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THE EFFECTS OF OFF-HIGHWAY VEHICLE TRAILS  
AND USE ON STREAM WATER QUALITY IN THE  

NORTH FORK OF THE BROAD RIVER 

C. F. Miniat,  P. P. Clinton,  L. K. Everage 

ABSTRACT. Managing forests for recreational benefits, such as off-highway vehicle (OHV) use, as well as other ecosystem 
services, such as clean and abundant water, can often present challenges for land managers when one ecosystem service 
conflicts with another. We conducted research in the Chattahoochee-Oconee National Forest to determine if the presence 
and use of OHV trails were associated with greater total suspended solids (TSS) concentrations and turbidity in streams 
during storm events in 2015-2016. We used a paired-watershed approach, with a treatment watershed containing the Locust 
Stake OHV trail system on the North Fork of the Broad River, and a reference watershed (Kimbell Creek) similar in all 
respects except for the presence and use of OHV trails. During the study period, mean streamflow rates across all sampling 
times were 19% greater, but mean stormflow rates were 29% less, at Locust Stake compared to Kimbell Creek. During 
storm sampling, the average storm TSS concentration was greater at Locust Stake (101.1 mg L-1) than at Kimbell Creek 
(65.3 mg L-1). The results indicate that the greater the stormflow, the greater the TSS concentration for each storm event 
sampled across both watersheds. TSS concentration was linearly and positively related to stormflow, with R2 values ranging 
from 0.11 to 0.92 for all events in both watersheds. Across all sampling dates, the TSS concentration per unit stormflow was 
greater at Locust Stake than at Kimbell Creek, and was 7-fold greater at Locust Stake after the OHV trails were opened 
compared to when they were closed for maintenance and assessment. When the OHV trails were closed, the TSS concentra-
tion per unit stormflow was still significantly greater, by 4-fold, at Locust Stake compared to Kimbell Creek. Our results 
suggest that the presence and use of the Locust Stake OHV trail system are associated with poorer water quality, and with 
better water quality when the trails are closed. Forest managers face a well-defined set of tradeoffs between providing OHV 
recreation and water quality benefits that warrants careful planning and monitoring. 

Keywords. National Forest System, Off-highway vehicles, Recreation, Sedimentation, Streamflow, Turbidity, Water quality. 

ff-highway vehicle (OHV) use is an increasingly 
popular outdoor recreational activity in the U.S., 
particularly in southern states. OHVs include 
four-wheel-drive automobiles, cross-country mo-

torcycles, all-terrain vehicles, and other specially designed 
or modified off-road motor vehicles. Between 1993 and 
2003, the estimated number of OHVs in the U.S. increased 
by 174%, surpassing eight million vehicles by the end of 
2003 (Cordell et al., 2008). The number of persons above the 
age of 16 years participating in recreational OHV use also 
steadily increased after 1994; by spring 2016, 11.1 million 
households owned at least one OHV (Statista, 2016). OHV 

use peaked in 2008, with 13.3 million users participating in 
the activity, and gradually declined to present-day numbers 
(Statista, 2016). Recreational OHV trails are widely used in 
Georgia and surrounding states. In 2007, 33.7% of all OHV 
users (76,997,300) were residents of the southern U.S., and 
3.1% of all participants (1,319,400) came from Georgia 
alone (Cordell et al., 2008). By 2012, 44% of all OHV sales 
were concentrated in the southern U.S. (Imlay, 2014). 

Balancing the interest in OHV trail use with national di-
rectives to prevent undesirable environmental impacts intro-
duces new challenges for managers of public land. OHV use 
can lead to a wide variety of environmental impacts (Ouren 
et al., 2007), including habitat degradation of stream pools 
(Chin, 2004), increased stream sedimentation (Riedel, 2006; 
Marion et al., 2014), and increased streambank erosion and 
downstream mud coatings (Marion et al., 2014). While some 
of these environmental effects can be reversed with trail clo-
sure, studies show that simply the presence of OHV trails, 
even when closed, is associated with decreased water quality 
(Marion et al., 2014). Soil compaction from past and current 
OHV use leads to decreased infiltration and greater surface 
runoff, and in turn can yield sediment input into streams 
(Iverson et al., 1981). Sediments eroded from trails are trans-
ported to nearby streams during storm events and for weeks 
after, where they are either suspended in the water column 
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or temporarily deposited along the streambed until the next 
event (Hamilton, 2002; Riedel, 2006). 

