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Abstract 

 

Forestry operations have long been understood to contribute to non-point source pollution. With 

the implementation of federal regulations to thwart such pollution and protect water quality, North 

Carolina adopted rules called Forest Practice Guidelines (FPGs). This research assesses the efficacy 

of a specific FPG called Streamside Management Zones (SMZs) for the North Carolina Forest 

Service (NCFS). Specifically, it examines whether SMZ characteristics influence tree windthrow and 

if such changes are related to differences in total suspended solids (TSS) levels in North Carolina 

Piedmont streams. Our results indicate that windthrow is more common in SMZs than in 

unharvested forest stands. We found that drivers of windthrow vary by location; slope, aspect, and 

distance to stream contribute to both increased and decreased probability of windthrow. Results also 

indicate differences in windprone species across sites, but similarities in windfirm species across 

sites. The majority of sites experienced greater windthrow of larger diameter trees. These results will 

help to inform the direction of future research conducted by the NCFS and to help develop 

guidance surrounding FPGs in North Carolina.  

 

 

Introduction 

 

It is widely understood that forest harvest operations significantly impact water quality through 

increased overland flow, inputs of non-point source pollution into streams and degraded soil 

conditions leading to sedimentation, among others (Binkley & Brown 1993, Pennock & van Kessel 

1997, Ensign & Mallin 2001). Because of this, federal regulations were implemented to protect water 

quality, followed by state adoption of policies to meet water quality targets. 

 

The Federal Water Pollution Control Act (FWPCA 1948, 33 U.S.C. 1251 - 1376; Chapter 758; P.L. 

845, June 30, 1948; 62 Stat. 1155) was the first legal attempt to protect the water of the United States 

from pollution for the purpose of water quality and in 1972 was amended and further known as the 

Clean Water Act (CWA 1972, 33 U.S.C. §1251 et seq. (1972)). The establishment of this Act marked 

the first instance of awareness of water quality issues stemming from industrialization and 

development of the land and the establishment of regulations to prevent the discharge of pollutants 

into the navigable waters without permit (EPA 2015). The language of this Act specifies that each 

state is required to establish water quality targets.  To achieve this goal, North Carolina adopted the 

Sedimentation Pollution Control Act of 1973 (SPCA 1973, NC General Statutes 1973, c. 392, s. 1.), 

which instructs the state’s Department of Environment and Natural Resources (DENR) to adopt 

the Forest Practice Guidelines Related to Water Quality (02 NCAC 60C.0101-.0209, SPCA § 113A-

52.1), further referred to as FPGs. There are 7 FPG performance standards that must be met during 

forest operations in order for forestry to remain exempt from the SPCA’s permitting requirements. 

To comply with the FPGs, North Carolina developed Best Management Practices (BMPs) and 

Buffer Rules.  Forestry Best Management Practices (BMPs) are most commonly used as methods for 
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complying with the FPGs during forestry-related activities, but are considered voluntary. The Buffer 

Rules, on the other hand are mandatory methods of compliance. 

 

For the purposes of this project, we focused on one type of forestry FPG in particular called 

streamside management zones (SMZs). The SMZ is one of the 7 required performance standards 

under the FPGs (02 NCAC 60C .0201). The definition of SMZ in forestry refers to the area 

alongside a stream and adjacent to a harvest area that is specifically managed to prevent the flow of 

sediment and the acceleration of erosion, and to protect water quality (NCFS 2014). In particular, 

the SMZ is used along intermittent and perennial streams and perennial water bodies for the 

overarching goal of protecting water quality through reduced sedimentation and erosion as well as 

reducing NPSP inputs to the stream (02 NCAC 60C.0201). Streamside Management Zones may also 

be referred to as “buffers” or “riparian buffers” within this document.  

  

Specific rules apply to SMZs and can affect the work that is to be completed in or near the zones. 

North Carolina has seven separate buffer rules, depending on which river basin or watershed is in 

question: Neuse River Basin, Tar-Pamlico River Basin, Randleman Reservoir Watershed, Catawba 

River Lakes basin, Randleman Lake Water Supply Watershed, Jordan Lake Water Supply Watershed 

and Goose Creek Watershed (NCDENR DWR). For the purpose of this study, we focus on the 

Neuse River Basin buffer rules, because our stream sampling locations fall within this watershed.  

  

North Carolina’s DENR Division of Water Resources provides information regarding the buffer 

rules associated with each watershed. Specifically, Neuse River Basin rules apply to 50 foot wide 

riparian buffers (15A NCAC 02B.0233 § 3) consisting of two separate zones, Zone 1 and Zone 2. 

Zone 1 spans 30 feet perpendicular from the stream edge (where herbaceous vegetation begins) into 

the forested area (§ 4 (a) (i)). Zone 2 begins along the boundary of Zone 1 and extends 20 feet into 

the forested area (§ 4 (b)), and creates a total SMZ width of 50 feet on each side of the stream. 

 

In general, the SMZ is to remain undisturbed, unless the activity is under an exemption. Within each 

zone, selective harvesting is considered and exemption, and may be conducted within specific 

sections of the zones. However, the harvester must follow guidance on specific take limits because 

SMZs are to “confine visible sediment resulting from accelerated erosion” (02 NCAC 60C .0201(a)). 

