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Abstract

:

Water quality data collected between 2007 and 2014 within the Allen Creek Watershed were used to: (1) determine the factors controlling the temporal variations in turbidity and suspended sediment concentration (SSC) within a representative, high-gradient headwater basin in the Southern Appalachians; and (2) assess the recovery of water quality following extensive logging operations during the early to mid-1900s. Regression analysis suggests that suspended sediment is primarily derived from upland areas and variations in concentration reflect rainfall intensity and total event precipitation. Overall, SSC and turbidity were low in stream waters in comparison to both reference values for stable streams and more developed basins in the region. Some floods were characterized by high SSC values, but limited turbidity and vice versa. Differences in measured SSC and turbidity between storms reflect different controls on the two parameters, and the apparent influence of natural organic matter on turbidity during rainfall events that are incapable of transporting sediment to the channel via overland flow. Low SSC and turbidity values are presumably related to the reforestation of hillslopes and riparian buffers following the cessation of logging operations. They also are due to a historical reduction in the sedimentological connectivity of hillslopes and tributaries with the axial channel that occurred during logging operations.
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1. Introduction


Excessive sediment in rivers is often considered to be one of the most significant threats to aquatic ecosystems [1,2,3,4]. For example, the National Water Quality Inventory, a program in the U.S. developed to assess the current condition of the nation’s water resources, indicates that sediment is second only to pathogens (e.g., E. Coli) as the leading cause of river impairment [5]. The potential impacts of sediment, many of which are related to anthropogenic activities, include rapid episodes of reservoir sedimentation, reduced reservoir storage capacity, degraded water distribution systems, increased turbidity resulting in a reduction of light penetration, degraded aquatic habitats, the burial and/or smothering of benthic organisms, and a decline in the aesthetic quality of the riverine environment. Financially, the annual costs of enhanced sediment influx to rivers and streams have been estimated to range from $20 to $50 billion in North America alone [6,7,8]. Thus, significant effort has been devoted in recent years to: (1) characterizing sediment loads, particularly with regards to fine-grained particulate matter in rivers; and (2) determining the primary factors that control sediment loads and the temporal and spatial variations in loads that occur. These studies have utilized a wide variety of methods ranging from traditional monitoring techniques to the application of distributed modeling routines to the use of geochemical fingerprinting methods and stratigraphic data [9,10].



Results from the above analyses have demonstrated that the amount and timing of rainfall runoff is strongly influenced by the complex interplay between basin morphometry (size, relief, drainage density, etc.), the underlying bedrock geology, and land cover, particularly the type, size and density of vegetation. It is no surprise then that human induced changes in land use may alter both water and sediment inputs to the drainage network [11,12,13], which in turn, have the potential to alter both the quantity and quality of river waters. Moreover, it is commonly assumed that rivers trend toward a state of dynamic equilibrium in which, over a period of years, they adjust their width, depth, slope, roughness, planimetric configuration, and pattern to effectively transport the available sediment through a stream reach under the prevailing hydrologic regime [14,15]. Thus, alterations in land use and sediment production are closely tied to periods of disequilibrium (threshold crossing events) and modifications in channel morphology [16,17,18,19] which, when combined, produce highly complex temporal and spatial patterns in sediment transport over the decadal time scale.



Perhaps one of the most extensively studied examples of the linkages between land-use change, channel response(s), and sediment loadings are the effects associated with European Settlement in the U.S. (and elsewhere) [13,16,20,21,22,23,24,25,26]. Although the details of the alterations vary, many watersheds in the eastern U.S. were found to exhibit a common disturbance history and associated suite of responses including: (1) extensive deforestation of hillslope and valley bottoms, followed by increased runoff and runoff rates to the drainage network; (2) hillslope gullying and accelerated soil erosion resulting in increased sediment loadings to the channel; (3) enhanced rates of deposition on floodplains, and/or upon the channel bed, producing what are commonly referred to as legacy sediments; and (4) a period of reforestation that was combined with the application of improved watershed management practices that resulted in reduced runoff, sediment production and loadings, and, in many instances, channel incision [16,20,21]. This frequently recognized sequence has led some investigators to argue that the current conditions of the river system in terms of both sediment yields and channel morphology will depend on where the watershed rests along this disturbance-recovery sequence [13,27].



Understanding such disturbance-recovery sequences as well as the degree to which river systems may recover from a disturbance is not only of interest from an academic perspective, but has become a central component of many watershed restoration efforts. More specifically, watershed managers and restoration practitioners must know the degree to which a watershed can reasonably recover from a disturbance and the time for that recovery to occur. To date, most studies have focused on “moderate”-sized, alluvial watersheds; i.e., watersheds containing alluvial floodplain and terrace deposits. Studies of these systems have shown that recovery is a long-term process [21,28,29]. In fact, some investigators have questioned whether human influenced systems can reach an equilibrium state, suggesting that there may be insufficient time for the system to adjust to one disturbance before it is impacted by another [15]. For example, it is now widely accepted that the deposition and subsequent reworking of legacy sediments by means of bank erosion has increased the current influx of sediment, nutrients, trace metals, etc. to river systems above that estimated for the same watersheds prior to European settlement [13,16,21,30,31,32,33,34,35,36].



Much less attention has been given to the recovery of water quality in small, bedrock controlled, headwater streams following significant land-use changes in mountainous terrains. In this paper we combine water quality data with a geomorphic analyses of the Allen Creek Watershed of western North Carolina to: (1) characterize the turbidity and suspended sediment concentrations (SSC) over a range of flow conditions; (2) determine the factors controlling the temporal variations in selected sediment transport parameters over timescales ranging from single events to a few years; and (3) assess the degree to which water quality has recovered from extensive timber harvesting over approximately the pastsix decades with respect to suspended sediment. In doing so, the analysis provides insights into the potential degree to which headwater basins in the southern Appalachians and other temperate mountainous regions may recover over the decadal time scale to extensive anthropogenic disturbance, data that are important to both river restoration science and the establishment of total maximum daily load targets for fine-grained sediment.