Total suspended solids (TSS) concentrations in streams 
originating from OHV trails can impair water quality. During 
storm events, TSS concentrations are high due to the introduc-
tion of surface runoff and resuspension of streambed sedi-
ments. Throughout a storm event, TSS is greatest during the 
early part of a storm (i.e., the rising limb of the hydrograph) 
because this is when the majority of surface runoff contributes 
to stormflow in addition to resuspension of sediment stored in 
the streambed. Various studies have evaluated and recom-
mended TSS concentrations and turbidity thresholds below 
which macroinvertebrate and fish communities are not nega-
tively impacted; the turbidity threshold is 25 NTU, and the 
TSS thresholds range from 30 to 80 mg L-1 (NAS, 1972; 
Kundall and Rasmussen, 1995; Holmbeck-Pelham and Ras-
mussen, 1997; Walters et al., 2001). Land managers need in-
formation on the extent to which the presence and use of OHV 
trail systems affect TSS concentrations and turbidity levels in 
surface waters. In this study, we test those questions by inves-
tigating the water quality responses to the presence and use of 
OHV trails in a southern Appalachian forested watershed (the 
Locust Stake OHV trail system in Habersham County, Geor-
gia, in the Chattahoochee National Forest) managed for mul-
tiple ecosystem services, including drinking water supply 
(Caldwell et al., 2014) and fishing. 

The Locust Stake OHV trail system is in the North Fork 
of the Broad River basin in northern Georgia, which drains 
to the Savannah River basin. While the stream reach of the 
North Fork of the Broad River sampled in this study is not 
currently on the EPA 305(b)/303(d) impaired waters list 
(EPD, 2016), the stream has been listed on the impaired wa-
ters list previously for sediment (EPA, 2000), and concern 
over water quality and soil erosion in the OHV trail system 
has prompted land managers and stakeholder groups to re-
evaluate the impacts of the trail system on water quality. A 
study was conducted to evaluate acceptable total maximum 
daily loads (TMDLs) for sediment in this watershed follow-
ing inclusion of the watershed on the 1998 impaired waters 
list (EPA, 2000). In that study, TSS concentrations were re-
lated to streamflow (i.e., sediment rating curves) for the im-
paired watershed and were evaluated against sediment rating 
curves for a reference watershed. TMDLs for the impaired 
watershed were recommended to stay within the 95% confi-
dence interval of the sediment rating curve for the reference 
watershed. 

In this study, we took a similar approach. Our objectives 
were to (1) determine the relationship between turbidity and 
TSS concentrations to aid in interpretation because state reg-
ulatory water quality standards are based on turbidity while 
federal standards are based on TSS, (2) determine the rela-
tionship between TSS concentrations for any given flow dur-
ing storm events in watersheds with and without an OHV 
trail system, and (3) determine the relationship between TSS 
concentrations under closed versus open OHV trail system 
management. We hypothesized that for any given flow: 
(1) the TSS concentration would be greater in the watershed 
containing an OHV trail system compared to the reference 
watershed, and (2) the TSS concentration would be greater 
after trail opening compared to when the trails were closed. 

STUDY AREA AND METHODS 
The study encompassed two watersheds within the Chat-

tahoochee-Oconee National Forest, in Habersham and Ste-
phens Counties, Georgia, and managed by the Chattooga 
River Ranger District as Locust Stake and Kimbell Creek 
(fig. 1). The climate is temperate, with warm humid sum-
mers, mild winters, and evenly distributed year-round pre-
cipitation. The long-term (120 years) average annual precip-
itation for a nearby site (~8 km, NCDC Historical NWS Sta-
tion No. 098740, Toccoa, Ga.) is 1475 mm, mostly in the 
form of rain. Soils in both watersheds are primarily (35% to 
43% of the watershed area) in the Madison-Louisa-
Tallapoosa complex and are well-drained sandy loams on 
hills and side slopes. Grover and Madison fine sandy loam 
soils are also common in both watersheds (17% to 22% of 
the watershed area) and are well drained. Characteristic pro-
files of both complexes are fine sandy loams (0 to 15 cm) 
followed by clay to 75 cm and sandy clay loams from 75 to 
90 cm. Parent material is a residuum weathered from mica 
schist and/or gneiss. 