The first 10 feet of Zone 1 along the stream is to be left untouched, EXCEPT for the taking of 

individual high value trees (§ 11 (b)(iv)(A)). The next 20 feet of Zone 1 allows for the removal of 

NO MORE THAN 50% of trees greater than 5” DBH once every 15 years (§ 11 (b)(iv)(B)). Finally, 

Zone 2 allows harvesting and regeneration while maintaining appropriate ground cover for 

“diffusion and infiltration of surface runoff” (§11 (b)(iv)(C)). Current language only minimally 

discusses residual tree rules within these buffer zones. Specifically, the rule states that “Trees shall be 

removed with the minimum disturbance to the soil and residual vegetation” (§ 11 (b) (iii)), leaving 

residual tree density undefined.  
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While beneficial in many ways, these SMZs may also increase the susceptibility of trees to incur 

damages from high wind events due to exposed edges and from thinning activity within the zones 

(Grizzel & Wolff 1998, Steil et al. 2009) as well as from shallower rooting depths of trees (Moore & 

Richardson 2012). Such damage to the tree is called windthrow. Windthrow itself can play multiple 

roles within the riparian buffer areas. While windthrow may provide in-stream systems with large 

woody debris, thus creating complex stream channels, providing habitat for fish and other 

vertebrates after periods of high windthrow, and increasing the potential for trapping sediment 

(Fausch & Northcote 1992, Studinski et al. 2012), severe windthrow may negatively impact the water 

quality in streams by introducing higher amounts of sediment from upturned rootwads (Bahuguna et 

al. 2012).  The increase in exposed mineral soil from a down tree causes far more sediment 

entrainment than would normally happen, resulting in more sediment entering the water system 

(Boggs et al. 2015).  In general, the consensus in the literature is that the benefits of windthrow in 

SMZs are minimal compared to the externalities they may impose on water quality and site 

composition and integrity. 

 

The effects of land use changes on flow to streams are well understood. For example, current 

literature indicates that during high flow events, streams located in urban rather than forested or 

agricultural areas (with riparian buffers) experience higher sediment loading, whereas fully forested 

streams typically receive the lowest input of sediment. Interestingly, during normal flows, agricultural 

streams generally receive the highest amount of suspended sediments, likely due to the fine sediment 

size there (Lenat & Crawford 1993). From this, it is evident that sediment loading in streams may 

have varied responses to land use and land cover change. 

 

The amount of sediment within a stream also likely increases with the number of windthrown trees 

in the adjacent forest (Grizzel & Wolff 1998).  Turbidity and sediment loading data can be used to 

assess the effectiveness of SMZs in preventing visible sediment from entering the streams. Turbidity 

of water is an indirect measurement of the opacity of the water, and is typically measured by the 

scattering of light through water.  Turbidity often is a predictor of the presence of suspended solids 

in water and is affected by both organic and inorganic matter (for example algae or sediments, 

respectively) (Marquis 2005). While such data can be used to relate turbidity and sediment loading of 

a creek, such relationships are often difficult to quantify because of such an array of factors that 

could potentially affect turbidity. For example, particle size and shape are two factors that may affect 

turbidity equally as much as concentration within the water (Marquis 2005).  Studies have shown 

that increasing particle size can decrease turbidity, though an increase in the variation of particle size 

can also increase turbidity (Lewis 2003).  Current methods in stream science utilize measurements of 

opacity, particle concentration and shape for quantifying relationships between the turbidity of water 

and the sediment loading of streams. If enough data are collected, a relationship between turbidity 

and total suspended solids can be built.   
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Previous research, while sparse, has attempted to determine the variables that influence susceptibility 

of trees to windthrow. One such study focused on determining a relationship between riparian 

buffer characteristics, the prevalence of windthrow, and water quality in the North Carolina 

Piedmont (Boggs et al. 2015). Spatial analysis of windthrow patterns has been previously conducted, 

but mainly in the context of very large windthrow events resulting from wildfire-induced tree 

mortality (Sinton et al. 2000).  Many sources indicate that three of the most important variables to 

consider when determining windthrow susceptibility are tree species, diameter at breast height 

(DBH), and topography (Steinblums et al. 1984, Canham et al. 2001, in Steil et al. 2009). 

 

 

Our Research 

 

Our client, the North Carolina Forest Service (NCFS), advises forest managers and landowners in 

the state on best practices to protect water quality during forest harvest operations.  In order to 

develop better guidance, the NCFS is interested in examining site characteristics of SMZs where 

windthrow is occurring, with the aim of elucidating characteristics that make an SMZ more or less 

susceptible to windthrow. This will be the focus of our study. 

 

Specifically, we aim to determine which site characteristics, if any, are driving windthrow by 

considering the following questions: 

 

1. Which site characteristic (slope, aspect, soil) may influence the probability of windthrow in 

an SMZ buffer? 

2. Which tree species and what DBH trees are most susceptible to windthrow? 

3. Is tree location within an SMZ buffer a significant driver of windthrow probability? 

 

Additionally, this study attempts to connect the magnitude of windthrow in SMZs with changes in 

water quality, specifically total suspended solids (TSS) and aims to answer the following questions 

surrounding windthrow instances and water quality: 

 

1. What is the relationship between the amount of windthrow and the amount TSS? 

 

Considering these research questions we have developed the following hypotheses: 

1. Windthrow is more likely in SMZs shallow soils, and steep slopes. 

2. Windthrow is more likely in the outer zones of the SMZs, closer to the buffer edge. 

3. Larger diameter trees are more susceptible to windthrow than smaller diameter. 

4. TSS will increase where windthrow is more prevalent. 
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Methods 

 

To test our hypotheses and answer the research questions, we collected data within three forested 

SMZs and three control reaches with no harvesting or buffers. The purpose of the surveys was to 

determine the basal area and diameter distribution of live timber in the riparian buffers, record the 

number and location of windthrown trees, and measure TSS in order to relate stand characteristics 

to susceptibility of a site to windthrow. We compared these values in unharvested (control) and 

harvested buffers (treatment) within and across sites. Using available geospatial data on soils and 

topography, we were be able to add these elements into our analysis and provide NCFS with more 

informed guidelines for forested riparian buffers.  

