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Abstract 

Assessing the impacts of watershed development history and levels of hydrologic alteration on 

stream ecosystem health in the NC Piedmont. This project (WRRI project #70245) explored the 

impacts of land use on stream ecosystems in the Piedmont of North Carolina. With leveraged 

funding from other sources and a large team of volunteers, we conducted a synoptic survey of 70 

low-order (wadable) streams stratified over a gradient of land use intensity in Orange, Durham, 

Wake, and Chatham counties. In May, 2009, we deployed sampling stations at candidate sites 

preselected using queries of land use pattern in a geographic information system (ArcGIS). The 

sampling stations were collected 30 days later. For each sampling point, we assembled several 

suites of measurements including water chemistry, water temperature, microbial community 

(using genomic methods), benthic macroinvertebrates, ecosystem  function (e.g., denitrification 

potential, carbon metabolism), and land cover in the contributing catchment. We are developing 

statistical models using structural equation modeling (SEM), which provides an appropriate 

framework for disentangling the urban stream syndrome. In this, we are attempting to identify 

the direct and indirect pathways by which various aspects of urban development (e.g., 

impervious surfaces, road density, loss of forest cover) influence particular aspects of stream 

ecosystems (e.g., macroinvertebrate diversity, ecosystem function). Preliminary SEM results 

support the use of SEM as a general and robust framework for developing a better understanding 

of the complexities of urban stream ecosystems. Models of the stream thermal regime distinguish 

stream-scale influences on maximum temperatures as compared to watershed-scale influences on 

thermal pulses associated with stormflow. Thermal pulses, in turn, emerge as important 

predictors of several other aspects of system response including macroinvertebrate community 

structure and carbon and nitrogen metabolism.  While our models are still under development 

and refinement, preliminary results suggest a perspective that embraces two dichotomies: (a) 

local (reach-scale) versus watershed-scale influences on streams, and (b) chronic press at low-

flow (e.g., from toxicants) as compared to episodic hydraulic pulses from stormflows. The 

scaling dichotomy has important implications for management, as it contrasts point-of-impact 

activities (e.g., streamside buffers) with point-of-origin actions (e.g., controlling impervious 

surfaces in the watershed). Our models of stream thermal regime suggest that reach-scale 

interventions can influence baseflow temperatures but not thermal pulses from storms. The 

second dichotomy embraces the full complexity of streams, which show substantial variability in 

space as well as time as storm pulses propagate downstream. Most sampling and monitoring 

programs (including ours) do not account for this heterogeneity. Given the increasing variability 

in floods and droughts anticipated under climate change, it seems clear that we will need a better 

understanding of the press/pulse dynamics of urban streams in order to manage these systems 

more effectively.  
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Introduction 

Ecologists have recently embraced urban ecosystems as an important focus of study (Pickett et 

al. 1997, 2001; Grimm et al. 2000; Kaye et al. 2006; Pickett and Cadenasso 2008). Urban 

streams, in particular, have received a great deal of attention over the past several years. Streams 

integrate ecological and anthropogenic processes within their catchments, and so serve as a 

natural focus for ecological studies of the effects of development on natural systems (Paul and 

Meyer 2001, Alberti et al. 2003, Allan 2004, Groffman et al. 2004, Walsh et al. 2005, Bernhardt 

and Palmer 2007, Arango and Tank 2008, Bernhardt et al. 2008). This focus is especially 

appropriate, given the myriad ecosystem services provided by urban streams (Palmer et al. 

2005). A reasonably synthetic understanding of urban streams is now emerging, summarized as 

the “urban stream syndrome” (Meyer et al. 2005, Walsh et al. 2005) (Figure 1). The creation of 

impervious surfaces and installation of stormwater infrastructure leads to an over-connection of 

streams to their catchments, which leads to flashier hydrographs, decreased base flow, increased 

sediment loads, and myriad other impacts. Likewise, channel incision and canopy removal result 

in streams that are under-connected to their natural riparian zones, with a variety of direct or 

indirect impacts. 

 

 
Figure 1. The Urban Stream Syndrome as a web of interacting pathways (from Walsh et al. 2005).  
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Goals and Objectives 

We aimed to synthesize a general, explanatory model of the urban stream syndrome by 

collecting a spatially extensive, synoptic survey of streams in the developing landscape of the 

North Carolina Piedmont. We stratified the sampled streams over a gradient of land use intensity 

in the Triangle region of the Piedmont, focusing on Wake, Durham, Orange, and Chatham 

counties. We used structural equation models (SEM, Grace 2006) as an analytic framework that 

could explicitly attend the complexities of the urban stream syndrome. We had three specific 

objectives: 

(1) to develop an explicit, empirical framework using SEM to explain watershed function in 

terms of land use context; 

(2) to refine a set of targeted indicator variables to index the various aspects of development 

or watershed structure that best capture land use impacts on water quality; and 

(3) to use this framework to summarize the key pathways in the urban stream syndrome, to 

better inform water resource managers.  