Locust Stake, the treatment watershed, is south-facing, 
184 ha in area, 170 ha of which is managed by the Forest 
Service, and drains into the North Fork of the Broad River. 
The mean elevation is 440 m above mean sea level (msl). A 
mesic hardwood forest dominates lower elevations and tran-
sitions into a mixed pine-hardwood forest at higher eleva-
tions. A total of 4.8 km of paved roads, including two county 
roads and one U.S. highway, are located in the watershed 
(fig. 2). Road 301 is a permanently closed Forest Service 
road. This site also includes the Locust Stake OHV trail sys-
tem, with eleven trails encompassing a total length of 
14.8 km. Although no trails are mapped as crossing or ford-
ing streams, trails cross topographic depressions that con-
nect to the drainage network and may experience surface 
runoff whenever rainfall is sufficient. Trail widths average 
between 1.5 and 2.4 m, while grades range between 0% and 
45%, with most grades between 5% and 15% (Favro, 2012). 
The trails are open from March through December of each 
year but have the potential to close if more than 32 mm of 
rainfall is received within a 24 h period. 

The trail system was developed in the mid-1980s from 
existing logging roads, and undesignated “user-created” 
OHV trails increased the number of trails in the system. 
Since the mid-1990s, concerns have arisen regarding the po-
tential erosion and water quality impacts from repeated trail 
use. The trails remained open until 2012, when they were 
closed to assess environmental impact and conduct trail 
maintenance. During this period, a series of silt fences was 
installed in an attempt to control erosion. Loops A to F and 
a small section of loop G were reopened in 2014, offering 
8 km of usable trail. These loops were closed again in De-
cember 2014 for routine maintenance and remained closed 
until 28 July 2016. Another 8 km of trail (including most of 
loop G) were permanently closed in 2014 to mitigate the se-
vere erosion associated with OHV use (fig. 3). Before 2014, 
an estimated 3500 to 4500 visitors per year used the trail sys-
tem, with hundreds more using the trails illegally. From its 
reopening on 28 July 2016 through 31 October 2016, 446 
paid visitors, and an estimated 100 to 150 unpaid visitors 
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(P. Walrod, personal communication), used the OHV trail 
system. 

The reference watershed (Kimbell Creek) is located ap-
proximately 12.9 km southwest of the treatment watershed. 
It is south-facing, 166 ha in area, with a mean elevation of 
428 m above msl. Habitats within this watershed are gener-
ally sub-mesic, with mixed pine-hardwood forests in upland 
areas. This watershed does not include any OHV trails 
(fig. 4). Three gravel roads, totaling 1.3 km in length, are lo-
cated in the watershed. Only one road, 0.4 km in length, is 
open to the public year-round. The other two roads are only 
seasonally open to public traffic. No roads cross or ford 
streams in the watershed. 

FIELD SAMPLING 
We collected flow-proportional water samples at both the 

reference and treatment sites using automated samplers 
(Teledyne, Inc.). The samplers were programmed to collect 
samples during heavy rainfall events when flow and TSS 
were potentially at their highest. The samplers were enabled 
when the streamflow stage rose 1.22 cm above its baseline 
elevation over a 1 h period. Samples, 1 L in volume, were 
collected every 10 min during each storm event, for up to 
24 collections for a given storm. Stream stage was measured 
every 10 min in both storm and non-storm periods using a 

submerged probe pressure transducer on the automated sam-
pler. We developed rating curves for each stream with tran-
sects co-located with the automated samplers to determine 
the stage-discharge relationship. Flow rate (Marsh-McBir-
ney Flo-Mate 2000) and stream channel cross-sections were 
measured several times during the study period during dif-
ferent seasonal flow regimes to develop the rating curves. 
High flows were estimated using WinXSPRO, an interactive 
software package, along with the channel cross-section and 
slope measurements (Hardy et al., 2005). 

The rating curve for Kimbell Creek followed a power 
function: Q = 0.01982h3.0016 (R2 = 0.981, n = 30, p < 0.001), 
where Q is flow in L s-1, and h is stage in cm. The rating 
curve for Locust Stake also followed a power function: Q = 
0.36528h2.057 (R2 = 0.984, n = 20, p < 0.001). Field equip-
ment was installed, and sampling was initiated in February 
2015 at Kimbell Creek and in June 2015 at Locust Stake, 
when the OHV trails were closed. Samples from each site 
were retrieved weekly until the end of the study (Oct. 2016, 
after the trails had opened) and were transported to the lab 
for analysis. Thus, each watershed was measured concur-
rently for TSS and flow for about four months. 