 

Study Sites 

 

This study took place in three forested buffer areas across perennial streams in the Piedmont region 

of North Carolina: Duke Forest, Hill Forest, Umstead Research Farm (Map 1). Site selection was 

determined via access ability, distance from Durham, NC, and harvest activity in adjacent areas to 

the SMZs.  
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Map 1. Three study site locations in Orange, Durham and Granville Counties, NC 

 

Aside from illustrating study site locations, harvest activity is also discernible from Map 1. The Duke 

Forest SMZ site is along a perennial stream with 14 total acres of adjacent harvest as of 2013. The 

Duke Forest control site (not pictured in Map 1) is located in proximity to the treatment buffer. 

These are located just outside of Hillsborough, NC in the Blackwood division of the Duke Forest 

and are fully accessible through coordination with the Duke Forest staff.  

 

The Hill Forest site is located in Durham County and the Umstead Farm site is located in Granville 

County, NC. Both the Hill Forest and Umstead Research Farm sites were established as part of a 

study by Boggs et al. (2010) investigating impacts of forestry practices on water quality and tree 

physiology. Each of these sites contains paired watersheds featuring one stream reach exposed to 

silvicultural treatment (titled HF1 and UF1), and one control reach (titled HF2 and UF2). The HF1 

site had 30 acres of clearcut harvesting and the UF1 site had 47 acres of clearcut. Both HF1 and 

UF1 have residual 50 foot wide SMZ buffers along the stream edge. These sites are located outside 

Butner, NC on state-owned lands. Access to these sites was granted by Johnny Boggs and the North 
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Carolina Forest Service. Table 1 below highlights some important site conditions of all of the study 

sites surveyed within this study and includes the SMZ area, stream length, soil characteristics and 

date of harvest.  

 
Table 1. Comparison of study sites. 

Site 
SMZ Area 

(ac) 
Stream 

Length (m) 
Soil 

Characteristics 
Timber 

Harvest Date 

Duke Forest 
Control 1.43 165 Deep No harvest 

Duke Forest 
Treatment 2.28 267 Deep 

September 
2013 

Hill Forest 
Control 2.11 260 Deep No harvest 

Hill Forest 
Treatment 2.64 300 Deep 

Winter 2010-
2011 

Umstead Farms 
Control 1.82 200 Shallow No harvest 

Umstead Farms 
Treatment 4.64 550 Shallow Summer 2010 

 

 

 

Sampling Design- Forest Cover 

In order to accurately characterize the vegetation and forest structure in the study sites, each study 

site was inventoried. A standard timber cruise aiming to sample at least 10% of the buffer areas was 

used at all study sites. The 10% sampling target was used because that is the minimum amount of 

sampling area recommended for stand-level estimations using the Forest Vegetation Simulator (FVS; 

fs.fed.us/fmsc/fvs/) software, as well as other forest inventory procedures (Avery & Burkhart 

2001).  

 

Nested fixed-radius 1/10th and 1/100th acre circular plots were employed. These were chosen in 

part because the USDA Forest Service describes 1/10th acre plots as “good plot size for broad 

vegetation composition inventories” in addition to being the recommended plot size for riparian 

forests (USDA 2014). The 1/10th acre plots span 37.2 feet in radius (11.3 meters) and the 1/100th 

acre plots span 11.8 feet in radius (3.6 meters). The number of plots needed for each site was 

determined by multiplying the total plot area (in acres) by 10%, then dividing by the large plot size 

(1/10th acre). Once the number of plots needed was determined,  they were randomly placed on 
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alternating sides of the streams using Plot Hound (SilviaTerra 2015; 

https://www.silviaterra.com/plot-hound/).  

 

Within each plot at each site, forest inventory data was collected. Sampling data included tree species 

and diameter at breast height (DBH), as well as the total height and height to crown base of two 

dominant trees in each plot. In the large 1/10th acre plots, all trees greater than 10 inches diameter 

at breast height (DBH) were measured; trees less than 10 inches DBH were measured in the small 

1/100th acre plots. Field sampling data was converted to stand level estimates of forest cover and 

density following collection using FVS. The quadratic mean diameter (QMD) was calculated across 

all individuals of each stand, using equation 1, where D is individual tree DBH. 

 

Equation 1:     

 

 

Sampling Design- Windthrow Assessment 

Comprehensive measurements of every individual tree affected by a wind event were necessary to 

assess the efficacy of forested buffers.  To accomplish this, the entire length of each study stream 

was surveyed for the presence of windthrow.  Trees were considered as windthrow if they met one 

of the following criteria: broken top (Snapped), lean evident from wind event (Leaning), or uprooted 

or laying on the ground (Downed).  The location, species, DBH, and windthrow category (Snapped, 

Leaning, or Downed) of each windthrow tree was recorded using a Trimble GeoXH GPS unit 

(Trimble Navigation Limited; http://www.trimble.com/mappingGIS/Handheld-Computers- 

GNSS.aspx).  The application “SilvAssist”  was used on the GPS unit to record the location and 

attributes of windthrow trees (F4 Tech; http://www.thinkf4.com/software-updates/silvassist- 

mobile).  

 

To better assess windthrow susceptibility, we calculated a rate of windthrow for each species within 

the buffers. Windprone is defined here as the trees most likely to become windthrow after a wind 

event, whereas windfirm refers to those most likely to remain standing after such an event. First, to 

determine which species were most windprone across sites, we calculated the ratio of windthrow 

trees to the total number of individuals expected to be present within each site for each species. 

