow-producing events capable of transporting solutes from hillslopes to stream valleys. We 
constructed and monitored five interflow interception trenches, measured topsoil and argillic layer 
conductivities with a compact constant head permeameter and a 1 m diameter ring infiltrometer, and 
measured bulk topsoil and argillic layer conductivity using a 12.5 × 16 m plot irrigation test. Based on the 
resulting observations and measurements, we developed a new theoretical framework to predict the 
distance that interflow can move over a leaky impeding layer before percolating through the impeding 
layer and thus the hillslope length that can effectively deliver solutes to the stream valley (Jackson et al. 
2014, Klaus and Jackson 2018).    
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3.5.4 Nitrate Leaching, Nitrogen Mineralization, and Ecosystem Nitrogen Budget 

Nitrate leaching was estimated in replicate plots used for tree growth measurements in both the B and C 
experimental watersheds as well as in four plots established in reference watershed R. Three replicate 
zero-tension resin lysimeters were installed in each measurement plot. The resin lysimeters consisted of a 
5.1 cm diameter PVC tube measuring 7 cm long. A layer of ion-exchange resin capable of absorbing 
nitrate and ammonium was placed between two layers of washed silica sand and held together in the 
lysimeter with a permeable nylon membrane (Susfalk and Johnson 2002, McIsaak et al. 2010, Stein et al. 
2010). Lysimeters were installed in the soil at 0.75 m depth under undisturbed soil beginning in April 
2013 and were replaced each spring (April–May) afterward. The final samples were collected in May 
2018. Each lysimeter remained in the soil for approximately 1 year. Once retrieved, the lysimeters were 
rinsed with deionized water and the resin was extracted with 2.0 M KCl. Extractions were sent to the 
Coweeta Hydrologic Lab for ammonium (NH4

+) and nitrate (NO3
-) analyses via flow injection; the results 

were reported as NH4
+-N and NO3

--N. 

Nitrogen mineralization was estimated in all measurement plots in the B and C watersheds within 
treatments 2, 3, and 4, as well as the reference plots in watershed R. Net rates of nitrogen transformation 
were made using an in situ, closed-core method modified from Adams and Attiwill (1986), Knoepp and 
Swank (1998), and Knoepp et al. (2008). Nitrogen mineralization was measured monthly from the time of 
planting (January–February 2013) through March–April of 2018. Two 40 cm long PVC cores were driven 
30 cm into the mineral soil within 25 cm of each other. One PVC core was removed immediately for the 
time-zero determination of soil NH4

+-N and NO3
--N concentrations. The second core of each pair was 

capped and retrieved after incubation in the field for 28 days. Soil samples were shaken with 20 mL of 
2 M KCl for 1 h to extract NH4

+ and NO3
-. Extractions were sent to the Coweeta Hydrologic Lab for NH4

+ 
and NO3

- analyses via flow injection. Results were reported as NH4
+-N and NO3

--N. Net nitrogen 
mineralization rates were calculated as soil NH4

+-N + NO3
--N concentrations at 28 days minus NH4

+-N + 
NO3

--N concentrations at time zero. Net nitrification rates equaled soil NO3
--N concentrations at 28 days 

minus NO3
--N concentrations at time zero.  

Forest floor mass and nitrogen content was estimated in both the treatment and reference watersheds each 
year starting immediately after harvest in 2012 through the end of the fifth growing season in October 
2017. In each measurement plot, five replicate forest floor samples were collected at random locations 
using a 0.25 × 0.25 m PVC sampling frame. At each location, the sampling frame was placed on the 
forest floor, and the material was cut, using a knife, down to the mineral soil. Forest floor material was 
collected by layer, Oi, Oe, and Oa, and coarse wood samples (1–10 cm diameter). Following collection, 
each layer was dried at 60°C in a forced-air oven to a constant weight. The five subsamples were 
composited by individual plot and total mass obtained. Tissue was then ground in a Wiley mill and sent to 
the University of Georgia (UGA) Stable Isotope Lab to determine nitrogen, carbon, 15N, and 13C 
concentrations. 

Competing vegetation mass and nitrogen content were estimated in both the treatment and reference 
watersheds each year at the end of the growing season (September–October) starting in 2013 through the 
end of the fifth growing season in October 2017. In each measurement plot, three replicate competing 
vegetation samples were collected at random locations using a 0.75 × 0.75 m PVC sampling frame. At 
each location, the sampling frame was placed on the forest floor and all competing vegetation was clipped 
to ground level. Following collection, all material was dried at 60°C in a forced-air oven to a constant 
weight. The three subsamples were composited by individual plot and total mass obtained. Tissue was 
then ground in a Wiley mill and sent to the UGA Stable Isotope Lab to determine nitrogen, carbon, 15N, 
and 13C concentrations. 
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Loblolly pine tree mass and nitrogen content were estimated using the allometric equations derived 
previously. The mass of above- and belowground biomass was multiplied by its nitrogen and carbon 
concentrations to derive total above- and belowground nitrogen and carbon. Values for tree 15N and 13C 
were also obtained. 

3.5.5 Water Quality 

Water quality samples were collected from CFTs, interflow interception trenches (shallow subsurface 
flow), groundwater, riparian groundwater, and stream water. Sampling and analysis methods are 
described subsequently and in Griffiths et al. 2016, 2017. 

Water from CFTs was sampled weekly whenever a CFT was present. Three CFTs were large enough to 
allow for repeated sampling: two in watershed B (CFT0 and CFT3) and one in watershed C (CFT4). The 
locations of the CFTs can be determined by their number (CFT0, CFT3, CFT4), with the CFT number 
corresponding to the harvest unit location (Figure 6). CFT sampling occurred in 2014–2016. CFTs were 
not observed in 2017 because of the closing canopy and, thus, were no longer sampled. 

Interflow, or shallow subsurface flow, was sampled from interflow interception trenches installed in each 
of the watersheds. The design of the trenches is described in Du et al. 2016 and Jackson et al. 2016. Five 
trenches were installed: three in mature pine stands (one per watershed), and two in newly planted pine 
stands (one in watershed B, one in watershed C). Sampling of interflow from trenches in the mature pine 
stands began in February 2011, and sampling of interflow from the new pine stands began in February 
2014. Samples were collected weekly whenever trenches were flowing. 

Groundwater was sampled from 19 wells that were installed across the watersheds: 3 in watershed R, 4 in 
watershed B, 7 in watershed C, and 5 just outside the study watersheds and within the Upper Fourmile 
Creek watershed. Most wells were installed in the uplands, but some were installed in the riparian zones 
near streams (Figures 7–9). In watersheds B and C, two pairs of shallow (13.0–19.3 m below the soil 
surface) and deep (25.6–43.6 m) wells were installed. Wells were sampled monthly beginning in 
December 2011 (deep wells), September 2012 (shallow wells), or September 2011 (all other wells). 

Riparian groundwater samples were collected from four wells per watershed. The wells were installed in 
the riparian soils adjacent to the stream channels and were screened to collect water 1.7 to 2.0 m below 
the soil surface. Two wells were installed near the outlet of each watershed, and two wells were installed 
at an upstream location (adjacent to the ephemeral sampling location described subsequently). Sampling 
of riparian groundwater began in May 2010. Because the upstream (ephemeral site) wells were dry more 
often than the downstream (intermittent site) wells, water quality results from only the downstream site 
wells are presented in this report. 

Stream water samples were collected by hand approximately weekly. Sampling occurred at the outlet of 
each watershed and at an upstream location where flow was ephemeral. These ephemeral sampling sites 
were usually dry, except in watershed B. Stream water sampling for nutrients began in January 2010, and 
sampling for total suspended solids (TSS) began in October 2013. For the same reasons as riparian 
groundwater, water quality results from only the intermittent sites are presented in this report. 

The sampling frequencies just described pertain to nutrient (nitrogen and phosphorus) or TSS chemistry. 
Herbicides and pesticides (henceforth the term “pesticide” will be used when referring to both herbicides 
and pesticides) were sampled seasonally. Specifically, after a pesticide was applied, sampling for that 
pesticide occurred seasonally for one year. Sampling for sulfometuron methyl, glyphosate, and imazapyr 
occurred before the first herbicide application, but no samples were collected for fipronil before that 
application. Post-application samples for fipronil were collected only from groundwater. All pesticides 



 

18 

applied as part of the silvicultural treatments are considered to have little/low mobility in soils and are 
moderately persistent (half lives in soil range from weeks to months) (Neary et al. 1993, Michael 2004, 
USDA Forest Service Southern Region 2007, Jackson et al. 2009). 