While we continue to analyze the data collected during this project—and continue to draft 

articles for publication and dissemination—we have already learned a great deal about the urban 

stream syndrome as represented in the North Carolina Piedmont. This report highlights our 

findings thus far.  

Methods 

The Stream Team 

We assembled a team of collaborators to participate in the stream survey. This team represents 

an amazing feat of mostly voluntary contribution to this study:  we fielded nearly 20 participants 

for the survey, three of whom were funded partially by WRRI (Appendix Table C.1). 

Participants came largely from Bernhardt’s lab, but also represented the Nicholas School of the 

Environment at Duke and the departments of Geography and Biology at UNC-Chapel Hill. 

Sampling 

In early May 2009, we deployed the stream team to install sampling stations in a set of ~70 

streams distributed across the Triangle (figure 2).  Each sampling station was a low-order stream, 

with the sampling point anchoring a 100-m reach upstream from the actual station. At each 

station, teams installed a sampling package that included a temperature logger, ceramic tiles to 

collect algae, and wood veneer strips to estimate decomposition rates (in the water column as 

well as in the sediment). Water samples were collected at the same time. Thirty days later, the 

monitoring stations were collected and a second set of water samples were collected. During the 

intervening month, field crews measured stream morphometry, bottom habitat conditions, and 

riparian canopy closure.  
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Figure 2. Map of the study area, with 2005 land cover as backdrop (reds, developed; greens, 

forests; yellows, fields). Blue polygons are study watersheds, anchored by sampling points (blue 

dots).  

The sampled streams were stratified across a land use gradient but also were anchored to several 

long-term studies. Bernhardt has been intensively studying 12 streams in the Triangle, including 

4 largely pristine (forested) sites, 4 urban sites, and 4 restored streams; her sites were included in 

our survey. Similarly, we included sites being studied by USGS, NC DWQ, and Larry Band 

(UNC-Chapel Hill). These long-term sites will allow us to link our synoptic spatial survey to 

longer-term longitudinal data.  

Data Sets 

The steam survey generated a remarkable—perhaps unprecedented—synoptic sample comprised 

of 7 multivariate data sets for the same locations at the same time (and see Appendix Table B.1): 
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Land Cover.  We generated a stream coverage in a geographic information system (GIS, ArcGIS 

v. 9.2.1) based on a lidar-derived digital elevation model (DEM) for the study area. Streams were 

thresholded at 1-ha contributing area, thus providing a digitally consistent data set for analyzing 

low-order streams. Catchment areas were defined for each sampling location by delineated the 

contributing area to each point. (These steps were necessary because available digital data for 

streams, such as the National Hydrography Dataset, are notoriously imprecise.) We used land 

cover data from 2005 (Sexton et al., in review) to assemble a set of variables indexing land cover 

impacts on streams. These included basic summary statistics (e.g., % developed, % forest) as 

well as more nuanced metrics that account for hydrologic flowpaths and the relative infiltration 

capacity of intervening land covers.  In particular, we have devised novel methods to index 

effective impervious surfaces and riparian buffers. We also indexed the impact of roads on 

streams, by measuring distances from streams to roads (including metrics weighted by traffic 

volume, from the NC Department of Transportation), and the density of road-stream crossings. 

Steam Habitat.  We collected a set of measurements to describe in-stream and riparian habitat. 

These included measures of stream morphometry (channel width and depth, incision), bottom 

condition (turnover between bottom cover types), particle size distribution (pebble counts), and 

riparian canopy closure (using spherical densitometers in the field, and subsequently, measuring 

canopy opening from digital aerial photographs).  

Water Quality.  We collected water samples and processed these in the lab to generate standard 

indices of water quality (N, P loadings; pH; conductivity, etc.). We also used data from the 

temperature dataloggers to compute basic statistics on in-stream water temperature.  

Benthic Macroinvertebrates.  We collected macroinvertebrates from benthic samples, and 

identified these initially to the family level. Identification to the species level is on-going. Initial 

statistical analyses are linking land use characteristics to a family level index of biotic integrity 

(IBI) based on the relative abundance and known tolerance of indicator families and also on the 

simple abundance of taxa within families within the more sensitive insect orders Ephemeroptera, 

Plecoptera and Trichoptera (mayfles, stoneflies, caddisflies). 