Next, the percentage of each species above and below the stand QMD were calculated. 
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Sampling Design- water quality 

For this study, the main focus was on particle concentration, as particle size was beyond the scope 

of what could feasibly be measured. Water quality data from Umstead Farm and Hill Forest were 

provided by the U.S. Forest Service Southern Research Station, who have been using the sites for 

other research.  For the Duke Forest buffer site, stream water samples (400-550 mL) were collected 

during various rainstorm events throughout the winter and spring of 2015, using an ISCO 6712 

automated water sampling device (Teledyne Technologies Incorporated).  Sediment loads from the 

Duke Forest control site were not taken directly, but calculated from turbidity data later in the study.  

The samples were taken at predesignated times during rain events, at thirty minute intervals, for 

either 12 or 24 hour periods.  Additional samples were taken at random times to increase the range 

of conditions represented by the data.  The samples were then stored until they were processed in 

the laboratory.   

 

Data were collected from turbidity probes placed in various locations in the Duke Forest’s Eno 

Division. One was placed at the study site and one at the control site. This allowed for later 

comparisons of total suspended solids between the control and buffer streams, as well as the 

calculation of turbidity.   

 

The water samples collected during rainstorm events were analyzed for total suspended solids using 

the standard Total Suspended Solids analytical method (Glysson, et al. 2000).  Vacuum filter papers 

were conditioned with deionized water under vacuum and dried for one hour at 105oC.  Dry filters 

were weighed prior to storm sample analysis.  Samples were measured for volume and filtered 

through the dry filters under vacuum filtration, with subsequent washes of deionized water to ensure 

all sediment was removed from the storage bottle and was trapped in the filter. Filters were then 

dried at 105 degrees Celsius for one hour to remove all moisture from the sample. Following drying, 

the filters were weighed and the mass of sediment from each sample was calculated using equation 2. 

 

Equation 2: Mass sediment = (mass filter + sediment) - mass filter 

 

 

Water quality analysis 

Once the samples were filtered and weighed, the sediment weights were normalized by dividing the 

weight of the sediment by the volume of the sample (mg/L).  The normalized values were then 

compared to the turbidity readings for the same times and dates.  This created for a regression 

equation to be calculated (Fig. 1).  The equation allowed for  turbidity measurements, taken from the 

turbidity probe, to be converted into estimates for sediment loads.  The sediments loads were there 

compared to the flow rates at each specific date and time.  The measured TSS and turbidity were 
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also compared to each other to look at how closely linked they are to one another (Fig. 2).  This data 

was then compared to other turbidity measurements from the neighboring watersheds to better 

show the difference that land cover makes in terms of TSS and flow.  

 

Figure 1.  Relationship curve between turbidity and total suspended solids at the Duke Forest site. 

 
Figure 2. Turbidity compared to TSS across a storm event, April 30-May 1, 2015 
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Geospatial Analysis- Data Sources and Preparation 

The ArcGIS 10.3.1 geographic information system (GIS) was used to develop the inputs for 

statistical modeling (ESRI 2015). Several pieces of geospatial data necessary for our analysis were 

obtained from online sources. In order to derive slope and aspect attributes for field sites, two 1/9 

arc-second (3 meter) Digital Elevation Models (DEM) were obtained from the United States 

Geological Survey’s National Elevation Dataset via The National Map web application (USGS 

2003). Soil data was obtained from the National Cooperative Soil Survey’s Soil Survey Geographic 

(SSURGO) database available from the Natural Resources Conservation Service (NRCS). 

 

Following field sampling, the geospatial location, slope, aspect, and soil type were extracted and 

matched with the respective windthrow record using ArcGIS. The “Near” tool was used to 

determine the linear distance of windthrow points to study streams; this was used as a proxy for 

modeling effects of tree location on windthrow. In order to appropriately model the effects of these 

variables on windthrow likelihood, data points representing trees that were not windthrow were 

necessary. These points were obtained using the “Generate Random Points” tool, and matched with 

the relevant site characteristics just as the field collected windthrow points were. Once the data were 

synthesized, we were able to construct statistical models to measure the relationship between the 

presence or absence of windthrow with four predictor variables. 

 

Statistical Analysis 

The statistical package R (version 3.2.1) was used for the majority of this analysis (R Core Team 

2015). The objective of the analysis was to develop a model which would quantify if and how the 

variables measured impact the probability of windthrow. The data generated from ArcGIS were 

used as inputs in a logistic regression model that includes both continuous and categorical 

explanatory variables being related to a binary (yes/no) response variable. The response variable in 

this model was windthrow, and the explanatory inputs included distance to stream (meters), slope 

(percent), aspect (North, South, East, or West), and soil type (soil series). Data was only used for the 

three stream buffers that had harvesting adjacent to them as the control sites had so little windthrow 

that there were not enough data points build a model. 

 

Initially, one model was built which contained data for all study sites. However, this did not 

adequately fit the data and was thus not useful (Fig. 1, Appendix). Individual models for each study 

site (Duke Forest, UF1, HF1) were then built containing the four study site characteristic variables 

listed above. Due to the fact that each model was specific to a relatively small area, soil types were 

nearly homogenous within each model. Thus, the soil type explanatory variable was insignificant in 

all models and was removed. Using standard drop in deviance methodology, goodness of fit was 

tested for models after systematically removing one explanatory variable at a time in a stepwise 

fashion (Hosmer & Lemesbow 1980). This practice involves maximizing the predictive power of 

potential models by removing those variables which poorly fit the input data. Removal decisions are 
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based on changes in residual deviance to the fitted regression line when comparing models. Models 

with lowest residual deviance are favored over others. The final version of all three models 

maximized model fit and the number of significant outputs (Figs. 2-4, Appendix). Each of these 

contained slope, aspect, and distance to stream as predictors of windthrow (Equation 3). 