LABORATORY MEASUREMENTS 
We measured the TSS concentration for each water sam- 

Figure 1. Location of study sites in northern Georgia (left). The Locust Stake and Kimbell Creek watersheds are within the Chattahoochee-Oconee 
National Forest (right). The NCDC Climate Station at Toccoa, Georgia, is also shown. 
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ple, and we also measured turbidity for a subset of samples. 
The TSS concentration was determined from the dry mass of 
solids filtered from a known volume of water. Filter papers 
(Whatman GF/C glass 1.5 microfiber, 5.5 cm) were rinsed 

 
with distilled deionized water, placed onto a vacuum pump 
(Millipore), and washed with 500 mL of deionized water. 
The filter papers were dried for 90 min at 125°C, and the dry 
mass was measured and recorded. Samples were then vigor-

Figure 2. Locust Stake watershed, containing 14.8 km of off-highway vehicle (OHV) trails, was the treatment watershed. The water quality sam-
pling site was located at the watershed outlet on the North Fork of the Broad River. The triangle denotes the automated sampler location. Trail 
loops are labeled A to G. Box P is the visitor parking area. 

 

Figure 3. Two locations on the permanently closed section of loop G in the Locust Stake off-highway vehicle (OHV) trail watershed. 
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ously agitated, the total volume was measured and recorded, 
and then the entire volume was filtered. If the turbidity meas-
urement was high, only a 250 mL subsample was filtered. 
Filters with sediment residue were dried for 2.5 h at 105°C, 
and their mass was determined and recorded to the nearest 
0.0001 g. For quality control purposes, blanks (n = 4) were 
also prepared and analyzed. TSS was determined as: 

 TSS = (M2 – M1) / V (1) 

where TSS is total suspended solids (mg L-1), M1 is the dry 
mass (mg) of the empty filter paper, M2 is the dry mass (mg) 
of the filter paper containing sediment particles, and V is the 
volume (L) of the filtered sample. 

Turbidity (NTU) was measured (Hach 2100P) on a 15 mL 

subsample of each 1 L sample. Samples were gently agitated 
(inverted five to seven times) before measurement to resus-
pend the solids in the water. The sample cell was rinsed with 
deionized water between each use and wiped down with a 
lint-free cloth before each measurement to remove residue. 
We analyzed 65 and 95 samples from Kimbell Creek and 
Locust Stake, respectively, for both turbidity and TSS  
(table 1). 

EXPERIMENTAL DESIGN 
We used a before-after control-impact (BACI) paired-wa-

tershed design (Stewart-Oaten et al., 1986). We compared 
water quality from Locust Stake and Kimbell Creek before 
and after OHV trail opening at the former site. The reference 

Figure 4. Kimbell Creek watershed was the reference watershed. The triangle denotes the automated sampler location. 

Table 1. Sampling period, number of storm events, and number of samples collected for total suspended solids (TSS) concentration, turbidity, 
and stage at the off-highway vehicle (OHV) trail watershed (Locust Stake) and the reference watershed (Kimbell Creek). 

Site 
Collection 
Start Date 

Collection 
End Date 

No. of TSS 
Sampling 

Events 

No. of TSS 
Samples 
Analyzed 

No. of  
Stage 

Samples 

No. of TSS 
and Turbidity 

Samples 
Kimbell Creek (reference) 27 Feb. 2015 12 Oct. 2016 17 408 55,250 65 

Locust Stake (OHV watershed) 27 Jun. 2015 12 Oct. 2016 23 552 52,615 95 
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watershed was closely located, geomorphically similar, and 
similar in area, soils, land cover, aspect, and elevation to the 
treatment watershed, but without the impact of OHV trail 
system presence and use. 

STATISTICAL ANALYSIS 
Linear regression was used to relate TSS concentration to 

turbidity for each watershed. For each storm event, we esti-
mated the slopes of the sediment rating curves, i.e., TSS (mg 
L-1) versus flow (L s-1), and used these values as a response 
variable to adjust for differences in flow. This response var-
iable was tested using analysis of variance (PROC GLM, 
SAS v. 9.4). Each storm was considered a replicate, as infer-
ence was restricted to these watersheds, and fixed factors in-
cluded site (Locust Stake or Kimbell Creek) and time period 
(OHV trails closed vs. open). For all significant interactions, 
post hoc multiple comparison tests were performed (Tukey’s 
HSD,  = 0.05). Because our hypotheses were directional, 
all tests were one-tailed. 