Microbial Communities. We used genomic techniques (T-RFLP profiles) to characterize the 

diversity of microbial communities at each sites. These profiles were done separately for all 

bacteria (16s) and for denitrifying bacteria (~bacteria possessing nirS + nirK or nosZ genes).  

Ecosystem Function. We conducted follow-up lab assays to estimate stream ecosystem function 

in terms of microbial biomass, nitrification and denitrification potential, decomposition rates, and 

labile carbon availability in the water column and sediments. 

Collectively, this synoptic sample of multiple multivariate datasets represents an unprecedented 

wealth of information on how land use and land cover affect stream ecosystems.  

Data Processing and Exploratory Data Analysis 

After returning from the field, we invested nearly a year in post-processing field samples in the 

lab, performing data quality assessments, and conducting exploratory data analysis (EDA).  EDA 
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included correlation analyses, principal components analysis to summarize the dimensionality of 

these multivariate datasets, and regression tree analyses to suggest possible interaction pathways 

by which these data sets are inter-related (Urban 2002). We also used ordinations (nonmetric 

multidimensional scaling, McCune and Grace 2002) to summarize compositional trends in 

macroinvertebrate and microbial communities as these relate to land use variables. Ultimately, 

all of these exploratory models will be merged into the framework of structural equation models. 

Structural Equation Models 

Structural equation models are essentially path diagrams implemented as regressions (Grace 

2002, 2006; Grace et al. 2010). The approach consists of two logical models: the path diagram, 

which poses a causal hypothesis about relationships in the system, and a measurement model, 

which populates the path diagram with empirical variables. Evaluating an SE model consists of 

verifying that the measured variables are consistent with the path model, which implies a set of 

covariances among the variables. A significant tradition in SEM is the separation of constructs or 

factors from specific measurements that serve as indicators for those factors. For example, “land 

use” is a factor, which we might index empirically with “percent developed” or “road density” or 

various other indicators. Similarly, “water quality” is a factor, perhaps indicated by nitrogen 

concentration, dissolved oxygen, or other variables. Given this intuitive fit of SEM as a 

framework for the urban stream syndrome, we tried to translate the conceptual model (figure 1) 

into statistical models using SEM. Indeed, practitioners have already done this—but in a very 

simplistic way. Given the complexity of the urban stream syndrome, perhaps the most common 

approach is to simplify the system to be more tractable. For example, we might index “land use” 

as “percent impervious” in the watershed, and use an index of biotic integrity (IBI) based on 

macroinvertebrates to measure the response of water quality. The result is a valid but simple 

SEM (figure 3). 

 

Figure 3. A simple SEM of the urban stream syndrome, using 2 factors with 1 indicator each. 

While serviceable, this model cannot reveal which other aspects of development might influence 

macroinvertebrates, nor can it reveal other impacts of development.  

We propose that development affects stream ecosystems via 4 main pathways (figure 4). These 

are alterations in in-stream habitat (e.g., channel morphometry, incision, bottom condition), 

resource availability (especially carbon and nitrogen), energy (radiation load, temperature), and 

water chemistry (dissolved oxygen, toxicants such as metals). These factors act as intermediate 

factors between development and ecosystem response. Stream response, in turn, might be 
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measured in terms of ecosystem function (carbon metabolism, denitrification rates) or biotic 

response (e.g., microbial communities, macroinvertebrates, fish). And, ecosystem function might 

itself be governed in part by stream biota.  

 

Figure 4. A more nuanced model, in which we insert variables presumed mediate the effects of 

development on stream response. Further, we separate biotic responses from ecosystem function 

(e.g., denitrification), and indicate that biota might effect system-level responses. The aim of the 

analysis is to assess the relative importance of the direct and indirect pathways by which 

development can affect streams. Indicator variables are not included, for simplicity, but a second 

goal of the analysis is to discover which measured indicators best capture the relationships 

depicted here.  

This model is more complicated than the model in Figure 3—but manageably so (and it is still 

simpler than the conceptual model in Figure 1!). Importantly, this model provides for the crucial 

test of mediation in SEM: a formal means to evaluate the importance of alternative pathways to 

the response. For example, we wish to know whether development’s impact on biota is via 

altered changes in streambed texture, increased nitrogen loadings, hotter water, toxicants, or 

some combination of these. The SEM approach provides these estimates explicitly.  