Coefficients of statistically significant (p < 0.05) variable outputs represented the log odds of that 

particular variable influencing whether a tree is windthrown. To better communicate these results in 

a more understandable form, log odds were exponentiated to give odds and then converted into 

changes in probability of windthrow using equation 4. 

 

Equation 3: glm(Windthrow ~ Distance + Slope + Soil + Aspect, family=binomial, link=logit) 

 
Equation 4: Probability = odds (1+odds)  

 

 

Results 

 

Forest Inventory 

Forest inventory measurements revealed differences in forest cover and density between SMZ study 

sites (Table 2).  

 

 
Table 2. Study site forest inventory summary. Trees per Acre and QMD were not calculated for the Duke 

Forest Control Site.  

Site 
Basal Area 

(ft2/ac) 
Trees per 

Acre 
QMD 
(in) 

Buffer Area 
(ac) 

Stream Length 
(m) 

Duke Forest 
Control 98 - - 1.42 165 

Duke Forest 
Treatment 110 652 5.6 2.28 267 

Hill Forest 
Control 176 955 5.8 2.64 300 

Hill Forest 
Treatment 153 910 5.6 2.11 260 

Umstead Farms 
Control 77 1085 3.6 4.64 550 

Umstead Farms 
Treatment 140 505 7.1 1.82 200 

 

 

Windthrow 

Observed amounts of windthrow varied across sites. Sites with harvesting activity (Duke, HF1, UF1) 

contained 6.5 times more windthrow than their corresponding control sites (HF2, UF2) (Table 3, 

Fig. 3). Snapped trees were the most common type of windthrow across all sites, comprising 56% of 
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all windthrow recorded, followed by downed (36%). Leaning trees were least common (7%). A 

windthrow rate per acre was calculated for each site using the amount of affected individuals divided 

by the SMZ area. Windthrow rates ranged from 27 trees per acre (Duke Forest) to as low as 4 trees 

per acre (HF2). 

 

Table 3. Windthrow field observations across all study sites. “WT/acre” represents the number of windthrown 

trees in each acre of a site. 

Site 

Total 
Windthrow 

Points 
# 

Down 
# 

Leaning 
# 

Snapped 
% 

Down 
% 

Leaning 
% 

Snapped WT/ acre 

Duke 
Forest 
Control 4 4 0 0 100 0 0 2 

Duke 
Forest 
Treatment 61 24 6 31 39 9 51 26 

Hill Forest 
Control 49 10 2 37 20 4 76 18 

Hill Forest 
Treatment 8 2 0 6 25 0 75 3 

Umstead 
Farm 
Control 105 46 7 52 44 7 50 22 

Umstead 
Farm 
Treatment 10 3 2 5 30 20 50 5 

Totals 233 85 17 131 36 7 56  
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Figure 3. Average number of windthrown trees per acre at control and treated sites. Error bars represent one 

standard deviation. 

 

The next section will discuss particular results surrounding species and size distributions at each site. 

Tables 1 through 3 in the appendix highlight the breakdown per species of number of windthrow 

points and percentage of the species above and below stand QMD. Shade tolerance and wood 

density for each of our windprone and windfirm trees is listed under Table 4, appendix.   

 

Windthrow characteristics across all sites 

A total of 233 individual trees from 19 species and 14 genera were recorded as windthrow. The most 

common windthrow genus was Acer (61), followed by Liquidambar (30), Pinus  (29), Quercus (20), 

Oxydendrum (20), and Carya (18). The remaining genera are as follows in descending order of number 

of windthrown trees: Juniperus, Ulmus, Liriodendron, Quercus, Nyssa, Diasporas, Prunus, Fagus, Ilex.  

 

Specific windthrow characteristics per site 

Across all three sites, we found 7 windprone species and one windfirm species (Liriodendron tulipifera, 

tulip tree). Windprone species were defined as the three species with the highest windthrow rates at 

each site; the windfirm species was the single species with the lowest windthrow rate in all sites. 

Figure 4 shows the seven most prevalent species of windprone trees per site. Sourwood (Oxydendrum 

arboreum), Red maple (Acer rubrum) and Pine (Pinus spp.) were found to be most windprone in at least 

two sites each. No single windprone species was found to occur in all three sites. 
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Figure 4. Venn diagram illustrating seven windprone species across three sites.  

 
 
Table 4. Percentage of species above and below the stand QMD for each site.  

 
 

Duke Forest 

The average stand QMD at the Duke Forest site was 5.6 inches. There were three prevalent 

windprone species: Quercus spp. (71% above QMD, 29% below), Oxydendrum arboreum (46% above 

QMD and 54% below), and Acer rubrum (53% above QMD and 59% below). This site had 57% 

windthrow trees above this average and 43% below this average (Table 4). In general, larger trees 

were more susceptible to windthrow than smaller than stand QMD trees.  

 

Hill Forest 

The Hill Forest Site experienced dissimilar windthrow susceptibility to the Duke Forest site in that 

the smallest trees were more susceptible to windthrow. The average QMD at Hill Forest was 5.8 
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inches. This site had 29% of trees above this average and 71% below this average (Table 4). In 

general, four genuses were most commonly windprone here: Prunus (100% below QMD), Pinus (69% 

above QMD, 31% below), Liquidambar (7% above QMD, 93% below), Oxydendrum (100% below 

QMD).  