RESULTS 
Within our sampling period, we were able to sample 17 

and 23 storm events that produced a sustained rise in stream 
stage in the Kimbell Creek and Locust Stake watersheds, re-
spectively. Approximately four sampling events were trig-
gered for which a sustained rise in stage was not observed; 
these samples were excluded from analysis. Of the 23 storm 
events in Locust Stake, two were sampled after the OHV 
trails were opened on 28 July 2016. The low number of sam-
pling events after the trails were opened was due to the un-
characteristically dry, late growing season. At a nearby 
gauge at the Coweeta Hydrologic Lab with long-term (1934 
to present) precipitation records, data showed that 2016 was 
the sixth driest year on record (84 years), with a total of 
1314 mm of precipitation. During September and October 
2016, only 24 mm of rain was recorded over 61 days, making 
this period the driest two-month stretch on record, regardless 
of season (Miniat et al., 2017). Turbidity and TSS concen-
tration had a strong, positive, linear relationship for the 
160 samples collected for the two watersheds during the 17 
and 23 storm events (fig. 5). 

During the study period, the 10 min average flow rate 
across all sampling times was 19% greater, but the storm-
flow rates (average flow during TSS sampling events) were 
29% lower, at Locust Stake compared to Kimbell Creek 
(fig. 6). At Kimbell Creek, the 10 min average flow rate 
across all sampling times was 470 L s-1, and the average 
stormflow rate was 1147 L s-1. At Locust Stake, the 10 min 
average flow rate across all sampling times was 561 L s-1 
(fig. 6), and the average stormflow rate was 810 L s-1. When 
adjusted for watershed area, the average flow rate across all 
sampling times was 0.25 m3 s-1 km-2 at Locust Stake, com-
pared to 0.33 m3 s-1 km-2 at Kimbell Creek, and the storm-
flows were 0.44 and 0.69 m3 s-1 km-2, respectively. 

For each storm event sampled across both watersheds, the 
greater the stormflow, the greater the TSS concentration. 
The TSS concentration was linearly and positively related to 
stormflow, with R2 values ranging 0.12 to 0.92 for the 

23 events in Locust Stake and from 0.11 to 0.91 for the 
17 events in Kimbell Creek (fig. 7). Across all storms com-
bined, the R2 values were 0.64 for Locust Stake and 0.61 for 
Kimbell Creek. Across all sampling dates, the TSS concen-
tration per unit stormflow was greater in Locust Stake than 
in Kimbell Creek, and was 7-fold greater in Locust Stake af-
ter the OHV trails were opened compared to when they were 
closed (site effect F1,36 = 25.51, p < 0.001; time period ef-
fect F1,36 = 29.15, p < 0.001; site  time period interaction, 
F1,36 = 18.72, p < 0.001, fig. 8). When the trails were closed, 
the TSS concentration per unit stormflow was still signifi-
cantly greater (by 4-fold) at Locust Stake compared to Kim-
bell Creek. 

DISCUSSION 
Our study evaluated streamflow, turbidity, and sediment 

discharge relationships in two forested watersheds that were 
similar in all physiographic and land use aspects, except one 
watershed had OHV trails and the other did not. We found 
that the suspended sediment concentration and turbidity for 
any given streamflow were greater in the watershed contain-
ing the OHV trail system, and both water quality parameters 
increased after the trails were opened. After the OHV trails 
were opened, TSS per unit stormflow increased more than  
7-fold in the Locust Stake watershed, while a significant in-
crease was not detected in the reference watershed. Thus, af-
ter adjusting for flows, the TSS concentration was greater in 
the watershed containing the OHV trail system after trail 
opening compared to when trails were closed, confirming 
our hypotheses. 

Sediment concentrations are typically low during low 
flow conditions and increase during storm events (Dunne 
and Leopold, 1978). This is due to the increased power of 
the stream to move sediment during higher flow conditions, 

Figure 5. Relationship between turbidity and total suspended solids 
(TSS) concentration in stream water collected from Kimbell Creek 
(reference) and Locust Stake (OHV watershed). 
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as well as additional sources of sediment from overland flow 
contributing to streams. During the course of a storm, TSS 
concentrations are typically greater for any given flow dur-
ing the rising limb of the hydrograph compared to the falling 
limb, representing the mobilization of sediment stored on the 
streambed. Studies typically use a log-log relationship to de-
scribe this TSS versus discharge relationship, as the goal of 
many of these studies is to construct a predictive sediment 
rating curve across the full flow range for a stream, and log 
transforming reduces the apparent variation (Asselman, 
2000; Horowitz, 2003). Horowitz (2003) discussed the effect 
of temporal variation on sediment rating curves and how log-
log relationships underpredict TSS from large storm events 
and overpredict TSS from small storm events. To address 
this, some studies have constructed sediment rating curves 
for different seasons or flow regimes to improve predictions 
(e.g., Walling, 1977). 