2. Materials and Methods


Water quality monitoring within the basin began in March 2007 at a site located along the main channel of Allen Creek #1 (often referred to on maps as Allen Branch) (Figure 1). The site was selected as it captures runoff from a large portion of the basin (~24%), is relatively easy to access by means of an off-road vehicle, and at the time of installation exhibited a deep (>1 m) pool and a relatively stable channel floored by bedrock. The site was instrumented with a YSI multi-parameter 6600 sonde equipped to monitor temperature, pH, specific conductivity, dissolved oxygen and turbidity. A pressure transducer was also installed to record variations in water levels, which were then used to determine discharge (as described below). All data were recorded on a datalogger at 5 min intervals, and subsequently transferred to a laptop computer on a regular (~weekly) basis. Water quality samples at the site were collected using an ISCO automated sampler. Initially, the sampler was set to collect 1000 mL of water from the stream at regular intervals, allowing for the analysis of SSC during both base- and flood-flows. Base flows were operationally defined as the flow conditions that occurred three or more days after a precipitation event. In 2008, the sampler was “triggered” by changes in surface water stage and the samples were primarily collected during flood flows. While silt- and clay-sized suspended sediments tend to be semi-homogeneously distributed across a channel (as a function of both width and depth), sand-sized sediment often exhibits more spatial variability. As a result, the point samples collected by the ISCO automated samplers (both at this site and elsewhere) may not be representative of the average concentrations of suspended sediment at the cross section. To minimize the potential for sampling bias, the intake points were positioned: (1) within the main body of the flow; (2) at approximately 0.6 of the bankfull channel depth (which often represents the mean flow velocity), or near the surface of the base flow if the former was not possible; and (3) along reaches with well-mixed waters. Two additional sampling sites (Table 1) were established in July 2008: one along Cherry Cove (a tributary to Allen Creek) and a second along Old Bald Creek (Old Bald Creek #1) (which drains directly into the reservoir) (Figure 1). Both sites were instrumented with a Solinist pressure transducer (levellogger) to measure water level/discharge variations, an ISCO sediment sampler, and a Stevens turbidity probe. Two additional sites were added in 2010 within the Old Bald Creek subbasin. One (Old Bald Creek #2) is located immediately upstream of the reservoir on Old Bald Creek and the other (Old Bald Creek #3) on an adjacent channel that heads within the valley of Old Bald Creek and that drains an area that was treated (by selectively harvesting trees) in 2014. These lower sites exhibit unique characteristics in that the valley bottom was significantly modified during earlier tree harvests (as described in more detail below). In fact, the lower reaches of Old Bald Creek are bound on the south by an approximately 5 m high earthen dike, which locally leaks water to lower adjacent drainages that parallel the stream. Both sites were instrumented with a pressure transducer and an ISCO sampler. In addition, Old Bald Creek #3 was instrumented with a YSI single element Sonde equipped with a turbidity probe. Water samples collected with the ISCO sampler during the largest of the flood events recorded at Old Bald Creek #2 and #3 possessed extremely large quantities of sand, generating SSC values that often exceeded 4000 mg/L. These high values appear to be related to the movement of sand-sized sediment as bedload that bounced along the channel floor and/or moved as a large-scale bedform. Due to the wide, shallow nature of the channel the intake tubing for the ISCO was located only about 15 cm above the channel bed, allowing for the collection of bedload sediment during these large events. Because it could not be determined which events contained only suspended sediment, SSC data obtained from these sites was largely discarded for our analysis.



Water level data collected with the pressure transducers were barometrically compensated to represent actual water levels using Solinst software and atmospheric pressure data collected from a separate levellogger located at the Cherry Cove monitoring site. Once compensated, the data were inspected for erroneous values by comparing stage variations to local precipitation data (described below). All stage data were then exported to Microsoft Excel and converted into discharge measurements using rating tables. The rating tables were generated for each site by modeling stage-discharge relationships determined for specific flood events using WinXPRO, a hydraulic cross-section analyzer developed by the USFS Stream Technology Center [37].
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Figure 1. Map showing location of the upper Allen Creek basin (Waynesville Municipal Watershed) in North Carolina, and the location of the monitoring sites within the watershed: (1) Allen Creek #1; (2) Cherry Cove; (3) Old Bald Creek #1; (4) Old Bald Creek #2; (5) Old Bald Creek #3; (6) Lower Allen Creek #2. 
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Table 1. Summary of instrumented sampling sites within the Allen Creek Watershed.
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Site

	
Period of Monitoring

	
Parameters






	
Allen Creek #1

	
March 2007–September 2011

	
Discharge, SSC, Turbidity, Temperature,

Dissolved Oxygen, Specific Conductivity




	
Lower Allen Creek #2

	
December 2013–Present

	
Discharge, Turbidity, Temperature




	
Cherry Cove

	
July 2008–Present

	
Discharge, SSC, Turbidity, Temperature




	
Old Bald Creek #1

	
July 2008–Present

	
Discharge, SSC, Turbidity, Temperature




	
Old Bald Creek #2

	
June 2010–Present

	
Discharge, SSC, Temperature




	
Old Bald Creek #3

	
June 2010–Present

	
Discharge, SSC, Turbidity, Temperature









The semi-continuous collection of turbidity data proved to be a difficult task as the turbidity probes were plagued by (1) frequent stoppages in data recording; (2) the recording of frequent, randomly high values; and (3) algal growth over the sensor windows creating slow, but progressive drift in the collected values. As a result, significant time and effort was devoted to insuring data quality, during which erroneous data were removed using a multi-step process. More specifically, randomly high values were removed following the creation of time-series plots of turbidity and stage/discharge using Origin. These data were then overlaid allowing for the identification of abrupt turbidity changes that were not preceded or followed by elevated readings and which could not be attributed to a runoff event. These measurements were removed from the dataset. In addition, values associated with sensor drift were removed starting at the inflexion point between the observed base flow values and the progressively rising (non-flood) related values. In total, less than about 5% of the data were removed from the analysis. Accuracy of the turbidity probe was ±2 NTU.