 

Umstead Farm 

The Umstead Farm site experienced differing results than Hill Forest, but similar to Duke Forest. 

This site’s average stand QMD was 4.6 inches. Of the 105 windthrown points, 89% were above the 

stand QMD, while 11% were below the stand QMD (Table 4). Pinus (100% above QMD), Acer 

rubrum (76% above QMD, 24% below) , and Carya (94% above QMD, 6% below) were the most 

prevalent windprone species.  

 

 
Figure 5. Boxplot representation of windthrow diameter distribution compared to stand diameter distribution 

at each site. Windthrow appears first, followed by stand data, for each site. This is a visual representation of 

Table 4.  

 

Figure 5 is a representation of the diameter distribution of our windthrow points and our overall 

stand diameter distribution for each site. First, note that each site has a different outcome. At Duke 

Forest (represented by blue on the plot), windthrow trees generally disperse closely around the 

median. Compared to the overall stand distribution, more trees fell above the median, but the 

difference is not striking (57% above, 43% below stand QMD). At Hill Forest (red on the plot), the 

windthrow tree sizes were much lower than the overall stand diameter distribution trees (29% 

above, 71% below stand QMD). Lastly, at Umstead Farm (grey on the plot), the windthrow trees 

were characterized by much higher diameters than the overall stand (89% above, 11% below stand 

QMD). 
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Statistical- Site Characteristic Model Output 

Statistical significance (α = 0.05) and direction of relationship between the modeled variables and 

windthrow presence varied across models (Table 5). The Duke Forest model indicated statistical 

significance of tree location, slope, and the South-facing aspect category. Hill Forest’s model 

predicts that only South aspects are significant. The Umstead Farm model gives tree location as the 

only significant predictor. 

 
Table 5. Summary of logistic regression model outputs and goodness of fit metrics. Statistically significant 

results (α = 0.05) are given in bold. Negative (-) signs indicate an inverse relationship between the explanatory 

and predictor variables. Best fitting models have similar numbers of residual deviance and degrees of freedom. 

 
 

Analysis of data from the Duke Forest site shows both windthrow position and South aspects are 

positively related to windthrow occurrence; slope and windthrow have a negative relationship. The 

model predicts that trees on South aspects are more likely to be windthrown than in the reference 

case. Conversely, the Hill Forest model predicts that trees on South aspects are less likely to be 

windthrown. Tree location in a buffer also showed opposite results at sites. At Duke Forest, there 

was a positive relationship for tree location, indicating a change in the probability that a tree is 

windthrow increases 3% with each one meter change in distance to stream. Contrarily, at Umstead 

Farm windthrow is negatively related to tree location, meaning that the probability of windthrow 

decreases 2.5% with every one meter increase in distance to the stream. 
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Map 2. Slope values within each SMZ study site.  



20 
 

Map 3. Aspect values derived from ArcGIS within each SMZ study site location. 
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Map 4. Illustration of observed windthrow points (yellow) and randomly generated points (white) for statistical 

comparison. 
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The slope and aspect values derived from ArcGIS are shown in Maps 2 and 3. Map 4 illustrates our 

observed (yellow) and randomly generated (white) windthrow locations within the HF and UF sites. 

Total Suspended Solids 

The analysis of the water data shows that there appears to be a relationship between the presence of 

clearcuts and TSS levels.  The average ratios of TSS of the harvest buffers to TSS of the control sites 

are consistently above 1 (Figure 6). Our results thus suggest that, on average, there may be more 

total suspended solids in the streams running through harvest buffers than there is in streams 

running through control sites. However, our data lack the statistical power to demonstrate the effect 

of clearcuts on sediment loading of adjacent streams.   

 

 
Figure 6. Average ratios of buffer TSS to control TSS compared to monthly precipitation level.  Error bars are 

standard deviation  
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Discussion 

 

Despite variations in drivers of windthrow across sites, we observed markedly more windthrow in all 

sites which had harvests adjacent to their streams compared to the control. Given the magnitude of 

the differences in windthrow at treatment and control sites, it can be stated that windthrow is more 

common in SMZs than in unharvested forest stands. As earlier mentioned, windthrow in SMZs is 

undesirable for NCFS due to reduced capacity of a buffer to achieve its purpose.  

 

Site Characteristics and Location 

Across the sites modeled there was little agreement in which of the characteristics tested influence 

tree windthrow. This is best represented by the opposite signs predicted for the effects of tree 

location and South-facing aspects on windthrow at different sites, as well as poor model fit. The lack 

of a significant relationship between slope and windthrow at two of the three sites also shows the 

disagreement. The Duke Forest model was the only one which provides significant relationships for 

all variables measured and windthrow; it was also the best fitting model to the field data. Thus, for 

that site flat slopes, South-facing aspects, and buffer edges are the most vulnerable to windthrow. 

Such statements cannot be made for other sites, as model fit was imperfect and little significance 

was found. 

 

Research at Hill Forest and Umstead Farm concluded that soil depth and moisture are important 

drivers of windthrow at sites, although no statistical tests were used to support this claim (Boggs et 

al. 2015). We were unable to test the impacts of soil due to the fact that we modeled each SMZ 

separately and there was little to no difference in soil type within each site. Previous research has 

also used regression models to predict the effects of environmental variables on windthrow patches 

at large spatial scales and similarly found that the variables significantly impacting windthrow were 

site specific (Sinton et al. 2000). These inconsistencies at different locations and at different spatial 

scales indicate that, generally, even the best fitting models may be inadequately characterizing 

windthrow prevalence. 