We chose to use a linear relationship between discharge 
and TSS for two reasons. First, we analyzed each storm 
event, and at this scale, the fit was as good as or better than 
a log-log or a log-linear relationship. Second, our goal was 
only to test whether or not, across the sampled events, the 
individual storm TSS versus discharge slopes were greater 
in the watershed containing OHV trails compared to the ref-
erence watershed, as opposed to constructing a predictive re-
lationship across all possible events. Because a relationship 
was constructed for each event, rather than combining all 
possible events, our data had relatively high R2 values com-
pared to other studies that combined all events (e.g., Reid 
and Dunne, 1984). For example, Clinton and Vose (2006) 
found that TSS concentration was less under baseflow and 
greater under stormflow (2.84 and 11.66 mg L-1) for a nearby 

reference forested site in the Chattooga River watershed, but 
their TSS concentration and stormflow relationships were 
relatively weak (adjusted R2 = 0.13). In another study in the 
Chattooga River watershed, Riedel et al. (2003) also found a 
weak relationship between TSS and discharge, ranging from 
non-significant to R2 = 0.37. However, a third study in the 
Chattooga River watershed found strong positive relation-
ships between TSS and streamflow (Pruitt, 1999; Pruitt et 
al., 2001), and these relationships formed the basis of the 
TMDLs for the North Fork of the Broad River (EPA, 2000). 

Sediment delivery to streams can depend on land cover 
and land use. For this region, in general, the greater the forest 
cover, the lower the TSS concentration in stream water (Bol-
stad et al., 2006). Within forested watersheds, land use can 
also play a significant role in stream sediment concentra-
tions. For example, skidding and roads associated with forest 
harvesting operations can deliver large amounts of sediment 
to streams. Aust et al. (2011) estimated soil loss rates for 
32 ford crossings in Appalachian forests undergoing har-
vesting and found rates ranging between 31 and 42 tonnes 
ha-1 year-1. Other estimates of soil loss from bare soil due to 
harvesting operations ranged between 24 and 138 tonnes  
ha-1 year-1 (Sawyers et al., 2012; Wade et al., 2012; Wear et 
al., 2013). Non-motorized recreational trails that cross 
streams can also deliver sediment to streams. Kidd et al. 
(2014) found that 5 to 15 tonnes ha-1 year-1 of sediment could 
be delivered to streams from non-motorized recreational 
trails. Lastly, while erosion rates can seem much greater 
from soil disturbances associated with timber harvesting op-
erations compared to recreational land uses, such as OHV 
trails, harvesting operations can be short-lived relative to the 
perennial nature of recreational trails, and thus may result in 

 

Figure 6. Time series of streamflow from (a) Locust Stake and (b) Kimbell Creek. Red symbols denote auto-sampling of stream water for TSS 
determination. After 28 July 2016 (vertical line), the OHV trails in the Locust Stake watershed were opened for public use. Before that date, the 
trails were closed. The gray horizontal line at 500 L s-1 is shown for reference. Occasionally, a storm was not sampled due to battery failure. 
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lower long-term average erosion rates. 
Both the presence and the recentness of trail use affected 

sediment concentration. The TSS concentration per unit 

stormflow was lower in the reference watershed compared 
to the OHV watershed, even when the trails were not in use. 
Our TSS sampling in the OHV watershed during trail closure 
failed to capture the largest storm event (fig. 6), and this 
likely underestimated the upper limit of TSS concentration 
in this watershed. Our approach of comparing TSS concen-
tration per unit stormflow likely was not affected by missing 
this sampling event, aside from reducing our statistical 
power, as we still detected significantly greater TSS concen-
tration per unit stormflow in the OHV watershed compared 
to the reference watershed. Previous work by Foltz (2006) 
and Marion et al. (2014) concluded that OHV trails, regard-
less of current use, increase sediment deposition near trail 
crossings. After the trails were opened, the amount of TSS 
per unit streamflow increased by 7-fold in the OHV water-
shed compared to when the trails were closed. This suggests 
that the recentness of OHV use increases sediment delivery 
to adjacent streams. Previous research also showed that 
OHV use can increase sediment deposition into in-stream 
pool habitats, such as lateral-scour pools, mid-channel pools, 
and step pools, and can lead to decreased pool depth and vol-
ume in watersheds with open trail systems (Chin, 2004). 