In November 2010, we hosted a small workshop on structural equation modeling (SEM), 

bringing Jim Grace in from USGS (Louisiana) to help us implement SEM models of land use 

effects on stream ecosystems. He has since been an active collaborator in devising novel models 

to isolate the mechanistic pathways that might define the urban stream syndrome. SEM is a novel 

but appropriate framework for this task, and we anticipate a number of influential reports 

stemming from this project.  

All SE models were developed using AMOS software (version 16, Arbuckle 2007). 
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Results 

Our intent has been to develop a robust set of models, based on structural equations, which will 

emphasize the main pathways by which land use affects stream ecosystems. Models should 

underscore the most important pathways, while also identifying the best indicators of these 

effects. For example, if roads have a substantial impact on water quality, the analyses should 

show this as well as revealing which proximate measure of road impacts is the best indicator 

(e.g., traffic volume, road-stream intersections, or what?). These results should substantially 

improve our understanding of the urban stream syndrome. 

We are still conducting analyses and will continue to do so for some time. We anticipate 

submitting six or more manuscripts as these analyses are completed. Below we highlight a few 

emerging results.   

Stream temperature 

Kayleigh Somers, a PhD candidate jointly advised by co-PIs Urban and Bernhardt, has 

developed a structural equation model to explain variation in stream temperature in terms of 

local (stream-scale) as compared to watershed-scale factors. She found that maximum stream 

temperature is largely controlled by local factors, especially canopy opening (a proxy for 

radiation load). By contrast, the maximum difference in temperature (extracted from data 

recorded at15-minute intervals for 30 days), a variable designed to index the hydraulic pulse 

after rain events, is explained largely by watershed-scale factors (roads and impervious surface 

area) (figure 5). That is, streams that are well buffered and have high canopy cover are cooler 

than unbuffered, open-canopy streams; but these factors do not moderate thermal pulses from the 

larger watershed. Thus, management activities at the stream itself (e.g, restoring buffers) can 

improve average (i.e., baseflow) temperatures but not the thermal pulses, which are controlled by 

larger-scale factors.  

 

Figure 5. Schematic version of an SEM of stream temperature as affected by development 

(simplified from Somers et al., in prep.).  
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Somers presented a poster with preliminary results at the fall 2010 meeting of the North 

American Benthological Society and gave a talk at the Landscape Ecology Symposium in April 

2011; a manuscript is in preparation (Somers et al., in prep.).  

Biogeochemical function 

Si-yi (Jenny) Wang, a Phd candidate in Duke’s Biology department, is using genomic data to 

study microbial composition and its role in stream function, especially denitrification rates. 

Using a sequence of competing structural equation models, she has shown that toxicants 

expected to influence denitrification  (indexed as potential, DEA) do so via their influence on 

microbial composition. That is, a model that includes these indirect pathways accounts for much 

more variation in DEA (~ 75% of the variance), while the model that poses direct effects on 

DEA explains much less variation (~ 60%) and the direct effects themselves are not statistically 

significant (figure 6). This is an important finding, a novel result that emphasizes the indirect 

pathways that have been hypothesized about urban streams but not yet clearly demonstrated.  

 

Figure 6. SEM to explain denitrification potential (dea) in terms of developed land cover (dev05) 

and traffic volume (inverse-weighted by distance to road, trafidw) as mediated by mean stream 

temperature (xtemp), total nitrogen (tn), zinc (Zn), chloride (cl), and maximum change in 

temperature (maxchange, an index of hydraulic pulses from stormflow); these are further mediated 

by microbial biomass (as substrate-inducible respiration, sir) and the genomic composition of the 

microbial community (as the first axis of an ordination of operational taxonomic units, nos_a1). 

The model explains 73% of the variation in DEA, with the largest effect coming via impacts on 

microbial composition (standardized coefficient 0.79). If the arrow from NOS to DEA is removed, 

the total R
2
 for the model is reduced to 39%. (Annotated from Wang et al., in prep.) 
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This more complicated model reveals that the impacts of development are mediated through 

microbial composition: without accounting for microbial composition, the explanatory power of 

the model is reduced from nearly 73 to 39% of the variance. This also provides a reasonable 

hypothesis for the observation that denitrification rates in urban streams are often observed to be 

quite low, despite high nitrogen levels and seemingly favorable conditions for denitrification: 

toxicants or disturbance may be selecting for less efficient denitrifiers .  