 

In general, our results reveal variations across study locations for each site characteristic considered. 

Thus, the environmental variables influencing windthrow at one site may not necessarily be playing a 

role in others. There are several possibilities for these discrepancies. First, geographic location of an 

SMZ may be responsible for some of this variability. Geography influences slopes, aspects, and soil 

types at sites. Such spatial autocorrelation is difficult to avoid with a sample size of three as we had. 

Thus, geographic differences are important factors to consider when discussing windthrow. 

Secondly, relationships between geography and site characteristics may be interacting in ways which 

our data was unable to accurately capture. Finally, it is possible, and likely, that additional site 

characteristics or other factors act in combination to affect windthrow probability in SMZs, which is 

supported by the variation and mixed significance shown by our results. 
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Species and size 

Overall, we found seven prevalent windprone species across our three sites, and one single windfirm 

species that was windfirm in all three of our sites. Literature surrounding the susceptibility of 

different tree species to windthrow is varied. For example, studies by Rich et al. (2007) and Canham 

et al. (2001) determined that shade-tolerant species were more wind firm than shade intolerant trees. 

In a study of New York temperate forests, Canham et al. (2001) determined that among small trees, 

red maple (Acer rubrum) and black cherry (Prunus serotina) (least tolerant species in their study) 

experienced high rates of windthrow whereas in larger stems, red maple was among one of the most 

windfirm species. Our data generally suggest that red maple is more windprone than windfirm, and 

confirms that black cherry is among the more windprone species as well. Our consistently windfirm 

tree, tulip tree (Liriodendron tulipifera), is considered to be shade intolerant, and this finding is thus 

inconsistent with this literature. However, other research suggests that in the Piedmont of North 

Carolina, Tuliptree may be more windfirm than others (Boggs et al. 2015), which highlights the 

importance of regionally appropriate comparison of the literature.   

 

Importantly, the tulip tree is among those with the lowest wood density. Putz et al. (1983) 

determined wood density to be a significant driver of windthrow type between snapped and 

uprooted trees. Additionally, low wood density may potentially be a characteristic of windfirm 

species (Canham et al. 2001). Despite this, there is a seemingly low amount of recent literature 

surrounding wood density and windthrow susceptibility and therefore may be a good variable to 

consider for future work. 

 

The majority of the available literature concludes that larger trees are more susceptible to windthrow 

than smaller diameter trees (Steinblums et al., 1984, Lohmander & Helles 1987, Canham et al. 2001, 

Peterson 2004, Rich et al. 2007). Our research confirms this result at two out of three of our sites: 

Duke Forest and Umstead Farms, but remains conflicting at the third site: Hill Forest. With such a 

small sample size, it remains difficult to fully confirm such literature, but it seems plausible that 

because the majority of our sites confirm the majority of the available research, we are able to say 

with confidence that in general, larger tees are more susceptible to windthrow.  At the Umstead 

Farms site, we found that 89% of trees above and 11% of trees below average buffer DBH blew 

down more frequently, with pine, hickory, and red maple as most prevalent windprone species . 

Boggs et al.(2015) found that in their Umstead Farms treatment site, trees above the mean buffer 

DBH blew down more often than those under this mean DBH and that the highest blown down 

species were hickory, and pine (similar to our study), as well as oak, and sweetgum. The 

methodology used under the Boggs et al. study was slightly different than those used for this study, 

as they were attempting to answer different questions. Their research aimed to understand if time 

since harvest affected windthrow likelihood within riparian buffers, while we aimed to answer which 

site characteristics, tree species or DBH, and location within the buffer drives windthrow 

probability. 
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TSS 

Much of the literature sampled suggests that land cover affects the TSS of adjacent streams. As 

previously stated, urban and agricultural land covers produce more TSS than forested land covers 

(Lenat & Crawford, 1994). Some research has shown that the exposed roots resulting from 

windthrow exposes additional sediment that is then washed into the stream (Grizzel & Wolff 1998). 

Our research qualitatively supports these findings.  

 

Our results are not perfectly in line with the literature. While the mean TSS ratios (the total amount 

of suspended solids found in the buffer streams divided by the amount found in the control 

streams) of the high, medium, low, and average precipitation months all above 1 (Fig. 6), meaning 

they all show the buffer streams having more sediment than the control streams, the standard 

deviations from both the high and low precipitation months include unity. This means that the 

ratios in our study are not statistically different from 1, which is not in line with either the literature 

or the hypothesis.   

 

There are a few reasons why our data are noisy and the results inconclusive. The relationship 

between TSS and turbidity was not as strong as it could be due to the low amount of water samples 

that were able to be collected. There were only a few storms that we had the ability to sample from, 

and some of the data were lost during the collection process. This left about 65 water samples that 

could be compared to turbidity data, and while a regression was built, it could have shown a stronger 

relationship with more data. Another source of error was the availability of sites. With water quality 

data provided for four of the streams (buffer and control at each site), and turbidity data collected 

from another control site and only one site, a buffer, where TSS and turbidity were collected 

together, it was extremely difficult to show a proper relationship between windthrow and TSS.  

Additional sites could have improved the accuracy of our results. Also, the water data from the 

Duke Forest sites were collected during a different time period from the water data collected from 

the Umstead Farm and Hill Forest sites. This meant that any comparison between these data sets 

had to be normalized based on the amount of precipitation that occurred during each month. Thus, 

the monthly precipitation averages were not all from the same month but had similar precipitation 

amounts. This likely increased the unexplained variation in our TSS data and complicated the 

comparisons.    