While this study is an important first step in testing 
whether the presence and use of OHV trails negatively im-
pact water quality, our results should be considered within 
the limitations and strengths of the study. Our study had lim-
ited sampling (two events) after the trails were opened. Sam-
pling during trail opening occurred during a historically dry 

Figure 7. Stormflow for two sampling events during (a) 30 April 2016 and (b) 29 September 2015 for Kimbell Creek (reference) and Locust Stake 
(OHV watershed) when the OHV trails were closed. These two events were chosen to represent the most frequent storm size and time periods 
with relatively low (September) and high (April) soil moisture storage conditions. Symbol size represents the TSS value (mg L-1) for each 15 min 
sample (i.e., x-axis represents 6 h of sampling). Graphs (c) and (d) show the TSS values and linear relationships between stormflow and TSS. 

Figure 8. Mean slopes of linear relationships (mg L-1/L s-1) for TSS ver-
sus stormflow for all sampling events at Kimbell Creek (reference) and
Locust Stake (OHV watershed) when the OHV trails were closed prior
to 28 July 2016 and after the trails were opened. Error bars denote
standard errors. Different letters indicate statistically different means.
Figures 7c and 7d show the linear relationships for which these slopes
were determined. 
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period, which did not allow us to sample flows that were as 
high as when the trails were closed. Despite this, the slope 
of the sediment rating curve increased by 7-fold and was cer-
tainly outside the 95% confidence interval of the sediment 
rating curve for the reference watershed. Our inference space 
is limited in scope to these watersheds, rather than all OHV-
containing forested watersheds in general, as we did not have 
replicates at this scale of inference. We also did not deter-
mine the source of sediment delivery to these streams, the 
influence or contribution of legacy sediment or bedload on 
TSS and turbidity, nor whether the TSS was organic or min-
eral. Future work to characterize the volatile (or non-min-
eral) solids in the TSS samples would aid in interpretation. 
Strengths of our study include the duration of sampling for 
the entire study and sampling under both high-flow and low-
flow conditions. We also used a paired-watershed approach, 
with a before and after event (trails closed vs. open). This 
design allowed us to control for climatic effects and isolate 
the factors of interest (trail presence and use). 

Our results suggest that OHV trails or access roads to the 
trails may be a significant source of sediment in streams dur-
ing storms when overland flow on the trails is occurring, and 
may be the cause of degraded water quality because the pres-
ence and recentness in use of OHV trails were the main dif-
ferences between the paired watersheds and time periods. 
Similar to other southern Appalachian loamy mountain soils, 
the well-drained sandy loams on the hills and side slopes in 
both watersheds are highly erodible when exposed but have 
minimal erosion yields when well covered with vegetation 
(Van Lear et al., 1997). Steps taken to permanently cover 
bare soils in the Locust Stake watershed would likely im-
prove water quality, even for trails that have been closed and 
are not in use. Steps taken to reduce, or eliminate, trail use 
would also likely improve water quality. If trail use, to some 
degree, continues, installing vegetative buffers at all trail 
crossings at the end of the use season, eliminating ford cross-
ings, minimizing the number of crossings, and installing sed-
iment traps would likely reduce the TSS concentration and 
turbidity in the stream. All of these actions present mainte-
nance challenges and expenses, but they would allow the 
OHV trail system to be used. Forest managers face a well-
defined set of tradeoffs between providing OHV recreation 
and water quality benefits that warrants careful planning and 
monitoring (Issa, 2003). 

CONCLUSION 
Our study showed that the presence and use of the Locust 

Stake OHV trail system increased sediment concentration 
and turbidity in the North Fork of the Broad River compared 
to a nearby reference watershed that was similar in vegeta-
tion, soils, elevation, and aspect. These effects were reflected 
in greater TSS concentrations per unit stormflow when com-
pared to the reference watershed. Our results suggest that the 
presence and use of the Locust Stake OHV trail system are 
associated with poorer water quality, and with better water 
quality when the trails are closed. 
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