Water samples were analyzed for nutrient concentrations (nitrate, ammonium, soluble reactive 
phosphorus [SRP], total nitrogen [TN], and total phosphorus [TP]), TSS concentrations, and pesticide 
concentrations (sulfometuron methyl, glyphosate, imazapyr, and fipronil). After water samples were 
collected in the field, they were placed on ice and transported to the laboratory. Nutrient (except TN and 
TP) and pesticide samples were filtered (0.7 µm nominal pore size) into acid-washed polyethylene 
bottles. Samples for TSS and TN and TP were not filtered but were collected in acid-washed polyethylene 
bottles. All nutrient samples were frozen (at -20°C) until analysis. Samples for pesticides were 
refrigerated (at 4°C) and shipped to OMIC USA Inc., within 1–2 days of collection. TSS samples were 
processed immediately in the lab. The analytical methods used to measure nutrient, TSS, and pesticide 
concentrations are listed in the Table 3. 

Table 3. Sample processing and laboratory analysis methods used to measure nutrient (nitrate, ammonium, 
SRP, TN, TP), TSS, and pesticide (sulfometuron methyl, imazapyr, glyphosate, fipronil) concentrations 

Analyte Sample processing Laboratory analysis method Citation 

Nitrate Filtered sample frozen 
until analysis. 

Cadmium reduction method on a SEAL Analytical 
AA3 autoanalyzer. 

(APHA 2005) 

Ammonium Filtered sample frozen 
until analysis. 

Phenol hypochlorite method on a SEAL Analytical 
AA3 autoanalyzer. 

(APHA 2005) 

SRP Filtered sample frozen 
until analysis. 

Molybdate-blue method on a SEAL Analytical AA3 
autoanalyzer. 

(APHA 2005) 

TN Unfiltered sample 
frozen until analysis. 

Combustion oxidation and chemiluminescence 
detection method on a Shimadzu TOC-L CHS/CSN 
analyzer. 

(APHA 2005) 

TP Unfiltered sample 
frozen until analysis. 

Persulfate digestion then molybdate-blue method on a 
SEAL Analytical AA3 autoanalyzer. 

(APHA 2005) 

TSS Unfiltered sample 
processed immediately 
after return to the 
laboratory. 

Known volume of water filtered onto a preweighed 
0.7 µm filter. Filter oven dried at 70°C and then 
weighed. Difference in weight before and after 
filtration and water volume of sample used to 
calculate TSS in mg/L. 

(APHA 2005) 

Sulfometuron 
methyl, 
fipronil, 
imazapyr 

Filtered sample 
refrigerated until 
analysis. Shipped to 
analytical lab within 1–2 
days of collection. 

Diluted with methanol and filtered through a 0.2 µm 
filter. Analyzed using ultra performance liquid 
chromatography with a C18 chromatographic column 
and triple quadrupole detectors using electrospray 
ionization. Detection limit for sulfometuron methyl 
and fipronil = 1 µg/L. Detection limit for imazapyr = 
1 µg/L in 2011 then 2 µg/L from 2012 onward. 

Analyzed by 
OMIC USA 
Inc. 

Glyphosate Filtered sample 
refrigerated until 
analysis. Shipped to 
analytical lab within 1–2 
days of collection. 

Passed through an anion exchange column, 
derivatized using trimethylorthoacetate, and cleaned 
using a florisil column. 13C/15N glyphosate added to 
correct for differences in derivatization efficiency. 
Analyzed using ultra performance liquid 
chromatography with a C18 chromatographic column 
and triple quadrupole detectors using electrospray 
ionization. Detection limit = 2 µg/L. 

Analyzed by 
OMIC USA 
Inc. 
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3.5.6 Denitrification 

Subsurface flow paths within forested riparian areas and hyporheic zones have the potential to be hotspots 
of denitrification (Jahangir et al. 2013, Anderson et al. 2014, Merill and Tonjes 2014). Based on the initial 
water quality findings (Griffiths et al. 2016, 2017), it was expected that denitrification was an important 
fate of excess nitrate in the study watersheds; therefore, denitrification measurements were initiated in 
2016. Denitrification, the microbial process of converting nitrate to nitrous oxide (N2O) and dinitrogen 
(N2) gases, can be estimated in groundwater systems by using the known ratio of N2:Ar in the atmosphere 
to calculate excess-N2 produced (Groffman 2006, Weyman et al. 2008, Jahangir et al. 2013). Comparing 
the end products of denitrification (excess N2 and N2O) with NO3

- concentrations can provide an 
approximation of the nitrate attenuation processes occurring in the established SMZ. 

A network of 17 piezometers was established along shallow groundwater flow paths within Unit 4, a 
subcatchment of watershed C (Figure 10) in October 2016 to measure denitrification and monitor nutrient 
concentrations at a finer spatial scale. Piezometer screen depths varied based on the modeled depth to 
groundwater (0.5–3 m below soil surface). Transects of piezometers were located along a hillslope of a 
short-rotation pine plantation, the plantation-SMZ boundary, the hyporheic zone of an ephemeral stream, 
and a hillslope within the forested riparian zone (Figure 10). Beginning in March 2017, samples were 
collected monthly from each piezometer (when adequate water was available) using a peristaltic pump at 
a slow rate (90 mL/min) to minimize ebullition and degassing of dissolved gases.  

 

Figure 10. Map of the 17 groundwater wells used to estimate denitrification rates along subsurface flow 
paths. Wells were installed along a transect from the hillslope with a short-rotation pine plantation to the plantation-

SMZ boundary, the hyporheic zone of an ephemeral stream, and a hillslope within the forested riparian zone.  

Groundwater samples were collected in the following order: 

1. Water samples analyzed for N2 and argon were collected by overflowing 12 mL exetainers with 
12 mL of groundwater, adding 0.2 mL of 50% ZnCl2 for preservation, and capping with no 
headspace. The sample was then inverted in a 50 mL centrifuge tube with sample water and stored on 
ice. 



 

20 

2. Samples to be analyzed for N2O concentrations were collected in 160 mL glass serum bottles 
overflowed with 160 mL of groundwater, capped with no headspace using butyl rubber septa and 
aluminum crimp caps, and stored on ice. A headspace equilibration technique was used to create a 
headspace with helium and extract a gas sample for analysis of N2O (Jahangir et al. 2012). 

3. A 500 mL groundwater sample was collected in a high-density polyethylene bottle and was analyzed 
for nutrient concentrations (TN, NO3

--N, NH4
+-N, and dissolved organic carbon [DOC]). These 

samples were collected, stored, filtered, and analyzed following the procedures stated previously in 
Section 3.5.5, “Water Quality” (Table 3). 

4. Water chemistry parameters (temperature, pH, specific conductivity, dissolved oxygen, and 
oxidation-reduction potential) were measured using a YSI Quadrocable ProPlus. 

Samples collected for N2:Ar and N2O concentrations were sent to the Cary Institute of Ecosystem Studies 
(Millbrook, NY) and were analyzed using membrane inlet mass spectrometry (MIMS) and automated gas 
chromatography (GC), respectively. Dinitrogen produced from denitrification was calculated as N2 in 
excess of the expected solubility of N2 in water equilibrated with the atmosphere (Weyman et al. 2008). 
Reaction progress was calculated as an estimation of denitrification in the shallow groundwater flow 
paths (Weymann et al. 2008, Jahangir et al. 2013, McAleer et al. 2017). 

3.5.7 Conservative Tracer Modeling 

A dynamic and spatially distributed watershed hydrology and tracer model was developed and used to 
augment interpretation of the observational data to a set of hypothetical conditions. The primary goal 
behind the modeling is to explore the degree to which BMPs influence the movement of solutes from the 
watershed, through the SMZs, and into receiving streams. This type of modeling approach builds on a 
large body of work focused on the watershed-scale simulation of nitrate dynamics (Band et al. 2001, 
Tague and Band 2004, Breuer et al. 2008, Abdelnour et al. 2013, Vaché et al. 2015). Here we simplify the 
modeling with a focus on the application of conservative (i.e., non-reactive) tracers. Use of conservative 
rather than reactive tracers removes a large degree of uncertainty associated with simulating nitrogen in a 
complex watershed. It represents a worse-case scenario regarding the fate of applied fertilizers. In this 
case, tracers are applied in the model at concentrations and at times that correspond to silvicultural 
treatments that occurred during the watershed experiment. The model then tracks these conservative 
tracers as they move advectively through the system. The vegetation, including regrowing stands in 
harvest areas, as well as growing vegetation outside the harvest areas and within the SMZs, interacts with 
the tracers through uptake, as defined by the evapotranspiration (ET) model. ET is simulated with a 
Penman-Monteith approach that includes sensitivity to leaf area index (LAI) and vegetation height. 
Transformation between different forms of nitrogen, denitrification, and immobilization are not 
simulated. The model results provide data that supports an exploration of whether transport rates and 
uptake in the SMZ and other areas of the watershed are sufficient to separate harvest areas from streams. 