 

Limitations 

The mixed results of our research and in the literature regarding the influences of tree windthrow in 

SMZs highlight the complexity of the questions we were trying to address. This complexity limits 

our ability to definitively answer the four research questions we have put forth. Several factors other 

than the inherent complexity of windthrow also limited our study. The availability of sites within 

reasonable driving distance from Duke University, as well as accessibility led to a selection of few 

sites for this study. Additionally, availability of equipment to collect water data at sites or the 

existence of previously collected water quality data at study sites constrained site selection. These 
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resulted in a small sample size, which limits the statistical power and applicability of our results. 

Thus, findings we report should not be widely applied to all SMZs in the North Carolina Piedmont. 

 

 

Recommendations and Conclusion 

 

In critically considering the results and limitations of this study, management recommendations can 

be put forth. We recommend that land managers take a proactive approach when planning timber 

harvests near streams, rather than simply following the applicable buffer rule or BMP. Our results 

clearly illustrate that windthrow should be expected in SMZs. Managers can plan for this by 

retaining more trees within the buffer as a way to offset the trees which will be windthrown. Due to 

stark differences and geographic variation at different sites, we recommend that managers look to 

other harvests recently completed near to their planned harvest and assess the windthrow there. 

Slope, aspect, soil and tree location can all be easily observed in the field or with free, readily 

available data online. By examining potential influences of windthrow at nearby harvests, managers 

may be able to better predict where and how much windthrow will occur in their buffer and plan 

accordingly. 

 

It is recommended that before any harvest is to commence, a full inventory of the buffer should be 

conducted in order to determine the species and diameter distribution of the remaining trees. If 

harvest is to be planned within these buffers, consider leaving windfirm species, determined by the 

region in which the harvest is conducted, and removing windfirm species. If windfirm species (like 

tulip tree) are not found within the buffer, consider leaving more trees within the buffer in order to 

protect susceptible species from exposure to wind events. Although our results and other literature 

suggests that larger trees are more susceptible to windthrow than smaller diameter trees, it is not 

recommended that these trees are targets for removal within the buffer because larger trees provide 

habitat for wildlife, a seed source for natural regeneration, and shade the waterways. 

 

Windthrow can be a source of sediment loading within streams, thus measures should be taken to 

limit the windthrow and protect the streams. In areas where windprone species are present or 

windthrow is expected, we suggest leaving larger buffers with more windfirm species to help protect 

water quality and keep out TSS. Additional study is also recommended to find a more solid 

relationship between windthrow and TSS levels. This would require continuing our research at 

additional sites, while taking more water data.   

 

While wood properties were not a specific focus of this study, further research could focus on the 

type of windthrow tree (snapped, leaning, downed) and the wood properties of each of those trees, 

to determine further the susceptibility of the tree to windthrow.  
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Appendix 

 
Table 1. Duke Forest percentage of windthrow points above and below stand QMD breakdown per species 

 

 
 
Table 2. Hill Forest percentage of windthrow points above and below stand QMD breakdown per species 

 

 
 
Table 3. Umstead Farm percentage of windthrow points above and below stand QMD breakdown per species 
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Table 4.  Tree characteristics for each of the windfirm and windprone species. Shade tolerance data was 

obtained from Clatterbuck (unknown year). Wood density information was obtained through the Tree 

Functional Attributes and Ecological Database.  
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Figure 1. Diagnostic plots for logistic regression model goodness of fit of full model with data from all study 

sites. “Residuals vs Fitted” plot (upper left) shows the model residuals compared to the fitted logistic 

regression line. “Normal Q-Q” (upper right) gives the theoretical quantiles of the model compared against the 

quantiles of the data residuals. “Scale-Location” (lower left) shows the square root of model residuals against 

the fitted line and potential outliers. “Residuals vs Leverage” shows the Cook’s Distance and potential outliers 

in the dataset. These plots illustrate very poor model fit to the data, thus it was removed. 
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Figure 2. Diagnostic plots for Duke Forest logistic regression model goodness of fit. “Residuals vs Fitted” plot 

(upper left) shows the model residuals compared to the fitted logistic regression line. “Normal Q-Q” (upper 

right) gives the theoretical quantiles of the model compared against the quantiles of the data residuals. “Scale-

Location” (lower left) shows the square root of model residuals against the fitted line and potential outliers. 

“Residuals vs Leverage” shows the Cook’s Distance and potential outliers in the dataset. 

These plots show high goodness of fit for this model to the data. 
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Figure 3. Diagnostic plots for Umstead Research Farm logistic regression model goodness of fit. “Residuals vs 

Fitted” plot (upper left) shows the model residuals compared to the fitted logistic regression line. “Normal Q-

Q” (upper right) gives the theoretical quantiles of the model compared against the quantiles of the data 

residuals. “Scale-Location” (lower left) shows the square root of model residuals against the fitted line and 

potential outliers. “Residuals vs Leverage” shows the Cook’s Distance and potential outliers in the dataset. 

These plots illustrate poor model fit. 
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Figure 4. Diagnostic plots for Hill Forest logistic regression model goodness of fit. “Residuals vs Fitted” plot 

(upper left) shows the model residuals compared to the fitted logistic regression line. “Normal Q-Q” (upper 

right) gives the theoretical quantiles of the model compared against the quantiles of the data residuals. “Scale-

Location” (lower left) shows the square root of model residuals against the fitted line and potential outliers. 

“Residuals vs Leverage” shows the Cook’s Distance and potential outliers in the dataset. These plots illustrate 

poor model fit and high residual deviance. 

 