These results were presented in an invited talk at the December meeting of the American 

Geophysical Union (AGU); are a component of a completed dissertation (Wang 2011); a 

manuscript is in preparation (Wang et al., in prep.).  

Macroinvertebrate Communities 

Christy Violin, a recent UNC PhD recipient, worked with us in using SEM models to explore the 

specific pathways by which urbanization influences aquatic macroinvertebrate communities.  

Based on path coefficients and the variation explained, macroinvertebrate community 

composition appears to be most strongly controlled by underlying geology, stream water 

chemistry, hydrology, and temperature, of which the latter three respond strongly to urbanization 

(figure 7).  Christy found that the severity of hydrologic disturbance and increases in stream 

sulfate concentrations (SO4
2-

) were the most important intermediate factors that predicted 

changes in community composition on an urban gradient. This model enabled us to explain a 

substantial amount of the role of urban development, a sweeping concept with numerous effects, 

such that the direct links from catchment urbanization to either NMS axis were not retained.  

This is beneficial to management and restoration strategies.  Catchment urbanization itself is not 

easily addressed; therefore understanding its primary mechanisms of action may allow managers 

and restoration designers to address those variables specifically.   

Anticipated Products 

As noted, we are currently very much engaged in finishing similar models that address patterns 

in benthic macroinvertebrates, carbon metabolism, and other aspects of stream ecosystem 

function. We anticipate publishing 4-6 narrowly focused papers as well as a broader synthetic 

paper on the urban stream syndrome.  

Our study should also provide useful guidance to managers making decisions related to land use 

and water quality, by suggesting which aspects of land use are more important and providing 

specific indicators that can be used to predict these impacts.  
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Figure 7.  Final structural equation model predicting macroinvertebrate species composition 

defined by site scores for 2 dimensional NMS axes.  Dashed lines indicate direct effects to NMS 

axis 2 response.  Numerical values associated with errors are standardized regression weights.  

Values associated with variable boxes indicate the total variation explained for each endogenous 

variable.  Final model X
2
=76.3, P= 0.121. (From Violin et al., in prep.) 

Discussion 

This study collected a unique data set comprising synoptic measurements on several aspects of 

urban streams, from land use in the watershed to microbial composition in the benthos. Using 

these data, we have begun to develop a series of novel explanatory models using structural 

equation models as a framework in which to explore the urban stream syndrome. Preliminary 

results suggest that this framework will be quite powerful (it has already revealed some 

surprising and nuanced relationships) and also quite general (the same framework has been 

equally useful for modeling stream temperature, biogeochemical function, and macroinvertebrate 

community structure).  

One recurring theme that emerges from our preliminary models is the role of hydraulic pulses 

from stormflow as these effect urban streams. In particular, our index of maximum temperature 

change over a short time interval (maxchange, in figures 5 and 6) appears as a significant 

predictor in many of our other models (e.g., for denitrification and carbon metabolism). Our 

results from the SEM of stream temperature, verified by exploring time-series data on stream 

temperatures following recorded storms, further suggest that high-frequency stream temperature 

data might be used as a proxy for hydraulics—a significant result because temperature data are 

quite inexpensive to collect while actual hydrologic flows are very expensive to measure.  
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One result we targeted did not emerge as anticipated. We invested rather heavily in developing 

indices of land use pattern, including hydrologically nuanced indices that account for distance 

from the stream along hydrologic flowpaths and weighted to reflect intervening land cover 

between, for example, impervious land covers and the stream. Similarly, we explicitly 

emphasized land use legacies (sensu Maloney et al. 2008) by devising indices to separate ‘old’ 

development (i.e., pre-1985, corresponding to the beginning of the Landsat satellite mission) 

from more recent development (since 1995, 2000, and 2005). In general, these indices did not 

perform better in models than simple tallies of such as the percent of the watershed in developed 

land cover classes. We believe that this is not because the indices are not good indicators of the 

issues we targeted, but rather, that in urban systems the effects of physical infrastructure far 

outweigh the nuanced variables we developed. That is, in urban landscapes, information about 

pipes is more important than subtle distinctions about topography or history. We still believe that 

hydrologic details and history might be important in ex-urban landscapes.   

Project Integration 

This project was a broad collaboration from its inception, and it continues to play an important 

role in integrating research on urban streams in the Triangle region. In particular, this project 

provides a foundation for initial activities associated with an Urban Long-Term Research Area 

planning grant (ULTRA-ex) from the National Science Foundation and USDA, to co-principals 

at NC State University, UNC-Chapel Hill, and Duke University. This, in turn, should provide 

further opportunities for regional collaboration on stream ecosystems.  