Precipitation data were obtained from an ECONET weather station supported by the North Carolina Agricultural Research Service located at an elevation of about 840 m asl near the dam of the reservoir (and referred to as the Mountain Research Station) (Figure 1). Rainfall events that occurred during the monitoring period, and for which SSC or turbidity data were available, were then characterized in terms of duration, total precipitation, maximum 1 h rainfall intensity, and average event intensity, using hourly rainfall records.



The collection of data at 5 min intervals resulted in large datasets that exceeded the data limitations of Microsoft Excel. Thus, time series plots of the data were created by uploading the monthly manipulated data to Origin 8.1 and later Origin 9.0. Box and whisker plots were then developed using Origin. Group comparisons by means of a t-test were also performed using Origin 9.0. All other statistical analyses were conducted using SYSTAT 9.0. One-half of the detection limit for turbidity and SSC measurements was used in statistical analyses when the sample was below detection.



Water samples were analyzed for SSC using a slightly modified version of the procedure developed by [38]. The detection limit was determined to be 2.5 μg/L. Precision and accuracy determined using an in-house standard and known SSC values were generally <±5%.



The aquatic habitat at the Allen Creek #1, Cherry Cove, and Old Bald Creek #1 sites were characterize in 2013. These data were collected using USGS [39] protocols for assessing the ecological condition of aquatic habitats, and which have been used in North Carolina to assess the impact of land-use changes on rural streams [25]. Specific metrics described the current cross-sectional and longitudinal form of the channel as well as the sedimentology and types of habitat within the channel bed.




3. Results and Discussion


3.1. Monitored Hydrologic Events


The timeframe and range of discharge events monitored at each of the stations is shown on Figure 2a. Although several years of data were collected at each site, it was inadequate to directly estimate flood recurrence intervals for the largest events contained within the data set. Thus, estimates were made using a parameteric model contained within the National Streamflow Statistics software created by US Geological Survey [40]. More specifically, the largest flows on record at the three monitoring sites were compared to estimates generated using the Peak Southeastern US equation (which is applicable to rural basins in Western North Carolina) to determine the recurrence interval of the events. In the case of the Allen Creek #1 site, the majority of flows ranged between 0.4 and 1.0 cm (Figure 2a). The largest flood event, which reached approximately 3.5 cm, occurred on 5 March 2008, and was estimated to be on the order of a 25 year flood. The largest monitored event at the remaining sites occurred on 17 January 2013. The recurrence intervals estimated for this event at both the Cherry Cove and Old Bald Creek #1 sites were also on the order of a 25- to 30-year event. The output from such parametric models is acknowledged to contain considerable uncertainty. Thus, the data should be interpreted with a great deal of caution. Nonetheless, the results suggest that water quality data at the sites were collected for a wide range of flow conditions, in spite of the fact that the data were obtained over a relatively short timeframe (about 7.5 years).





[image: Water 07 03123 g002 1024] 





Figure 2. Between site comparison of measured flow (discharge) (a); suspended sediment concentration (b); and turbidity (c, d). Box represents 25%–75% frequency interval, whereas whiskers repent maximum and minimum values for a, b, c. The 1%–99% range is shown by the whiskers in plot c. Discharge values for lower Allen Creek #2 site are currently unavailable. 
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Analysis of the Allen Creek #1 data show that the peak flood magnitude and rainfall duration of the analyzed runoff events were typically lower during the summer than those that occurred during the remainder of the year; however, more storms were observed during the summer months (Figure 3).
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Figure 3. (a) Number of rainfall events between March 2007 and July 2010 within the Allen Creek Watershed categorized by meteorological season. Includes a total of 69 events; (b) Average rainfall duration and the generated peak discharge associated with each precipitation event. 
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3.2. Suspended Sediment Concentration


The Allen Creek monitoring site was established along a bedrock reach located about 50 m downstream of a bedrock knickpoint. Between 7 March 2007 (when monitoring began) and 5 March 2008 the channel was stable. However, on 5 March 2008 the largest flood recorded during the monitoring period occurred. Although the magnitude of the event was only slightly larger than that which occurred about a year earlier (15 March 2007), it resulted in the movement of large quantities of gravel bedload, some of which was deposited along the bedrock reach in the vicinity of the monitoring station. In fact, more than 50 cm of deposition occur along the reach during the event, partially burying the intake to the ISCO automated sampler. For the next several months, the deposited bedload was eroded and transported downstream. SSC data collected during this period was discarded from our analysis. Neither the Cherry Cove nor Old Bald Creek #1 sites exhibited channel instability during or following the event.



As expected for coarse-grained, gravel bed rivers, SSC during base flow conditions were minimal at all three of the monitoring sites where data were available (Figure 4). At the Allen Creek #1 site, for example, nearly 85% of the more than 250 samples collected during base flow conditions between March 2007 and July 2010 exhibited concentrations <5 mg/L, whereas more than 99% exhibited concentrations < 10 mg/L. In most instances, the highest SSC values were measured immediately after peak discharge, and reached values approaching 145 mg/L at the Allen Creek site.