The model was developed using the Envision-Flow framework, in a manner similar to that employed by 
Han et al. (2017), except that we replaced the HBV (Hydrologiska Byråns Vattenavdelning)-based model 
(Seibert and Vis 2012) with a spatially distributed approach developed in connection with the 
interpretation of field data from the watershed-scale experiment. The field observations and interpretation 
were used to develop a conceptual model of the watershed, and the Envision framework (Bolte et al. 
2007) was used to capture those processes as a numerical model that simulates groundwater, soil water, 
and stream flow dynamics. A model of soil-vegetation interactions through ET was included to model 
sensitivity to forest management activities. In all cases, our overall strategy was to include only as much 
detail as was required to capture key processes and to clearly document the decisions and the reasoning 
behind them. 
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The tracers were designed to help elucidate water ages and to serve as the basis for future water quality 
modeling, particularly focused on the movement of nitrogen and potentially pesticides. A final version of 
the model is conceptually depicted in two dimensions in Figure 11. 

 

Figure 11. Key stocks and flows captured in the Envision-SRS hydrology model. 

Key features of the model include six different individual model units, corresponding to surface storage, 
unsaturated soil, shallow saturated soil, an argillic zone, and then both saturated and unsaturated deeper 
groundwater boxes. A variety of different rate terms are used to connect these different boxes in both 
vertical and horizontal directions. 

4. STAND DYNAMICS 

4.1 TREE GROWTH AND TIP MOTH EFFECTS 

During the first growing season (2013), the loblolly pine seedlings in the plantation became infected with 
Nantucket pine tip moth (Rhyacionia frustrana). The infestation severely limited pine growth and resulted 
in mortality of the apical meristem during the first growing season. To eliminate further damage from the 
tip moth, the insecticide fipronil was injected at the base of each seedling between March and April 2014. 

Pine growth was modest in growing season 2014 but accelerated rapidly in 2015. By the end of the fourth 
growing season (2016), mean pine aboveground biomass was greatest in the herbicide + operational 
fertilizer + increased tree density plots (Figure 12). Aboveground biomass averaged >17,000 kg/ha in the 
high tree density plots, whereas aboveground biomass was 12,000 kg/ha in the plots managed with the 
operational herbicide, fertilizer regime, and planting density (Figure 12). Plots managed with operational 
herbicide and ½ the operational herbicide had biomass accumulation similar to the operational regime and 
averaged ≈ 13,000 kg/ha (Figure 12). 
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Figure 12. Mean aboveground biomass and standard error of trees within measurement plots after four 
growing seasons. Means represented by the same letter are statistically similar across years. 

4.2 CARBON, WATER, AND ENERGY FLUXES  

At the stand level, EC data showed that although pine growth was reduced in 2014 by the tip moth 
infestation, carbon sequestration was high even in the early stages of development. During the first year 
of EC measurements (2015), carbon sequestration was 161 g C/m2/y. In the second year of measurement 
(2016), the carbon sequestration capacity of the system increased to 466 g C/m2/y. These rates of carbon 
sequestration reflected years 3 and 4 following planting, respectively. This increase in growth was related 
to the rapid development in leaf area at the site. In addition, these rates were 1–8 years ahead of 
conventional southern pine stands grown for pulp production (Table 4). If carbon sequestration rates 
continue to increase on the trajectory that the early stand has seen, the goal of reaching a rotation age of 
10–12 years appears feasible. However, the carbon cost of growing trees rapidly (10–12 year rotations) 
can be high. The intensive silvicultural practices for SRWCs include more frequent fertilization and 
herbicide applications. There is a carbon cost to these practices that can reduce the overall carbon offset 
by bioenergy feedstocks. In addition, the use of fossil fuels during fertilizer and herbicide application, and 
planting and harvest activities must also be accounted for. For each bioenergy feedstock stand, a carbon 
analysis must include a cradle-to-grave evaluation of greenhouse gas emissions and offsets from 
bioenergy crops. 

Attempting to increase carbon sequestration in P. taeda stands might come at the cost of using additional 
water resources both in space and time. This could lead to other local and regional issues such as a 
reduction in stream discharge (Jackson et al. 2005). Because of the valuable nature of groundwater 
resources, understanding ecophysiological controls of water use efficiency (WUE) is an essential aspect 
of responsibly designing bioenergy systems (Allwright and Taylor 2016), i.e., trading water for carbon. 
The WUE observed in this study was higher than that observed in other P. taeda stands of similar age 
(Table 4; Albaugh et al. 2014). This was driven by the fact that photosynthetic rates were higher for this 
young stand, while ET rates were only slightly elevated. Stand development also played an important role 
in seasonal (temporal) changes in WUE. Plantation pine stands early in development are often rapidly 
accruing biomass and stature (Skubel et al. 2015), increasing in height, leaf area, and canopy closure, the 
rates of which are a subject of ecosystem science. Once a closed canopy occurs, plantation pine trees 
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suppressed in stature and those that that cannot gain access to adequate light often die and are, therefore, 
“naturally thinned,” (i.e., Yoda’s law [Yoda et al. 1963]). Here, the uniqueness of this stand canopy 
architecture allowed for a prolonged open canopy (compared with other southern pine stands). This 
canopy architecture allowed for more light to penetrate deeper into the canopy and prolonged any natural 
thinning or mortality. As with other breeding programs for vegetable crops (e.g., Horton 2000) that 
promote more light to penetrate deeper into the plant canopy, this results in increasing the mid-canopy 
relative humidity and moderates the effect of VPD demands on plant water usage. The open canopy 
studied here contributed to the comparatively low and stable WUE during most of the first year of the 
study (e.g., Sampson et al. 2011, Blinn et al. 2012). 
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Table 4. Annual carbon, water, and energy values reported from loblolly pine stands  

Location Plantation type 
Age 

(years) 
Year WUE LAI 

-NEE  
(g C m-2 y-1) 

-GEE  
(g C m-2 y-1) 

Reco  

(g C m-2 y-1)a
 

ET (mm) Bb References 

South 
Carolina 

Bioenergy  3–4 2015–
2016 

5.70 0.03–
1.41 

161–466 2,287–3,091 2,126–2,625 540–794 0.53 ± 0.02 Current 

North 
Carolina 

Conventional 
Plantation 

4–6 2005–
2007 

NAc NA NA NA NA 755–885 1.45 ± 1.2 Sun et al. 2010 

North 
Carolina 

Conventional 
Plantation 

13–15 2005–
2007 

NA 2.4–4.4 361–835 2,482–2,491 2,051–2,121 1,011–
1,226 

0.89 ± 0.7 Noormets et al. 
2010, Sun et al. 
2010 

North 
Carolina 

Conventional 
Plantation 
(Duke Pine) 

20 2003 3.26 NA 173–712 1,954 1,665–2,136 599.7 NA Tian et al. 2010, 
Novick et al. 
2015 

North 
Carolina 

Conventional 
Plantation 
(Duke Pine)  

21 2004 3.68 NA NA 2,175 NA 591.3 NA Tian et al. 2010, 
Novick et al. 
2015 

North 
Carolina 

Conventional 
Plantation 
(Duke Pine)  

22 2005 3.77 NA NA 2,184 NA 579.5 NA Tian et al. 2010, 
Novick et al. 
2015 

North 
Carolina 

Intercropped 
Pine/ 
switchgrass 

2 2010 4.3 0.3–1.9 NA 1,165 NA 453 NA Albaugh et al. 
2014 

North 
Carolina 

Intercropped 
Pine/ 
switchgrass 

3 2011 3.8 0.3–1.9 NA 1,136 NA 567 NA Albaugh et al. 
2014 

North 
Carolina 

Intercropped 
Pine/ 
switchgrass 

4 2012 4.5 0.3–1.9 NA 1,903 NA 580 NA Albaugh et al. 
2014 

aReco = ecosystem respiration (g C m-2 y-1). 
bB = Bowen ratio (unitless). 
cNA = no data. 
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5. CONCENTRATED FLOW TRACKS AND OVERLAND FLOW 

CFT results were published in Griffiths et al. (2017). During our CFT survey in 2012, we observed no 
breakthroughs but did observe 18 category IV CFTs through which overland flow entered the SMZs from 
plantation units. Of the 18 CFTs, 16 travelled <6 m into the SMZ before dispersing and infiltrating into 
the soil. Seven occurred where the ripper tracks for tree planting preparation travelled up and down the 
hills at high angles, rather than on contour. Four were caused by the site preparation tractor turning within 
the SMZ boundary. None of the CFTs originated at haul roads or log landings. The largest amount of 
mobilized sand observed was from the roadside ditch leading from one of the main paved site roads, and 
the sediment came from the road embankment, not the harvested area. The other CFTs occurred where 
sufficient bare soil exposure near the SMZ boundary produced Horton overland flow. 