Summary 

We conducted a synoptic survey of low-order streams stratified across a gradient of land use 

intensity in the Triangle region of the North Carolina Piedmont. For 70 streams, we collected 

field measurements on watershed-scale land cover, stream morphometry and in-stream habitat, 

macroinvertebrate community composition, microbial community composition (using genomic 

operational taxonomic units), water chemistry, and stream ecosystem function (carbon 

metabolism, denitrification potential). We used these data to develop structural equation models 

to help dissect the urban stream syndrome, and to reveal the relative importance of various 

pathways by which development influences stream ecosystems. Preliminary results support the 

use of structural equation modeling as a robust and general framework in which to increase our 

understanding of the urban stream syndrome. Models developed thus far have provided novel 

and useful insights into the complex web of interactions that characterize urban streams, while 

also suggesting particular indicator variables that might streamline monitoring programs so that 

hydrologically and ecologically useful information might be gathered as efficiently as possible.  

Conclusions 

Preliminary results suggest a dichotomous framework to characterize urban stream ecosystems. 

One perspective emphasizes scale: the distinction between local, stream-level variables as 

compared to larger, watershed-scale attributes. One illustration of this contrast is provided by our 
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analysis of the thermal regime of streams. In this, local variables (canopy cover, stream 

morphometry) help to explain maximum temperature (and, we presume, other baseflow statistics 

such as mean and minimum temperature), while watershed-scale variables are more important in 

explaining short-term variability in temperature as driven by stormflow surges. The second 

perspective contrasts the impacts of hydraulic pulses associated with storm surges, as compared 

to the chronic press represented, for example, by toxicant concentrations at low flow. As urban 

streams are subjected to high variability in stormflow as compared to baseflow regimes, a better 

empirical understanding of the press /pulse dynamic is crucial. We will continue to mine our data 

to try to resolve the explanatory utility of this conceptual framework.  

Recommendations 

Our preliminary results suggest that further attention should be focused on the contrast between 

local, stream-scale) as compared to larger, watershed-scale controls on stream function. In 

particular, our analyses of the thermal regime of streams suggests that management activities 

aimed at restoring streams at point-of-impact, such as physical restoration of stream channel 

morphometry, might be largely ineffective if the primary drivers of the thermal regime are land 

use and land cover in the watershed. This suggestion echoes similar arguments that local-scale 

restoration activities might often have unintended consequences (Bernhardt and Palmer 2007). 

For example, restoration projects that reconstruct a natural channel morphometry by using heavy 

equipment (e.g., bulldozers) unavoidably open the canopy by removing riparian vegetation. This, 

in turn, increases the radiation load to the stream and increases water temperature, fostering 

increases in green algae, decreases in oxygen content, and, in sum, creating new problems while 

attempting to correct existing problems. At the least, the path diagrams that underlie structural 

equation models make it much easier to anticipate the range of outcomes that might arise from 

various management interventions. Additional research on local as compared to larger 

watershed-scale influences on stream ecosystems would inform management as to the relative 

efficacy of point-of-impact as compared to point-of-origin interventions.  

Our exploration of hydraulic pulses resulting from stormflow, focusing on water temperature, 

help frame a conceptual model that contrasts the impacts of chronic stressors under low-flow 

conditions, as compared to the episodic pulses from stormflow hydraulics. This frames a general 

issue of the relative importance of press versus pulse constraints on stream systems. This 

amounts to a temporal distinction of influences on stream systems, to complement the spatial 

distinctions of scale emphasized above. Though our preliminary results are encouraging, it 

remains logistically challenging to monitor streams to assess the issues of spatial scale as well as 

temporal scale. Our approach of using GIS to stratify sampling effort over gradients of land use 

intensity could easily be expanded to explicitly address issues of spatial and temporal scaling of 

these systems. We believe that broader institutional support of such efforts would be timely and 

informative.  
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Appendix B. Research Products 
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the North American Benthological Society, Santa Fe, NM. June 2010 

Wang, S., E.S. Bernhardt, D. Urban, B.A. Hassett, E.B. Sudduth, and J. Grace. Using T-RFLP 

data on denitrifier community composition to inform understanding of denitrification in 

stream sediments.  American Geophysical Union Meeting, San Francisco, CA, December 

2010. 

Somers, K.A., E.S. Bernhardt, D.L. Urban, B.A. Hassett, E.B. Sudduth, S. Wang, C.R. Violin, 

J.B. Grace. Streams in the urban heat island: spatial and temporal variability in thermal 

regimes. WRRI Conference. Raleigh, NC. March 2011.  