Based on the total 1051 water samples that were analyzed from the site, more than 90% exhibited sediment concentrations below 30 mg/L, whereas only 2.3% exhibited values exceeding 100 mg/L. Peak SSC values at the Old Bald Creek #1 and Cherry Cove sites were similar reaching values in excess of 280 mg/L (Figure 2). More than 75% of the samples from these sites were below 50 mg/L (Figure 2b).



The duration over which relatively high sediment concentrations occur is an important consideration with regards to the impacts of sediment on aquatic biota [41,42]. Relatively high SSC at all three sites tended to be short-lived. For instance, SSC during floods typically declined to values less than 50 mg/L within 10 h of a precipitation event, and SSC values exceeding 25 mg/L rarely lasted for more than 24 h, at the Allen Creek monitoring station (Figure 5).





[image: Water 07 03123 g004 1024] 





Figure 4. Suspended sediment concentrations measured during base flow conditions at the Allen Creek #1 monitoring station between March 2007 and September 2011. Nearly 85% of the samples exhibited concentrations <5 mg/L; more than 99% exhibited concentration <10 mg/L. 
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Figure 5. SSC plotted as a function of time following precipitation for the Allen Creek #1 monitoring site. Based on 69 events analyzed between March 2007 and July 2010. 
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An alternative means of assessing the duration for which biota are subjected to a specific SSC is to determine the percentage of time (frequency) that a given concentration occurs. As pointed out by Simon et al. [43] and Simon and Klimetz [44], the methods for documenting such a frequency metric are well established and based on the relationship between flow magnitude and sediment concentration (i.e., the establishment of a sediment rating curve). Within the Allen Creek watershed statistically significant sediment rating curves could be developed for individual runoff events at the three monitored sites (Figure 6a,b). However, sediment rating curves could not be developed for data derived from multiple floods (i.e., the total data set), in spite of the large numbers of samples collected at the sites for a range of flow conditions (Figure 6c). Given that relationships could be developed for individual events, it was hypothesized that SSC varied through time according to the characteristics of the precipitation events.



To test the above hypothesis, the 69 distinct precipitation events occurring between 15 March 2007 and July 2010 were characterized in terms of total rainfall, maximum 24 h rainfall, total rainfall duration, average rainfall intensity, and peak 1 h rainfall intensity. The duration between events was also determined. These data were combined with stream flow (discharge) data, and analyzed using a stepwise multiple regression approach to determine which, if any, of the precipitation parameters influenced SSC. The analysis revealed that part of the variability in SSC could be explained by the total amount of rainfall (TPrec) associated with an event and the maximum hourly rainfall intensity (HrIt) of the event, such that:


   S S C = 7.45 + 13.69 T P r e c + 30.63 H r I t   



(1)







While the relationship is statistically significant (p < 0.001), it explained a limited amount of the total variability in SSC values (26%), suggesting that other factors are also important.
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Figure 6. Statistically significant relationships were identified between SSC and discharge during individual events at the monitoring sites, such as shown for the Allen Creek #1 during an event in March 2007 (a); and at the Cherry Cove site during an 3–13 April 2010 event (b); Similar relationships do not exist when data are combined for multiple events at a site as shown for Allen Creek #2 (c). 
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A portion of the noted event-scale variability in SSC appears to be related to the phenomenon known as hysteresis in which SSC for a given discharge differ between the rising and falling stage of an event. It occurs because as discharge and SSC increase, the peak in SSC does not precisely correspond to peak discharge. The form of the hysteretic loops varied between events and sites for a given event, and included figure-eight loops (Figure 7b), straight-lines with a loop (Figure 7c), and clockwise and counter-clockwise loops. Williams [45] notes that the nature of these loops depends on a large number of factors including: (1) the intensity and areal distribution of precipitation within the basin; (2) the amount and rate of runoff; (3) the quantity of sediment stored within and along the channel; and (4) differences in the source and rate of downstream sediment transport. Regardless of the cause, some form of hysteresis was associated with most events and contributed significantly to the variability observed between SSC and discharge.
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Figure 7. Examples of hysteresis loops observed for Allen Creek #1 (a,b) during the 4–5 March 2008 flood and Old Bald Creek #3 during the 28 April 2014 flood (c,d). Turbidity often exhibits a hysteretic loop that differs from that observed for SSC. 
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Student t-tests, performed under the assumption of unequal variance, suggest that SSC at Allen Creek was statistically different from, and lower than, those measured at either Cherry Cove or Old Bald Creek #1 (as suggested by the box and whisker plots presented in Figure 2b). There was no evidence to suggest that SSC values between Cherry Cove and Old Bald Creek #1 were different (p < 0.05). The lower values obtained at the Allen Creek site were surprising because in contrast to either of the other sites the Allen Creek #1 site (1) is lower in the drainage system and therefore possess a larger upstream basin area; and (2) occurs along an relatively unstable channel reach characterized by channel incision, local bedrock knickpoints, and eroding, near vertical channel walls (Figure 8). However, Equation (1) shows that the maximum hourly rainfall intensity is an important parameter controlling the concentration of suspended sediments within the channel of Allen Creek. The identification of rainfall intensity as a control on SSC suggests that at least part of the suspended sediment load is derived from upland areas as higher rainfall intensities are often associated with the development of overland flow and an increased ability of runoff to erode and transport sediment from hillslopes to the channel. Thus, the higher upstream SSC associate with Cherry Cove and Old Bald #1 is likely to be related to the steeper headwater hillslopes that generated more water and sediment during intense rainfall events. It also suggests that sediments eroded from the channel banks in the vicinity of Allen Creek #1 contribute little to the total sediment load.
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Figure 8. Photographs showing differences in channel stability between the Allen Creek #1 (a); Cherry Cove (b) and Old Bald Creek #1 (c) monitoring sites. Notice moss covered boulders at Cherry Cove and Old Bald Creek, indicating their recent lack of movement, and the eroding banks and bedrock knickpoint in Allen Creek photograph. 
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3.3. Influence of Connectivity on Suspended Sediment Concentrations