In 2013, total annual precipitation was high (Table 1), and water tables rose into lower swales of the 
plantations, forming areas of sustained variable source area runoff during the wet season (Figure 13). We 
observed 24 CFTs, including 11 breakthroughs. Specifically, we observed 3 category IIs, 8 category IIIs, 
and 13 category IVs. All three of the category IIs and two of the category IIIs were formed by flow from 
variable source areas (Dunne et al. 1975) generated by high water tables surfacing and exfiltrating from 
within the plantation units. These variable source areas lacked channel features and occurred in 
convergent parts of the landscape outside of the SMZs. Low slopes produced slow water velocities, and 
only fine sediments were carried with the water. Flow paths in these variable source areas featured 
obvious algal growth (Figure 13), indicating substantial nitrate concentrations. Two of the category IIIs 
were created by overland flow from a fire line, a problem that had been noted by Terrell et al. (2011). 
Three of the category IIIs were attributed to skid trails.  

In 2014, we observed no breakthroughs but did observe five category IV CFTs, two of which were from 
variable source areas that had likely connected to streams earlier in the year when water tables were 
higher. In all five cases, litter disturbance extended <4 m into the SMZ.  

As is discussed later, no increases in TN, TP, or TSS were observed in the stream water samples during 
this period, indicating that (1) overland flow was not a significant transport mechanism moving 
silvicultural contaminants to streams and (2) riparian and valley processes within SMZs successfully 
filtered, sequestered, and/or transformed these contaminants moving in the few locations where 
concentrated overland flow entered the streams. 
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Figure 13. Variable source areas that appeared during periods of high water tables forming intermittent 
drainage within swales draining parts of plantations. These variable source areas can be identified by their 

greenish color (due to algal growth) and are outlined in the yellow polygons. This February 2014 image is from 
Google Earth. 

As stated previously, there were no changes in TN, TP, and TSS concentrations in stream water in the 
posttreatment period (Figure 14; Griffiths et al. 2017) suggesting that overland flow transporting 
sediments and associated nutrients was minimal in these watersheds. It is likely that the majority of 
nitrogen and phosphorus in unfiltered stream water was organic rather than nitrogen and phosphorus 
associated with inorganic sediments due to the positive correlations between TN and DOC concentrations 
(r = 0.24, P < 0.0001; Figure 15) and TP and DOC concentrations (r = 0.30, P < 0.0001; Figure 15). The 
seasonal patterns in TN and TP concentrations (Figure 14) also mirror the seasonality in DOC 
concentrations in stream water. Further, most of the TSS samples had a high organic matter content (i.e., 
~73% of the TSS samples collected from the three watersheds had ≥80% organic content). 
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Figure 14. TN (top), TP (middle), and TSS (bottom) concentrations in stream water from the three study 
watersheds (B, C, R) over time. Silvicultural treatments are shown as vertical yellow bars. 
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Figure 15. Relationships between TN concentration and DOC concentration (left panel) and TP concentration 

and DOC concentration (right panel) in stream water from the three study watersheds (B, C, R). 

6. INTERFLOW DYNAMICS  

Bulk conductivities measured by the steady-state irrigation experiment were 460 mm/h and 2.5 mm/h for 
topsoils and the Bt horizon, respectively (Jackson et al. 2016). These plot-scale averages were 
commensurate with median values determined from multiple compact constant head permeameter 
measurements (Du et al. 2016). Observations of saturated conditions in a network of piezometers installed 
to the top of the argillic layer indicated that perching events were fairly common, but observations of 
interflow at the trenches indicated that episodes of substantial interflow were infrequent. Analysis of 
interflow quantities relative to event rainfall indicated that a large rainfall threshold of 60 mm was needed 
for the production of interflow on the R watershed hillslope (Du et al. 2016). A paradox was identified for 
certain storm events where peak interflow measured at the R watershed trench exceeded peak streamflow 
at the R watershed weir. We calculated interflow travel times from Darcian principles and found that the 
travel times for most of the watershed were much longer than the duration of perching events (Du et al. 
2016). Furthermore, stable isotope signatures of stream water indicated little connection between hillslope 
water and stream water (Klaus et al. 2015, Griffiths et al. 2016). Taken together, these observations 
indicated that only a small portion of the interflow observed at mid-slope positions was reaching streams.  

As interflow moves over an impeding layer, some water percolates into the impeding layer as it moves 
downslope. In other words, the resulting flow direction can be determined by the addition of the 
downslope flow component and the perpendicular component normal to the slope. Since we had data to 
show that interflow events at this site were perched and not connected to the water table, we could assume 
a lower boundary condition at the base of the argillic impeding layer and calculate a downslope travel 
distance of interflow based on the product of the ratio of the conductivities, the ratio of the downslope and 
normal hydraulic gradients, and the maximum possible depth of the perched layer (Jackson et al. 2014). 
We used the 10 × 10 m digital elevation along with the conductivity and soil depth data to predict 
interflow travel distances over the study area and found that the longest interflow travel distances were on 
the order of 40 m and most were less than 10 m. In comparison, hillslope lengths are on the order of 
hundreds of meters. Downslope travel distance analysis explained why interflow was not an effective 
mechanism for moving nitrate and herbicides from the hillslopes to the streams (Jackson et al. 2014, 
Klaus and Jackson 2018). 
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7. GROUNDWATER DYNAMICS  

Multiple lines of evidence indicate that groundwater movement is the dominant transport mechanism by 
which water and solutes are transported to streams from the surface soils. Observations of numerous 
rainfall events at the site indicate that Horton overland flow on the hillsides is extremely rare because of 
high surface infiltration rates and that interflow contributes to the valleys only from the lowest sections of 
the hillslope. Stable isotope analysis indicates substantial separation of streamflow from throughfall and 
interflow (Klaus et al. 2015, Griffiths et al. 2016). A depth-to-groundwater map developed from well data 
and stream positions for the study watersheds indicates that depth to groundwater is generally greater than 
5 m on the hillslopes and as much as 20–25 m at the ridgetops (Figure 16). Hydrologic modeling 
estimates that the median travel time of groundwater from the hillslopes to the streams is on the order of 
8–13 years, but travel times for the near-stream portions of the plantations are on the order of 1–3 years, 
so there has been sufficient time since clear-cutting and initial fertilizer application for excess nitrogen to 
move to the stream. As is discussed in the chemistry sections, we have observed nitrate reaching the water 
table but have not seen a nitrate response at the stream. However, because of the long travel times from 
the upper portions of the plantations, the potential timescale of the nitrogen signal reaching the streams 
from clear-cutting and fertilization is on the order of decades. 

 

Figure 16. 10 m resolution map of average observed depth-to-groundwater table based on monthly 
observations of monitoring boreholes and riparian piezometers in the three study watersheds within Upper 

Fourmile Creek watershed. 

8. NITROGEN DYNAMICS IN SOILS, STREAM WATER, AND GROUNDWATER 

As described previously, pretreatment characterization of watershed hydrology and water chemistry 
suggests that groundwater is the predominant flow path in these low-gradient, Coastal Plain watersheds 
(Klaus et al. 2015, Du et al. 2016, Griffiths et al. 2016). Therefore, it was hypothesized that any effects of 
SRWC production on water quality would occur via a groundwater pathway. Nitrogen concentrations 
might increase in stream water or groundwater because of a lack of vegetative nitrogen uptake after 
harvest or because of excess nitrogen application during fertilization (Binkley et al. 1999). It was also 
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expected that nitrate would respond to silvicultural treatments more so than ammonium because nitrate is 
a more mobile ion. Indeed, nitrate concentrations increased in groundwater in the posttreatment period 
(Griffiths et al. 2017), and this increase also corresponded to the period when nitrate leaching rates were 
highest. Conservative tracer modeling suggested that elevated nitrate in groundwater should have been 
measurable in stream water. However, nitrate concentrations did not increase in stream water in the 6 
years after harvest, suggesting that elevated nitrate was removed via uptake or denitrification. 
Denitrification assays suggest a strong potential for this microbial-driven process to remove nitrate from 
shallow groundwater in these watersheds. The lack of effect of SRWC production on stream water quality 
suggests that current forest BMPs are sufficient to protect surface water quality from more intensive 
silviculture. 

8.1 NITRATE LEACHING, NITROGEN MINERALIZATION, AND ECOSYSTEM 
NITROGEN BUDGET 

Immediately after harvest, there was a relatively large pool of nitrogen sequestered in the residual forest 
floor and downed woody debris in the treatment watersheds. Nitrogen in residual materials was 20–30 
kg/ha across all treatment plots (Figure 17). However, because of the moist and warm climate of the 
region, these materials began to break down during the first growing season and exhibited a steady 
decline in nitrogen content over time when compared with the reference stands (Figure 17). 

 

Figure 17. Forest floor nitrogen content and standard error among plantation treatments and the reference 
stands. Means represented by the same letter are statistically similar across years. 

 
Soil nitrogen mineralization was highly variable between years and among treatments in the plantation 
watersheds, particularly in the first two growing seasons, but nitrogen-mineralization rates were 
consistently lower in the treatment watersheds than in the reference watershed (Figure 18). 
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Figure 18. Annual nitrogen-mineralization potential and standard error among plantation treatments and 
reference stands. Means represented by the same letter are statistically similar across years. 