Somers, K.A., E.S. Bernhardt, D.L. Urban, J.B. Grace. Local and watershed controls on the 

thermal regime of urban streams. IALE Conference. Portland, OR. April 2011. 

Manuscripts in Press 

Wang, Si-Yi, Elizabeth B. Sudduth, Matthew D. Wallenstein, Justin P. Wright, and Emily S. 

Bernhardt. 2011. Watershed urbanization alters the composition and function of stream 

bacterial communities. PLoS ONE (in press) 

Violin, C., P. Cada, E.B. Sudduth, B.A. Hassett, D.L. Penrose and E.S. Bernhardt. Effects of 

urbanization and urban stream restoration on the physical and biological structure of 

stream ecosystems. Ecological Applications (in press) 

Sudduth, E.B., B.A. Hassett, P. Cada and E.S. Bernhardt.  Testing the Field of Dreams 

Hypothesis: Functional Responses to Urbanization and Restoration in Stream 

Ecosystems.  Ecological Applications (in press) 

Manuscripts in Preparation 
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Somers, K.A., E.S. Bernhardt, D.L. Urban, B.A. Hassett, E.B. Sudduth, S. Wang, C.R. Violin, 

J.B. Grace. Streams in the urban heat island: spatial and temporal variability in thermal 

regimes. (in preparation for Freshwater Biology). 

Wang, S-Y., J. Grace, B. Hassett, K. Somers, E. Sudduth, C. Violin, E. Bernhardt, and D. Urban. 

Causes and functional consequences of denitrifying bacteria community structure in 

streams affected to varying degrees by watershed urbanization. (in preparation) 

Sudduth, E.B., B. Hassett, K. Somers, D. Urban, and E. Bernhardt.  Altered organic matter 

dynamics in urban stream ecosytems.  (in preparation) 

Violin, C.R., Somers, K.A., E.S. Bernhardt, D.L. Urban, B.A. Hassett, E.B. Sudduth, S. Wang, 

J.B. Grace.  Revealing the underlying impacts of urbanization on stream 

macroinvertebrate communities through structural equation modeling (in preparation) 

Data Sets 

This project has generated a rather unusual data set comprising several suites of variables 

measured in the same streams at the same time (Table B.1).  A separate spreadsheet with details 

on each variable in the data set (~900 total entries) is available on request.  

Because many of these data sets are being developed and analyzed by graduate students as part 

of their thesis or dissertation research, we will embargo the data until the initial publications are 

completed and submitted. After publication, we intend to make the data freely available to other 

collaborators who might wish to explore these in other ways or for other purposes.  

Technology Transfer and Communication 

This project has been a key part of a exploratory project for an Urban Long-Term Research Area 

(ULTRA), a collaboration funded by USDA and NSF, to NC State University, Duke, UNC-

Chapel Hill, and the Triangle J Council of Governments (TJCOG).  The Triangle ULTRA 

project is concerned generally with how land use influences the provision of ecosystem services, 

and an initial focus in on watershed protection as a key service valued by stakeholders. The 

ULTRA program by design places a premium on stakeholder engagement, and our active 

collaboration with TJCOG has helped connect our research to water quality experts and water 

resource managers in city, county, and state government as well as nongovernmental 

organizations interested in protecting our regional water resources.  

Bernhardt’s research on urban streams, especially in Mud Creek (which flows into Duke Forest 

from a nearby subdivision), is highlighted in several educational venues.  The project is 

advertized on the Duke Forest website (http://www.dukeforest.duke.edu/research/projects.html), 

which points to more detailed information on the Bernhardt website 

(http://bernhardtlab.weebly.com/mud-creek.html). This study site is also featured as an inquiry-

based case study for LearnNC (http://www.learnnc.org/lp/editions/mudcreek/6381), a K-12 

teaching and learning program from the UNC School of Education.  

http://www.dukeforest.duke.edu/research/projects.html
http://bernhardtlab.weebly.com/mud-creek.html
http://www.learnnc.org/lp/editions/mudcreek/6381
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Table B.1. Summary
1
 of data sets collected as part of the Triangle stream survey project.   