Significant attention has been given in recent years to the concept of connectivity [46,47,48,49,50]. Connectivity, in general, describes the physical coupling between landforms and landform elements within a catchment (e.g., a hillslope to the channel), and as such influences the movement of water, sediment, and the chemical substances that they possess through the drainage basin. The linkages between landform elements can be defined from a landscape, hydrological, and sedimentological perspective, each forming a separate type of connectivity [46,50]. Landscape connectivity defines the physical coupling between the units, whereas hydrological connectivity describes the ability of water to move from one landform or landform element to another. Hydrologic connectivity is clearly enhanced by increases in landscape connectivity. Sedimentological connectivity refers to the ability of sediments and the constituents attached to them to be moved between elements and ultimately downstream through the catchment. As sediments are transported through the basin by water, sedimentological connectivity requires at least some degree hydrological connectivity.



With regards to sediments, Fryirs et al. [47] defined several types of impediments that limit connectivity, in general, and the conveyance of sediment from one element to another in particular. Of importance to this analysis are the effects that historic timber harvests have had on (1) buffers, which limit the delivery of sediment to the channel, particularly from hillslopes via overland flow; and (2) barriers, which inhibit the downstream transport of sediment through the channel network.



The methods used to extract timber from the watershed have been synthesized in an historical analysis conducted by Flucher [51]. During early timbering operations, the Quinlan-Monroe Company utilized a variety of approaches to transport cut logs to the sawmill in Quinlantown (located at the current site of the reservoir, Figure 1). In steep headwater areas, underbrush and small trees were removed so that logs could be rolled or skidded downslope to the “moist spongy” soils that characterized the riparian corridor. From here the logs were often pulled by oxen down the valley. Where the logs could not be easily transported by skidding through the wet riparian corridors, they used a combination of log chutes, wooden flumes, or splash dams, all of which were known to significantly impact stream channels. In fact, the Quinlan-Monroe Company, in an agreement with the Haywood Mining and Lumber Company, agreed ‘not to open up or cut timber upon’ more than three streams or gullies at any one time (Haywood County, North Carolina Book of Deeds, Book 25). The agreement presumably reflected a desire to reduce the impacts logging had on the physical and biotic conditions of the streams, including water quality. The use of slash dams was the most destructive of the utilized techniques. This method involved the construction of a wooden dam across a stream and its associated valley, creating a pond. Logs were then skidded into the pond, and once filled with timber, the dam was dynamited, flushing the logs downstream in a human induced torrent that was noted to cause significant damage to the riparian corridor.



Decreased downvalley gradients made it possible for the majority of logs to be transported the remainder of the way to the sawmill in Quinlantown through wooden chutes and flumes. From there the sawed timber was shipped to a lumberyard further downstream (and out of the study area) in Hazelwood via a narrow gauge railway. The Champion Fibre Company also built narrow gauge railways up the major drainages of the watershed, including Allen Creek, where the pulpwood could be shipped to the Champion paper plant [52].



Oral histories of the basin indicate that timbering operations had a dramatic negative effect on the riparian corridor; the impacts included the severe erosion of the channel and valley floor, particularly within the steep, headwater areas, and the diversion of stream flow by dikes, berms, embankments and constructed channels. Many of these features, particularly the formation of ridges and berms within the riparian buffer zone remain within the watershed and, therefore, have had a long-term impact on connectivity as they physically disconnected hillslopes with the adjacent channels. These anthropogenic buffers include railway embankments (e.g., along Allen Creek near the Allen Creek #1 monitoring site), and a variety of other earthen ridges that sporadically parallel the channel and for which the origin is unclear. The dimensions of these ridges are highly variable, ranging from less than 1 m to more than 5 m in height. Although in some instances, water has been observed flowing through the earthen embankments during precipitation events, the hydrologic connectivity (and rate of flow) is presumably reduced from its natural condition. Moreover, the embankments inhibit the movement of particulate matter from the slopes to the channel where they occur such that the hillslopes are sedimentologically disconnected locally from the drainage network.



Anthropogenic barriers located along the drainage network also exist. For example, a number of tributary channels can be traced downstream to where they terminate in modern wetlands that appear to have formed in man-made depressions in the valley floor, or by earthen ridges/dams that cross the valley in a direction that is oblique to the downstream flow pattern. While water from these unintentionally created wetlands may find its way to the channel through subsurface routes, they have clearly decreased the hydrologic connectivity of the surficial flow system, and have resulted in the sedimentological disconnection of these tributaries with the axial channel.



In light of the above, one of the most significant impacts of the historic logging operations was a long-term reduction in hydrologic and, more importantly, sedimentologic connectivity within the basin. It is, perhaps, ironic that the reduction in connectivity that resulted from logging that occur occurred more than 60 years ago is now limiting the influx of sediment to the axial drainage system and is at least partly responsible for the relatively high quality waters observed within the watershed.




3.4. Controls on Turbidity


Turbidity is a measure of the general clarity of the river water and is typically reported in nephelometric turbidity units (NTU). Turbidity data were collected at the monitoring sites within the Allen Creek basin, in part because (1) North Carolina State regulations are based on turbidity rather than SSC data; and (2) the installed turbidity probes allowed for the collection of a dataset with a higher temporal resolution than is possible for SSC. Moreover, the collection of turbidity data is much less intensive in terms of both time and effort, and is often assumed to serve as an effective surrogate for SSC.