During the first two growing seasons, nonpine woody and herbaceous vegetation were excellent 
competitors for nitrogen in the treatment watersheds despite the application of herbicide. It was not until 
the third growing season that pine nitrogen uptake was equal to or exceeded uptake by competing 
vegetation. By the fourth growing season, loblolly pine was a better competitor for nitrogen and was 
actively suppressing competing vegetation through competition for resources (Figure 19). 
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Figure 19. Mean nitrogen content and standard error of competing vegetation and loblolly pine through four 
growing seasons. Means represented by the same letter are statistically similar across years. 

Nitrate leaching in plantation watersheds typically exceeded background levels observed in the reference 
watershed during the first growing season, when herbicide and fertilizer were applied to control weeds 
and stimulate pine growth (Figure 20). High rates of nitrate leaching were also observed in plantation 
watersheds in 2014 but declined in subsequent years (Figure 20). The exception to this generalization 
occurred in the high planting density plots. At this time, it is not clear why leaching persisted in the high-
density plantings, but the observed leaching rates in 2016 are ≈10% of the nitrogen applied as fertilizer in 
2016. 
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Figure 20. Annual nitrate leaching and standard error among plantation treatment plots and the reference 
stands. Means represented by the same letter are statistically similar across years. 

In the first three growing seasons, herbicide alone appeared to be effective at increasing pine aboveground 
growth, and higher density plantings produced more aboveground biomass per hectare. There was no 
discernable effect of fertilizer application on aboveground tree growth within the first three growing 
seasons. However, by the fourth growing season, the contribution of fertilizer additions became evident, 
although there were no differences between the two different rates of fertilizer addition. 

In the fourth year of plantation growth (2016), loblolly pine was an effective competitor for resources 
compared with other vegetation, but nitrogen uptake reflected only 30–60% of nitrogen applied. Leaching 
continued to decline in plots where fertilizer was applied and was only 10% of applied nitrogen. Tree 
uptake of nitrogen clearly exceed net nitrogen-mineralization potential in the fourth growing season, but 
could have been met with one-half of the operational fertilizer additions. 

Over the four-year period, the herbicide with no added fertilizer treatment appeared to be the most 
efficient production system with the tightest nitrogen-cycle (Figure 21). Nitrogen uptake by trees was met 
by nitrogen mineralization and soil-available nitrogen, and tree growth was 90% of that obtained by 
adding the operational fertilizer. Nitrate leaching in the herbicide-only treatment was <4 kg/ha over the 
four-year period. By contrast, the least efficient production system was the herbicide + operational 
fertilizer treatment. Nitrogen uptake by trees represented only 30% of applied nitrogen and nitrogen 
mineralization, and leaching accounted for a nitrogen loss of 34 kg/ha over the four-year period 
(Figure 21). Biomass yield was maximized on the herbicide + operational fertilizer + increased tree 
density treatment, which produced 50% more aboveground biomass than the herbicide + operational 
fertilizer treatment. However, this system also produced 56 kg/ha of nitrate leaching over the four-year 
period. 
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Figure 21. Production system nitrogen budgets for the five short-rotation loblolly pine plantation treatments. 
Total soil nitrogen is not represented because it was not measured in each year. 

8.2 NITROGEN CONCENTRATIONS IN CFTS AND INTERFLOW 

In CFTs, both nitrate and ammonium concentrations were high, but concentrations were variable across 
CFTs and years. In 2014, CFTs formed and were sampled after urea fertilizer application. Concentrations 
of nitrate were high (>100 µg N/L) in most samples. The maximum nitrate concentration was 1,887 µg 
N/L in CFT0 (Table 5). Ammonium concentrations in 2014 were generally low (<100 µg N/L), except 
one high concentration of 1,918 µg N/L in CFT3 on April 25, 2014 which may be due to the excess 
fertilizer added to unit 3 in March 2014 (Table 2). In 2015, all three CFTs were sampled, and the highest 
nitrate and ammonium concentrations were measured in CFT4 at 3,236 and 3,900 µg N/L, respectively 
(Table 5). Nitrate concentrations were high before and after fertilization with a diammonium 
phosphate/urea blend in 2015, while ammonium concentrations increased after this fertilization event 
(Griffiths et al. 2017). In 2016, only CFT3 was sampled (the other CFTs were dry), and concentrations 
were low and fairly consistent.  

Interflow was observed in 4 of the 5 trenches; there was no interflow observed from the trench installed in 
the mature pines in watershed B, and only one sample was collected from the trench installed in the newly 
planted loblolly pines in watershed C. In general, ammonium and nitrate concentrations were low in 
subsurface water flowing under mature pine stands (mean ammonium and nitrate concentrations were 
<100 µg N/L; Table 6), with the occasional high concentration measured (Table 6). Nitrate concentrations 
were high in interflow under the newly planted pines in watershed B, with a mean concentration of 4.9 
mg N/L and a maximum concentration of 13.3 mg N/L; the latter is above the drinking water limit set by 
the US Environmental Protection Agency (EPA) (10 mg N/L). Only one sample was collected from the 
trench installed in the newly planted pine stand in watershed C, but that sample had the highest nitrate 
concentration measured in interflow (24.2 mg N/L). Mean ammonium concentration in interflow from 
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watershed B newly planted pine was only slightly higher than interflow from mature pine (Table 6). The 
ammonium concentration from watershed C (newly planted pine) was high (345 µg N/L) but was within 
the range of the maximum concentrations measured from the other interflow trenches (Table 6). 

Table 5. Mean, minimum, and maximum nitrate and ammonium concentrations measured in each CFT over 
3 years (2014–2016) and the total number of samples collected from each CFT 

CFT number 
No. of 

samples 

Nitrate (µg N/L) Ammonium (µg N/L) 

Mean Min Max Mean Min Max 

CFT0 (watershed B) 11 858 144 1,887 322 6 1,830 

CFT3 (watershed B) 41 87 <1 630 90 1 1,918 

CFT4 (watershed C) 5 2,353 1,385 3,236 1,441 12 3,900 

 

Table 6. Mean, minimum, and maximum nitrate and ammonium concentrations measured in interflow from 
mature pine stands (2011–2017) and newly planted pine stands (2014–2017) and the total number of samples 

collected from each interflow interception trench 

Watershed Pine stand 
No. of 

samples 

Nitrate (µg N/L) Ammonium (µg N/L) 

Mean Min Max Mean Min Max 

B Mature pine 0 -- -- -- -- -- -- 

C Mature pine 20 61 <1 308 37 4 205 

R Mature pine 33 99 1 1,797 13 3 77 

B Newly 
planted pine 

19 4,886 1,981 13,278 47 2 403 

C Newly 
planted pine 

1 24,179 -- -- 345 -- -- 

 

Overall, several samples from the CFTs had high concentrations of ammonium and nitrate, and 
interflow from the newly planted pine stands had high nitrate concentrations, suggesting the 
potential for these elevated nutrients to be transported to streams or to the regional groundwater. 

8.3 NITROGEN CONCENTRATIONS IN GROUNDWATER 

After harvest and the first fertilizer application, nitrate concentrations increased in shallow groundwater 
below the planted areas of watersheds B and C (Figure 22) (Griffiths et al. 2017). In contrast, nitrate 
concentrations decreased in shallow groundwater in the reference watershed R over this same time period 
(Figure 22). While groundwater nitrate concentrations increased in the treatment watersheds, the highest 
nitrate concentrations were <2 mg N/L, which is below the EPA drinking water limit for nitrate of 10 mg 
N/L. As the canopy closes and nitrate leaching rates decrease, it is expected that nitrate concentrations 
will decrease in groundwater over time. However, through 2017, groundwater nitrate concentrations 
remain elevated and have not yet decreased except in well FHR012 in watershed C (Figure 22). 
Continued monitoring is needed to examine the long-term dynamics of nitrate in groundwater below the 
loblolly pine stands. Nitrate concentrations in deep groundwater have also increased in the two treatment 
watersheds, but the magnitude of increase is much less than in shallow groundwater; maximum 
concentrations measured in deep groundwater were generally <0.5 mg N/L (Figure 22). Ammonium 
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concentrations in shallow and deep groundwater were generally low (<100 µg N/L) and did not change in 
the posttreatment period (Figure 23). 

 

Figure 22. Nitrate concentrations in shallow (top) and deep (bottom) groundwater from the three study 
watersheds (B, C, R) over time. Silvicultural treatments are shown as vertical yellow bars. 
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Figure 23. Ammonium concentrations in shallow (top) and deep (bottom) groundwater from the three study 
watersheds (B, C, R) over time. Silvicultural treatments are shown as vertical yellow bars. 