In general, turbidity values were low for all of the monitoring sites. At the Allen Creek site, for example, the majority of turbidity values measured at five minute increments between March 2007 and September 2011 are below 30 NTU; in fact, more than 75% of the time turbidity measurements were below 10 NTU (Figure 2c,d). Similarly, more than 95% of the values measured at Cherry Cove and Old Bald #1 were below 20 NTU (Figure 2c,d). As expected, the highest turbidity values occurred during floods, with the peak values occurring at or immediately after peak flow. For most events, turbidity tended to decline to near background values well before base flow conditions were reached. As a result, relatively high turbidity values were short-lived. In fact, the analysis of 69 flood events at the Allen Creek site between March 2007 and July 2010 showed that turbidity remained above 10 NTU on average, for less than 1.2 h. In all instances turbidity had decreased below 50 NTU within 25 min (Figure 9). Comparison with Figure 5 shows that while both SSC and turbidity decreased rapidly in comparison to discharge during the waning stages of an event, turbidity tends to decrease to pre-event values more quickly than SSC.



As was the case for SSC, statistically significant relationships between turbidity and discharge could be developed for individual flood events, but not for the dataset as a whole (i.e., when data from multiple events are combined) (Figure 10). Between sites, t-tests demonstrated that mean turbidity values differed between all of the sites and were higher at the Cherry Cove site than at the Allen Creek or Old Bald 1 sites (p < 0.05) (Figure 2c,d). The highest mean and maximum turbidity values occurred at Old Bald #3, a site located within a channel that drains part of the valley floor of Old Bald Creek and that is located immediately upstream of the reservoir (Figure 1).
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Figure 9. Average time turbidity was above a specified turbidity value at the Allen Creek #1 site between March 2007 and July 2010. 
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Figure 10. Variations in turbidity as a function of stream flow at the Allen Creek #1 (a); Cherry Cove (c); and Old Bald Creek #1 (d) monitoring stations; (b) variations in turbidity at the Allen Creek #1 site during the 15–16 March 2007 event only. 
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The use of turbidity as a surrogate for SSC within stream waters is based on the assumption that a direct relationship exists between the two. Although weak relationships occur between the two parameters for individual events within the Allen Creek Watershed, a statistically significant relationship between turbidity and SSC does not appear to exist at any of the monitoring sites when data from multiple events are combined (Figure 11). This finding is not surprising given that neither SSC nor turbidity were found to increase systematically with discharge when data from multiple events were combined. It is interesting, however, that the factors controlling turbidity appear to differ from those controlling SSC. For example, the stepwise regression analysis presented earlier showed that SSC primarily varied as a function of total rainfall and maximum rainfall intensity. A similar regression approach applied to turbidity data collected at the Allen Creek #1 site for the same 69 precipitation events between March 2007 and July 2010 revealed that turbidity varied as a function stream flow (discharge, Q) and rainfall duration (RD) as expressed by:


   T u r b i d i t y = 0.237 + 5.31 Q − 0.57 R D   



(2)
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Figure 11. (a) Relationships between SSC and turbidity at the Old Bald #1 site (n = 511). Values are plotted in arithmetic scale to more effectively show that different relationships occur between events; (b) Peak SSC and turbidity values measured during 15 separate floods at the Allen Creek site between March 2008 and July 2010. Note that some precipitation events initiate a response in SSC, some a response in turbidity, and others a response in both. 
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As was the case for SSC, the influence of the examined hydrologic/meteorological parameters on turbidity was found to be rather weak, explaining less than 23% of the variation in turbidity (in spite of the fact that the regression was statically significant, p = 0.05).



Perhaps more importantly, the source of the suspended sediment and turbidity within the channel at all of the monitoring sites appear to differ. For instance, Figure 12a shows that peak SSC and peak turbidity values may occur at different times during a precipitation event, a phenomenon that was often observed at the monitoring sites. As a result, runoff events were, in many instances, characterized by contrasting hysteretic loops for turbidity and SSC (Figure 7). Moreover, the magnitude of the response in SSC and turbidity varied between events (Figure 12). In some cases, a significant response in SSC was characterized by a limited response in turbidity, while in other instances, a notably increase in turbidity was associated with little if any measureable increase in SSC (Figure 12b).
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Figure 12. (a) Time series showing the differences in the timing of peak SSC and turbidity values measured for a flood at the Old Bald Creek #3 site, 27–28 April 2014; Semi-systematic variations in SSC (b) and turbidity (c) occurred during the event. Differences in the timing of peak SSC and turbidity suggests changes in water clarity results from a factor(s) other than suspended sediment. 
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While the suspended sediment within most rivers, including the Allen Creek drainage system, is dominated by inorganic mineral matter derived from the weathering and erosion of rocks and soils [12], the sources of turbidity may be highly complex. Turbidity causing particulates range from 0.001 to 1.0 μm in diameter and, thus, include colloidal particles. Compositionally, the particles may not only consist of inorganic substances, but (1) biological materials associated with algae, cyanobacteria, zooplankton as well as various types of biofilms [53,54]; and (2) natural organic matter (NOM) derived from the breakdown of vegetation [55]. The latter, NOM (e.g., fulvic and humic acids), are hydrophilic in nature, and some of these organic constituents may be dissolved within the riverine waters [55].



Field observations made during rainfall events characterized by low SSC, but relatively high turbidity values suggest that the increasing turbidity was associated with a darkening of the water. A number of investigators have suggested that dissolved organic carbon (DOC) may be flushed into the river during flood events as elevated water tables mobilize DOC from organic rich soil horizons within the near channel deposits [56,57,58,59]. DOC may also be derived from hillslope soil horizons [60,61,62] as water tables rise into the organic-rich surface layers, or from hillslope soils that receive runoff from bedrock outcrops covered in organic matter [63]. Thus, we hypothesis that the darkening of the river water was associated with the influx of NOM via runoff through the organic litter layer at the forest floor or through the shallow groundwater system. The influx of DOC during an event is consistent with the results of the previously described regression analysis. The analysis suggests that rainfall intensity serves as an important control on SSC, presumably because higher intensities are more likely to generate overland flows capable of transporting sediment from upland areas to the channel. In contrast, turbidity was positively related to discharge magnitude and negatively related to rainfall duration. Rainfall intensity was not identified as an important parameter, suggesting the discharges associated with elevated water tables, but which are not necessarily associated with intense overland flows may generate high turbidity values.