8.4 NITROGEN CONCENTRATIONS IN RIPARIAN GROUNDWATER AND STREAM 
WATER 

It is possible that elevated nitrate moving along groundwater flow paths might have reached the riparian 
zone and stream channels within the timeframe of our experiment. However, there was no effect of 
harvest and planting/management of pine for bioenergy on nitrate concentrations in riparian groundwater 
(Figure 24) and stream water (Figure 25) (Griffiths et al. 2017). Although nitrate concentrations were 
generally low in stream water (often <50 µg N/L), high concentrations were occasionally observed in 
stream water in all three watersheds (Figure 25). These high concentrations were usually associated with 
storm events or rewetting of the stream channels after a regional drought. 

There are two possible explanations for the lack of increase in stream water nitrate: (1) the groundwater 
transit time was longer than the monitoring period and therefore elevated nitrate in groundwater did not 
yet reach the streams or riparian zones, and (2) nitrate was taken up or transformed (i.e., denitrified) along 
the groundwater flow path. It is likely that both explanations are applicable. Groundwater modeling 
suggests that transport times to the streams might be approximately a decade (described previously), 
while the posttreatment monitoring period in this study was 6 years. However, modeled travel times for 
the near-stream portions of the plantations are shorter (1–3 years), so excess nitrogen applied to some 
areas of the watersheds likely had time to reach the streams. Further, denitrification rates are high in 
shallow groundwater in these watersheds (described below), and therefore some of the elevated nitrate 
measured in groundwater, interflow, and CFTs might have been lost (as N2, N2O gas) from the watersheds 
because of this microbial process. 

There was also no effect of harvest and planting/management of pine for bioenergy on ammonium 
concentrations in riparian groundwater (Figure 24) and stream water (Figure 25) (Griffiths et al. 2017). 

01/11  07/11  01/12  07/12  01/13  07/13  01/14  07/14  01/15  07/15  01/16  07/16  01/17  07/17  01/18  

A
m

m
on

iu
m

 (
 g

 N
/L

)

0

100

200

300

400

500
FHR004 (R)
FHR005 (R)
FHR010 (R)
FHR012 (C)
FHR013 (C)
FHR014 (B)
FHR015 (B)
FHR016 (C)

01/11  07/11  01/12  07/12  01/13  07/13  01/14  07/14  01/15  07/15  01/16  07/16  01/17  07/17  01/18  

A
m

m
on

iu
m

 (
 g

 N
/L

)

0

100

200

300

400

500
FHR004 (R)
FHR005 (R)
FHR010 (R)
FHR013D (C)
FHR014D (B)
FHR015D (B)
FHR016D (C)



 

38 

The strong temporal pattern in ammonium and nitrate concentrations in stream water (nitrate pattern not 
visible on Figure 25 due to the large y-axis range) is suggestive of seasonality in nitrogen cycling 
processes (Griffiths et al. 2016, 2017). Specifically, ammonium (and DOC) concentrations are high in 
summer while nitrate concentrations are low, suggesting that anoxic conditions may be prevalent resulting 
in high denitrification rates (removal of nitrate) and an inhibition of nitrification (accumulation of 
ammonium and lack of conversion to nitrate). In winter, the reverse pattern is observed possibly because 
of a shift to more oxic conditions and thus lower denitrification rates (accumulation of nitrate) and higher 
nitrification rates (removal of ammonium and conversion to nitrate). 

 
Figure 24. Ammonium (top) and nitrate (bottom) concentrations in riparian groundwater from the three 

study watersheds (B, C, R) over time. Silvicultural treatments are shown as vertical yellow bars. 
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Figure 25. Ammonium (top) and nitrate (bottom) concentrations in stream water from the three study 
watersheds (B, C, R) over time. Silvicultural treatments are shown as vertical yellow bars. 

8.5 DENITRIFICATION  

Initial results after the first year of monthly sampling (11 sampling events) showed high nitrate 
concentrations in shallow groundwater (Figure 26) with some sample concentrations higher than the EPA 
drinking water standard of 10 mg N/L. Mean nitrate concentrations decreased along subsurface flow paths 
from the short-rotation pine plantation (6.84 mg N/L) to the edge of the SMZ (4.93 mg N/L); however, 
the greatest reduction was from the SMZ edge to the valley of the SMZ (0.015 mg N/L) where 
concentrations dropped by two orders of magnitude. This reduction provides evidence of nitrate 
attenuation between the SMZ boundary (Edge) and the ephemeral stream within the SMZ (Valley), a 
distance of 30 m. 

01/10  01/11  01/12  01/13  01/14  01/15  01/16  01/17  01/18  

N
itr

at
e 

(
g 

N
/L

)

0

500

1000

1500

2000
8000

Watershed B
Watershed C
Watershed R

01/10  01/11  01/12  01/13  01/14  01/15  01/16  01/17  01/18  

A
m

m
on

iu
m

 (
 g

 N
/L

)

0

100

200

300

400

500

600

700

Watershed B
Watershed C
Watershed R

streams dry

streams dry



 

40 

 

Figure 26. Nitrate concentrations in shallow groundwater of differing landscape positions of a subcatchment 
in watershed C. Landscape positions are shown on a map in Figure 10. 

Nitrous oxide (N2O), an intermediate product of denitrification, was the dominant form of reduced 
nitrogen within the subcatchment of watershed C (Table 7). Average ratios of denitrification end products 
(N2O-N/N2O-N +N2) ranged from 0.87 in the short-rotation pine plantation to 0.35 along the forested 
hillslope. Of the reduced nitrogen along the flow paths of the hyporheic zone of the ephemeral channel 
(Valley), 44% was N2O. High concentrations of N2O could indicate coupled nitrification-denitrification in 
areas or reaction-inhibiting levels of environmental conditions (low DOC, high dissolved oxygen, low 
pH, short groundwater residence times) for complete denitrification (Jurado et al. 2017). Higher 
production of N2O from denitrification may be attributed to the high concentrations of readily available 
nitrate added to the system from the fertilizer applications and the preferential use of nitrate for microbial 
respiration than complete denitrification (reducing N2O to N2). 

Reaction progress (RP) as an estimation of denitrification varied between land types (Table 7). Higher 
denitrification progress was observed in the shallow groundwater along the SMZ valley corresponding 
with the large reduction in nitrate concentrations shown in Figure 26. These results provide further 
evidence of high rates of denitrification occurring within the SMZ, converting large amounts of nitrate in 
the shallow groundwater to N2O and N2. 
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Table 7. Minimum, mean, and maximum denitrification end products (N2 and N2O), end product ratios (N2O-
N/N2O-N +N2), and RP by landscape position 

Landscape 
position 

No. of 
samples 

Excess-N2 (mg/L) N2O (mg/L) 
Denitrification 
product ratio 

RP 

Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

Plantation 16 0.82 0.03 1.66 11.08 1.16 24.34 0.87 0.74 0.99 0.59 0.28 0.90 

Swale 10 1.69 0.81 2.05 4.07 1.16 6.54 0.71 0.69 0.94 0.53 0.38 0.79 

Edge 11 1.15 0.23 2.33 9.34 0.44 33.80 0.73 0.41 0.98 0.55 0.34 0.84 

Valley 37 0.75 0.05 1.69 1.57 0.08 26.54 0.44 0.28 0.99 0.83 0.41 0.99 

Forest 16 1.02 0.18 1.78 0.53 0.11 1.13 0.35 0.17 0.90 0.88 0.24 0.98 

 

8.6 CONSERVATIVE TRACER MODELING TO INFORM NITRATE DYNAMICS 

The watershed hydrology and tracer model was used to evaluate the transport dynamics associated with 
conservative tracers in the watershed-scale experiment. Here, results from the modeling in watershed C 
are presented. Two separate simulations are included. The first depicts the movement of a conservative 
tracer added to the soil surface as a slug with a concentration of 1.0 mg/L. The results are presented as 
maps of tracer concentration, which help to outline how the slug of water interacts with water that was 
initially in the system and with water that fell as precipitation after the slug was added. The second 
simulation adds tracers in time and space according to the silviculture schedule in the watershed 
experiment (Table 2). These results are presented as concentration in stream flow and are compared 
against observed stream water nitrate concentrations. 

Simulation 1: An initial evaluation of the tracer modeling was developed by simplifying the application 
concentrations and assuming the tracer concentration in the surface water compartment was a value of 
1.0 mg/L at the time of application (assumed to be 4/23/2013). The model was then run over a multiyear 
period, and the concentration of added tracer was mapped in time and space. A set of snapshots were 
developed and are presented in Figures 27 and 28. The early snapshots (Figure 27) were taken just before 
(upper plate) and just after (lower plate) the application of tracer. Before tracer application, the 
concentration of tracer across all locations was 0.0 mg/L. Then, just after application, tracer showed up as 
a high value (1.0 mg/L—the assumed application concentration) in the surface water box, with some 
amount of tracer already present in the unsaturated zone, just below. The pattern follows the harvest area 
pattern, as no tracer was applied outside the treatments. No tracer was present in the lower layers at this 
point in time—the surface application had yet to travel to these depths. 
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Figure 27. A set of maps outlining the concentration of tracer in C watershed at two different snapshots in 

time. The upper plate is one day before application, and the lower plate is two days after application. 

As the model moves forward in time, the tracer moves through the system (Figure 28). At about 6 months 
after the tracer addition (10/16/2013), the tracer had left the surface water zone and began to show up 
throughout the system, including the deeper groundwater. After a year and a half, very little tracer was 
present in the unsaturated and argillic layers, with higher concentrations in the groundwater zone.  
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Figure 28. A set of maps outlining the concentration of tracers in C watershed at two different snapshots in 

time. The upper plate (10/16/2013) is about 6 months after application, and the lower plate (12/02/2015) is 
approximately a year and a half after application. 

Simulation 2: The maps developed for simulation 1 outline conservative tracer concentrations in soil and 
groundwater, but stream water is derived from a mixture of water sources, and stream water 
concentrations are not depicted in Figures 27 and 28. To extend the evaluation, we developed a second 
simulation where tracer was added following the silvicultural treatments in the watershed experiment, 
both in terms of timing, spatial location, and also application amount (Table 2). In addition, data from the 
National Atmospheric Deposition Program was included to represent background deposition of nitrogen 
(available at http://nadp.slh.wisc.edu/data/ntn/. Site SC03). Simulated stream water concentrations of 
conservative tracers are compared against observed nitrate concentrations (Figure 29). 
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Figure 29. Simulated conservative tracer and observed nitrate concentrations in stream water at the outlet of 

the C watershed (top) and simulated and observed stream discharge (bottom). 

Results suggest that the small watershed model at C captures many of the key features associated with 
stream discharge, and the conservative tracer modeling appears to capture key elements of nitrate 
transport. In terms of the hydrology, the period from 2010 to 2012 was relatively dry, and discharge in 
most of the smaller streams, including C, was too low to measure. This pattern, and the wetting up that 
occurred between 2012 and 2016 is well captured. Comparisons between modeled conservative tracer and 
observed nitrate concentrations are not as close as discharge comparisons, with tracer concentrations 
considerably higher than observed nitrate values. That overall result was anticipated because nitrate 
interacts with the environment through microbial uptake and transformations (i.e., denitrification). Our 
current tracer model does not account for these processes, and simulated tracer values are therefore 
elevated when compared with observed nitrate. The tracer model represents the transport component of 
nitrate fate and transport, and these results suggest that is well captured, with very little tracer in the 
stream during the dry years from 2010 to 2012 and then seasonal increases in tracer concentrations during 
wetter periods from 2013 to 2015. This seasonal pattern appears in both the modeled values and the 
observed nitrate. The conservative tracer modeling indicates that nitrate deposition and the application 
schedule in the watershed experiment, along with the intact SMZ, result in conservative tracer 
concentrations in the stream of less than 1 mg/L, well below the established regulated maximum of 
10 mg/L. 
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9. PHOSPHORUS CONCENTRATIONS IN STREAM AND GROUNDWATER 

Similar to nitrogen, phosphorus concentrations might increase in stream or groundwater if the lack of 
vegetative uptake of phosphorus after harvest resulted in increased phosphorus availability or if 
phosphorus was applied in excess during fertilization. However, phosphorus is less mobile in the 
environment than nitrogen (especially nitrate). Therefore, SRWC production effects on water quality are 
more likely to impact nitrogen rather than phosphorus. Indeed, although SRP concentrations were 
elevated in CFTs after a phosphorus-based fertilizer application, there were minimal effects of pine 
production on SRP concentrations in groundwater and riparian groundwater and SRP and TP 
concentrations in stream water. 

9.1 PHOSPHORUS CONCENTRATIONS IN CFTS AND INTERFLOW 

SRP concentrations were measured in all three CFTs for three years (2014–2016), but concentrations 
were elevated only in 2015 after the application of a diammonium phosphate/urea fertilizer blend 
(Griffiths et al. 2017). In 2014, SRP concentrations were low (<20 µg P/L). In 2015, SRP concentrations 
increased after the phosphorus-based fertilizer application, and the highest recorded SRP concentrations 
measured in each CFT (Table 8) occurred after this event. In 2016, SRP concentrations were again low 
(<5 µg P/L). Although these elevated SRP concentrations in 2015 might result in phosphorus inputs to 
groundwater and stream water, phosphorus is generally immobile, especially compared with nitrate. 

Table 8. Mean, minimum, and maximum SRP concentrations 
measured in each CFT over 3 years (2014–2016) 

CFT number 
SRP (µg P/L) 

Mean Min Max 

CFT0 (watershed B) 24 <1 108 

CFT3 (watershed B) 4 <1 75 

CFT4 (watershed C) 53 6 175 

 

SRP concentrations in interflow were low (mean concentrations <6 µg P/L) and were similar in newly 
planted pine and mature pine stands (Table 9). 

Table 9. Mean, minimum, and maximum SRP concentrations measured in interflow 
from mature pine stands (2011–2017) and newly planted pine stands (2014–2017) 

Watershed Pine stand 
SRP (µg P/L) 

Mean Min Max 

B Mature pine -- -- -- 

C Mature pine 5.5 <1 28.6 

R Mature pine 3.2 <1 10.2 

B Newly planted pine 2.1 <1 6.4 

C Newly planted pine 3.1 -- -- 
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9.2 PHOSPHORUS CONCENTRATIONS IN GROUNDWATER 

There was no effect of harvest or loblolly pine management on SRP concentrations in shallow or deep 
groundwater (Figure 30). SRP concentrations were consistently low (<10 µg P/L) throughout the entire 
7 year monitoring period. 

 
Figure 30. SRP concentrations in shallow (top) and deep (bottom) groundwater from the three study 

watersheds (B, C, R) over time. Silvicultural treatments are shown as vertical yellow bars. 

9.3 PHOSPHORUS CONCENTRATIONS IN RIPARIAN GROUNDWATER AND STREAM 
WATER 

There was no effect of harvest and planting/management of pine for bioenergy on SRP concentrations in 
riparian groundwater (Figure 31) and stream water (Figure 32). SRP concentrations were low 
(<10 µg P/L) throughout the entire study in both riparian groundwater and stream water, with the 
occasional high concentration in riparian groundwater in watershed C (Figure 31). 
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Figure 31. SRP concentrations in riparian groundwater from the three study watersheds (B, C, R) over time. 
Silvicultural treatments are shown as vertical yellow bars. 

 

Figure 32. SRP concentrations in stream water from the three study watersheds (B, C, R) over time. 
Silvicultural treatments are shown as vertical yellow bars. 

10. PESTICIDE CONCENTRATIONS IN STREAM AND GROUNDWATER 

There was minimal evidence that pesticides were transported to streams or groundwater during this study 
(Griffiths et al. 2017). A total of 291 stream, groundwater, interflow, and CFT samples were collected for 
analysis of pesticides; 32 samples were collected in the pretreatment period, and 259 samples were 
collected in the posttreatment period. Of 291 samples, 8 were at or above detection for pesticides, 
including 4 samples in the pretreatment period and 4 samples in the posttreatment period (Table 10). Of 
the above-detection samples in the posttreatment period, it is likely that 2 were due to contamination of 
sampling equipment, as subsequent samples from those groundwater wells were below detection. Further, 
all samples collected from streams after storm events (two storms that occurred 2 and 3 months after 
herbicide application in 2012 and one storm that occurred 4 days after herbicide application in 2013) were 
below detection (Griffiths et al. 2017). Overall, the finding of minimal transport of pesticides to streams 
in this study is corroborated by other forestry studies. These studies found that SMZs reduce pesticide 
inputs to streams (Michael and Neary 1993, Neary et al. 1993) and that if pesticide transport to streams 
occurs, it is usually shortly after application and in response to storm events (McBroom et al. 2013, 
Scarbrough et al. 2015). 
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Table 10. Sampling locations for pesticides, the total number of samples collected from each location for 
pesticide analysis, and the number of samples below and above (or at) detection limits. Details of the specific 

locations and pesticides that were detected are included in the “Notes” column 

Location 
No. 

samples 
collected 

No. below 
detection 

No. at or 
above 

detection 
Notes 

CFTs 3 2 1 One sample in 2015 was at a trace level for sulfometuron 
methyl (“trace” = qualitative result but <1 µg/L). 

Interflow 1 1 0 Sample from new B trench was below detection for 
sulfometuron methyl. 

Groundwater 144 142 2 Samples from groundwater wells FHR014 and FHR014D 
were above detection in October 2012 for glyphosate. 
However, all subsequent samples from those wells were 
below detection, suggesting that elevated concentrations 
might have been due to contamination of sampling 
equipment. 

Riparian 
groundwater 

64 63 1 One sample from watershed B had an imazapyr 
concentration of 2 µg/L in February 2013. 

Stream water 51 47 4 Four samples during the pretreatment period (2011) were at 
the detection level for imazapyr (1 µg/L). 

Stream water 
(after storms) 

28 28 0 Five storms sampled, including two storms that occurred 2 
and 3 months after herbicide application and one storm that 
occurred 4 days after herbicide application. 