Regardless of the source of the constituents that cause an increase in turbidity, it is clear that turbidity is not a perfect surrogate of SSC within the Allen Creek watershed, especially when SSC is low. Thus, the use of turbidity measurements to assess the movement of sediment from areas subjected to forest treatments must be used with caution.




3.5. Implications to Watershed Recovery


Watershed recovery can be viewed from a biotic, hydrologic, or geomorphic perspective. Even within a given topical area the term recovery has been defined in different ways depending on the nature and objectives of the investigation. For example, the geomorphic recovery of the fluvial system to catastrophic flooding has been defined in terms of the timing and processes involved in floodplain reconstruction [64,65], modifications in channel form (width, depth, width/depth ratio, slope, etc.), and changes in sediment loads following the event [66,67,68,69,70]. Here we primarily focus on the recovery of sediment loads to pre-disturbance conditions where the disturbance is taken to be the various episodes of logging activity that occurred within the Allen Creek watershed.



The quantitative analysis of pre- and post-disturbance sediment loads is an impossible task as pre-logging data are absent. From a qualitative perspective, written and oral histories for the region as a whole as well as for the Allen Creek basin suggest that hillslopes were characterized by numerous deep gully systems that delivered considerable sediment to the channel [71]. Glenn [72], for example, described the general conditions of the terrain in the Waynesville area as follows:


“Waynesville is situated on a part of the old Asheville plateau that has been dissected by the river and its tributaries in the same manner as the region about Asheville has been dissected. The soils are eroding much as they are elsewhere on this old plateau. From Waynesville eastward to Davis Gap much of the country is cleared. The surface is rolling to hilly and eroded areas occur here and there. In the gap itself, especially on the West side, the lands have been badly gullied.”







Further west near Balsam Gap (located about 10 km from Allen Creek), Glenn [72] states that,


“40 per cent of the steeply rounded hills at the head of Scott Creek have been cleared. Many of these cleared areas have been cultivated for years and have become deeply gullied. A large number of such gullied fields have been abandoned, and in numerous places nature has not yet succeeded in repairing the damages wrought by man, so that the bare red clay surface on these scarred hillsides is becoming constantly larger, and new fields are being cleared whose ultimate fate will be the same as that of these eroded areas.”







It is hard to imagine a scenario in which extensive cutting within the Allen Creek watershed, followed by the use of splash dams, skid trails, and channel diversions would not significantly increased sediment loads. In fact, during the early 1900s the region’s severe erosional problems combined with a perception of enhanced flooding had gained national attention [71] and was the impetus for the Weeks and subsequent Clark-McNary Acts that allowed the public purchase of private lands. The existence of elevated sediment loads is supported by the occurrence of legacy sediments that bury pre-disturbance floodplain soils along the major downstream drainages in the area. For example, along Richland Creek (to which Allen Creek is a tributary), approximately 50 cm of sediment was found to bury older floodplain deposits. These younger sediments were found to exhibit a 206Pb/207Pb isotopic ratio that was similar to that of lead-arsenate used as a pesticide on apple orchards in the basin between approximately 1903 and 1950 [73]. Thus, these deposits are thought to represent a period of elevated sediment loads and floodplain aggradation during the early 1900s, precisely when major logging occurred within the Richland Creek Watershed, including Allen Creek, one of its major tributaries.



Data collected from other tributary basins to Richland Creek, but which contain extensive areas of agriculture and housing developments provide additional insights into the magnitude to which SSC may have been increased during logging. For example, water quality samples collected during low- to moderate-sized floods between 3 October and 20 December 2011 at a monitoring station located on Raccoon Creek exhibited SSC values exceeding 1000 mg/L during three separate events. Maximum concentrations exceeded 5000 mg/L during one of the events, an order of magnitude higher than the maximum SSC recorded in Allen Creek. Turbidity values within this more developed basin are also higher by about a factor of 10. During the same period, SSC exceeded 1000 mg/L on one occasion and 75 mg/L on two separate occasions within the Jones Cove basin (also a tributary to Richland Creek).



In light of the above, it appears that suspended sediment concentrations have declined significantly since major logging operations occurred in the Allen Creek Basin. In fact, the reduction appears to be such that SSC is on par with, or below, those suggested as “reference” values for stable streams in the Blue Ridge ecoregion as defined by Simon and Klimetz [44]. The reference concentration was defined as the concentration associated with floods of a specific magnitude and frequency, and was based on regional gaging station data. As mentioned earlier, the lack of long-term runoff data and an inability to develop SSC vs. discharge relationships inhibited the application of a similar approach to the Allen Creek data. However, it is worth noting that the reference concentration for the 99th percentile storm event (those with flows that are exceeded 1% of the time, or 3.65 days per year) was determined by Simon and Klimetz [44] to be 57.1 mg/L for the Blue Ridge ecoregion. SSC exceeded this 57.1 mg/L reference value at the Allen Creek #1 monitoring site during 11 of the 69 floods recorded between March 2007 and July 2010, or about 3 times per year on average. During these storms the reference value was exceeded for a total of less than 10 h on average (Figure 5). In addition, the maximum measured concentration of suspended sediments (about 140 mg/L) was well below a maximum of approximately 400 mg/L reported on the plots presented by Simon and Klimetz [44]. In summary, then, suspended sediment loads appear to be relatively low within the Allen Creek watershed and are below those that have been considered to be reference values for other stable streams in the area.