 

11. DISCUSSION AND CONCLUSIONS 

The objective of this research project was to assess whether standard forestry best management practices 
are sufficient to protect stream water quality from intensive silviculture associated with short-rotation 
woody crop production for bioenergy. The silvicultural plan used in our watershed-scale experiment was 
designed to achieve high yields of loblolly pine over a short rotation (10–12 green tons/acre/year at 10–12 
years). Tree growth and net ecosystem exchange (carbon flux) data demonstrated that the objective of 
accelerating growth was achieved and that carbon sequestration rates of the loblolly pine were 1–8 years 
ahead of conventional southern pine stands grown for pulp production (Noormets et al. 2010, Sun et al. 
2010, Tian et al. 2010, Novick et al. 2015) despite the tip moth infestation. Early weed control is essential 
for accelerating loblolly pine development during the exponential growth phase following planting 
(Miller et al. 2003); therefore, our silvicultural plan reflected this need. However, the silvicultural benefits 
of tillage practices and early nitrogen applications are less well understood (Fox et al. 2007). Although 
only about half of the North Carolina State University cooperative field studies showed growth responses 
to early nitrogen applications (Tom Fox and Don Kaczmarek, personal communication), several recent 
studies show substantial responses to early annual nitrogen fertilization (Borders et al. 2004, Roth et al. 
2007, Coyle et al. 2016). Growth responses to fertilization can be dependent on site conditions (Albaugh 
et al. 2015, Furtado et al. 2016), but interactions among several important variables have not been 
thoroughly evaluated, including the level of weed control, residual mineralizable nitrogen in the soil, 
seedling nursery nutrition, and subsequent rate of growth in the field. We designed our operational 
herbicide and fertilizer treatments to maximize tree growth in the early phase of development and 
intentionally pushed the system to the boundaries of early fertilizer recommendations. We could not 
obtain contract bids to apply fertilizers to planting rows only (i.e., banded application), so broadcast 
application of fertilizers doubled the total amount of fertilizer applied to the watershed in the three years 
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following planting. However, this allowed us to test how ecosystem processes (i.e., carbon, nitrogen, and 
phosphorus cycling) responded to the highest likely fertilizer application rates for SRWCs. 

In our plot-scale study, we found that herbicide applications alone were the most effective treatment for 
increasing pine aboveground biomass and total tree nitrogen, at least through the first three growing 
seasons. By the fourth growing season, tree biomass was higher with coupled fertilizer and herbicide 
applications, but there was no difference between the two fertilization rates. Therefore, in the first three 
growing seasons, nitrogen mineralization was sufficient to account for nitrogen demand by pine, but 
added fertilizers (at half the rate added at the operational scale) increased pine growth in the fourth 
growing season. Closed-canopy pine forests are very efficient with respect to nitrogen sequestration and 
nitrogen use efficiency (Birk and Vitousek 1986). In contrast, uptake of nitrogen fertilizers by young pine 
plantations is closer to 35%–60% if only tree biomass is considered (no soil or litter) (Gresham and 
Williams 2002, Will et al. 2006, Coyle et al. in preparation), which is similar to agricultural crops 
(Lassaletta et al. 2014); however, data are very limited. Our study showed that only 30%–60% of the 
applied nitrogen was sequestered in pine after the fourth growing season and that the most efficient 
production system was the treatment of herbicide without fertilizer, as tree growth was 90% of that 
achieved with fertilizer addition and nitrate leaching was lower. Overall, the plot-scale study suggests that 
some components of the silvicultural treatments were efficient (i.e., early plant competition control) and 
some aspects were not efficient (i.e., early fertilization). These results suggest that nitrogen fertilizers 
were applied in excess in the first three years and highlight the importance of evaluating water quality 
responses and efficacy of BMPs under these intensive silvicultural applications. 

Forestry BMPs are designed to minimize the transport of silvicultural pollutants (sediment, fertilizers, and 
pesticides) to surface waters by overland flow; provide filtration and possible denitrification within the 
SMZ or riparian buffer; and allow the riparian buffer to provide shade, channel stability, and organic 
matter inputs to streams. As such, BMPs consist of six major elements: (1) maintenance of forested 
buffers around streams, (2) separation of fertilizer and herbicide application from surface waters, (3) 
minimal creation of bare or compacted soils, (4) placement of roads and landings on ridges, (5) inhibition 
of hydraulic connections between bare ground and surface waters, and (6) construction of stable road 
surfaces and stream crossings (Olszewski and Jackson 2006, Ice et al. 2010). The implementation of 
SMZs and minimization of soil compaction allow for natural ecosystem processes to mitigate nitrogen 
losses to streams and groundwater. These processes include increased infiltration and reduced surface 
runoff due to debris and vegetation cover, vegetative and microbial uptake, soil sequestration, 
volatilization of nitrogen-based fertilizers, denitrification, and dilution and dispersion along the vadose 
and groundwater flow paths. All of the aforementioned BMPs were implemented in the two experimental 
watersheds, and no new roads or stream crossings were created. We directly measured or modeled a suite 
of possible transport and mitigation processes, including overland flow, interflow, groundwater flow, and 
riparian denitrification. We focused on measuring the fate of dissolved inorganic nutrients (which can 
reflect a lack of vegetative uptake after harvest and excess fertilizer applications), the fate of applied 
pesticides, and the fate of sediment and associated nutrients primarily in stream water and groundwater.  

We found that there was no effect of SRWC production on stream water nitrate concentrations despite 
high levels of early stand fertilization, high nitrate leaching rates measured in the first two growing 
seasons, and elevated nitrate concentrations in groundwater, interflow, and CFTs (Griffiths et al. 2017). 
The largest water quality response was an increase in nitrate concentrations in groundwater near the 
surface of the surficial aquifer observed after harvest (Griffiths et al. 2017). Nitrate concentrations in 
groundwater were generally less than 2 mg N/L; the EPA regulatory limit for nitrate is 10 mg N/L. 
Conservative (i.e., non-reactive) tracer modeling implemented within a dynamic and spatially distributed 
watershed hydrology and tracer model (Envision-SRS) suggested that nitrate concentrations should have 
been elevated in stream water after the multiple fertilization events, if nitrate traveled conservatively. 
Therefore, it is likely that biological processes (i.e., denitrification, vegetative uptake) removed elevated 
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nitrate from the ecosystem before it reached the stream channels. Denitrification measurements suggest 
that this microbial process is important in removing elevated nitrate in groundwater both in sandy upland 
areas and in the organic-rich riparian zones (SMZs) that are characteristic of this region. Overall, the 
magnitude of these processes suggests that BMPs in these low-gradient, Coastal Plain watersheds are 
sufficiently robust to mitigate a relatively low nitrogen fertilizer-use efficiency. Phosphorus-based 
fertilizers were also applied as part of the watershed-scale study (two of the four fertilizer applications 
contained phosphorus), but there were no changes in SRP concentrations in stream water or groundwater, 
likely because phosphorus is much less mobile than nitrate. 

Aside from fertilizer fate, another important water quality parameter is the fate of applied pesticides. 
Although BMPs do not directly address groundwater, forestry pesticide labeling restrictions do address 
groundwater protection as well as drift into sensitive areas. Pesticide dissipation studies, coupled with 
efficacy studies, are designed to balance the rate, timing, and application methods to minimize 
groundwater quality impacts. The pesticides applied in this study are commonly used in southeastern 
United States silvicultural operations, have low mobility in the vadose zone, and are moderately persistent 
(Neary et al. 1993, Michael 2004, USDA Forest Service Southern Region 2007, Jackson et al. 2009, 
Griffiths et al. 2017, Tatum et al. 2017); therefore, it was not unexpected that pesticides were not 
detectable in groundwater or stream water.  

The efficacy of BMPs at minimizing sediment inputs to streams was also examined in the watershed-scale 
experiment. CFT surveys and TN and TP concentration measurements in stream water indicated that the 
transport of sediments and associated nutrients to surface waters was negligible. The greatest sediment 
input was from an interior ditch of a paved road and was unrelated to silvicultural management of the site. 
With respect to overland flow and associated sediment transport, forestry BMPs were effective. The CFT 
surveys indicated that the most likely path of solutes by overland flow was from variable source areas that 
expanded into the plantations during periods of elevated water tables.  

Overall, the lack of effect of short-rotation loblolly pine production for bioenergy on stream water quality 
suggests that current forestry BMPs are effective at protecting surface waters in the Coastal Plain 
landscape even with high levels of fertilization and herbicide application associated with SRWC 
production. These results should be applicable throughout the southeastern Coastal Plain in watersheds 
that are characterized by low-gradient uplands with sandy soils and organic-rich riparian zones. 
Hydrologic processes in the Piedmont area differ sufficiently from those in the Coastal Plain area that 
caution should be used when extrapolating these findings to the Piedmont region.  
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