The reduction of sediment influx to the Allen Creek drainage system since major logging in the basin is consistent with recent geomorphic and biological assessments of aquatic habitat within the Allen Creek Watershed. While these assessments will be presented in more detail in another paper, it is important to note that they show that channels have recovered from their presumably disrupted state such that they are now geomorphically stable along most parts of the drainage network (Figure 8b,c), and characterized by a wide range of aquatic habitats (Table 2) and bed material sizes (Table 3). Fine-grained (silt-, clay-, and fine sand-sized) sediment comprises less than 5% of the bed material. In addition, a biological assessment conducted by Martin [74] led to the conclusion that streams within the watershed are “very well suited for cold water macroinvertebrates and fish”…and “there was sufficient gravel of appropriate sizes for brook trout spawning”.
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Table 2. Frequency distribution of aquatic habitats shown as a percent of the total surveyed area of channel bed recorded at the three upstream monitoring sites.
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Habitat Type

	
Allen Creek #1

	
Old Bald #1

	
Cherry Cove #1






	
Pool

	
15.2

	
12.1

	
18.2




	
Glide

	
3.0

	
3.0

	
12.1




	
Riffle

	
42.4

	
51.5

	
45.5




	
Rapid

	
27.3

	
30.3

	
21.2




	
Cascade

	
12.1

	
3.0

	
3.0
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Table 3. Grain size distribution within the channel bed at the three upstream monitoring sites (sizes given in mm).
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Grain Size (mm)

	
Allen Creek

	
Old Bald #1

	
Cherry Cove #1






	
D16

	
35.0

	
23.8

	
12.2




	
D50

	
71.9

	
105.6

	
110.0




	
D84

	
129.6

	
170.1

	
175.5









The majority of the suspended sediment transported through the channel network appears to be derived from upland areas, rather than the channel banks. With the exception of the lower 2 km of Allen Creek (immediately upstream of the reservoir), there is little physical evidence of bank erosion; rather the banks are typically covered in dense vegetation. Along the lower reach of Allen Creek, the channel is currently incising, but the depth of incision, and the upstream migration of the incised zone is limited by bedrock outcrops that locally create knickpoints. As noted in the introduction, a common geomorphic response to European settlement was channel bed aggradation during periods of intense upland erosion followed by channel incision. Bank erosion that accompanies the formation of the incised channels often serves as a important source of suspended sediment to the channel. In the case of Allen Creek, it is unclear whether channel incision is related to a reduction in sediment loads that accompanied reforestation of the basin, or to one of the many other disturbances that occurred in the watershed. However, bank erosion within these steep headwater areas does not appear to be a significant source of sediment to the channel at the present time.



Is possible that both spatial and temporal variations in sediment loads (SSC and turbidity) are related in part to natural processes, such as mass wasting events (land-slides, debris flows, etc.). Both landslides and debris flows have been identified within the Allen Creek watershed, particularly within small, high elevation basins. However, based on soil development, lichen cover on boulders and berms, tree cover, and stratigraphic relationships with axial channel deposits, these features appear to either predate logging activity or to have occurred during the period of logging. A number of the debris flows appear to be a few thousand years old. Thus, it is unlikely that these natural processes contributed to the observed variations in SSC or turbidity during the monitoring period, or could explain the declines in sediment loads since logging occurred.



The apparent recovery of Allen Creek in terms of suspended sediment loads and bed material composition is undoubtedly related in part to the revegetation of the watershed; about 95% of the watershed is now forested, and densely vegetated riparian buffers exist along most streams. It is also due to man-made changes in channel and valley morphology that significant decreases the physical, hydrological, and sedimentological connectivity of hillslopes and tributaries to the axial channel. Ironically, these long-term effects on connectivity will limit the transport of sediment from upland areas to the channel during subsequent forest treatments, and reduce the risk that such treatments will negatively impact water quality.





4. Conclusions


The Allen Creek watershed is a small, headwater basin located in the Southern Appalachian Mountains of western North Carolina. During the early to mid-1900s it was subjected to significant logging activity which, based on historical accounts, led to significant hillslope erosion and high sediment loads. In addition, the drainage network and its associated riparian corridor were heavily impacted by dikes, berms, embankments, and constructed channels as well as by the use of slash dams, the latter to transport logs downvalley. Since logging, the entire area of the watershed has been purchased by public entities, primarily the Town of Waynesville as a water supply, and access has been restricted. About 95% of the basin if now forested, creating an ideal setting to examine the recovery of a basin to anthropogenic disturbance. Water quality data collected between 2007 and 2014 led to the following conclusions:

	(1)

	
In general, the stream waters are characterized by low SSC and turbidity values in comparison to reference values proposed for the region and data collected from other more developed basins in the area;




	(2)

	
The recovery of water quality within the basin in terms of both SSC and turbidity appears to not only be related to reforestation of the watershed following the cessation of logging operations, but to a historic reduction in the hydrologic and sedimentologic connectivity of the hillslopes and tributaries with the axial channel;




	(3)

	
While SSC and turbidity vary as a function of discharge during individual events, such correlations do not exist when data from multiple events are combined, indicating that the relationships are event specific. In fact, some floods were characterized by high SSC values, but low turbidity (and vice versa);




	(4)

	
Differences in the response of SSC and turbidity to increasing flow appear to be related to differences in the factors that control the two parameters. Of particular interest is the potential influence of natural organic matter on turbidity during floods when the concentrations of suspended sediments are low;




	(5)

	
Turbidity is often used as a surrogate for SSC. However, differences in the controlling factors, combined with a lack of statistical correlation between the two parameters when multiple events are considered, suggest that turbidity cannot be used as an effective surrogate in the Allen Creek watershed.
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