______________________________________________________________________________ 

Data Set  Variables 

Site   Site ID, alternate name(s), dates for all measures and samples 

  

Land Cover  Site ID, latitude, longitude 

Road density (m/ha within watershed) 

   Traffic-weighted road density (inverse-distance from stream) 

   Road/stream intersections in watershed (per ha) 

   Effective development (weighted by inverse distance along flowpath to  

   stream; for multiple threshold distances) 

   Weighted effective development (as above, further weighted by relative 

Infiltration capacity of intervening land cover along flowpath) 

Effective buffer (forested area within threshold distance along flowpath to 

stream; for multiple threshold distances) 

Connected impervious area (percent developed area adjacent to stream) 

Development history (percent watershed developed land cover in 1985,  

1995, 2000, 2005; and since 1985, 1995; percent ‘old’ pre-1985  

development) 

Forest, field land covers (percent of watershed, based on 2005 data) 

Land use type (categorical based on dominant cover:  forest/ag/urban) 

Temperature (average ‘skin’ temperature of watershed, based on May  

2005 thermal band from Landsat TM image, 
o
C).  

    

Stream Habitat Site ID, sampling date(s) for measurements 

   Depth (mean, minimum, maximum, CV, SE of depth of thalweg, m) 

   Width (mean, min, max, CV, SE wetted width of stream, m) 

   Canopy cover (mean %, CV, SE using spherical densitometer in the field) 

   Canopy cover TM (mean %, from 2008 NAIP digital airphotos) 

   Incision (mean, CV; as depth/bank-full width for 3 random cross-sections) 

   Transitions (number of flow transitions [riffle/pool/run] per 100 m) 

   Pebble counts (mm for 16
th

, 50
th

, 84
th

 percentiles; # within various size  

Ranges; based on 100 pebbles in grab sample) 

 

Water Quality  Site ID, sampling date(s) 

 

   Temperature:  summary (average daily mean, min, max, range;  
o
C) 

   Diel range of temperature (daily max – daily min) 

   Maximum change (between 10-min samples, following rain event) 

   Degree-days (base 0 
o
C, double triangle method) 

    

   Metals: Cr (ug/g sediment), Al (mg/g), As (ug/g), Ni (ug/g), Cu (ug/g),  

Zn (ug/g), Cd (ug/g), Pb (ug/g); also these corrected for carbon) 
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Chemistry:  nitrogen (NH4, NO3, total N; digestible TN);  

chloride ; sulfate (SO4); bromine; phosphate (PO4, digestible total P);  

carbon (non-purgable organic C, dissolved organic carbon, as bioavailable  

and pre- and post-30-day incubation for bioavailable C) (all mg/l) 

 

Stream Function: Site ID, sampling date(s) 

   Chlorophyll (mean, CV, SE accrual rates on tiles; ug/cm
2
/day) 

   Dissolved organic carbon (bioavailable and total; mg/l) 

   Nitrogen (total N; mg/l) 

   Wood decomposition (% loss, for surface and buried veneers) 

   Microbial activity (total and active substrate-inducible respiration in  

sediments; mg CO2/g/min) 

Nitrification rate (mean, SE; ng N/g/hr) 

Denitrification rate (mean, SE DEA; ng N/g/hr) 

Carbon PARAFAC components (%; by fluorescence) 

 

Macroinvertebrates:  Site ID, sampling dates 

   Family richness (number of represented families) 

   EPT richness (number of Ephemeroptera, Plecoptera, Trichoptera) 

   IBI (index of biotic integrity, based on family-level data) 

   Abundances by family for 54 families (discrete abundance classes) 

   Compositional trends in families (site scores on ordination axes, using  

nonmetric multidimensional scaling) 

   Abundances by species (discrete abundance classes)  

 

Microbes:   Site ID, sampling date(s) 

   Abundances of operational taxonomic units (fragments) for bacteria using   

   terminal restriction fragment length polymorphism (TRFLP) methods, for 

   nitrite-reducing (nirK primer), nitrous oxide-reducing (nosZ primer) forms 

   Compositional trends in microbes (site scores on ordination axes, using  

nonmetric multidimensional scaling) 

______________________________________________________________________________ 

 
1
 These are summaries of metadata only. Full metadata (900+ entries, ~50 pages) is available on 

request.  
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Appendix C. Project Participants 

This project was heavily leveraged to complement the WRRI funding. In particular, much of the 

field and laboratory work was conducted by personnel in Bernhardt’s laboratory, under her NSF 

support or other funding. We also engaged a large group to deploy sampling stations in streams 

across the region, fielding ten mostly volunteer crews of two on a single day in May, 2009, when 

we put the sampling stations into streams and again on a single day 30 days later when we picked 

up the stations. All project participants are listed in Appendix Table C.1.  

Appendix Table C.1. Participants in the 2009 stream survey field campaign.  

______________________________________________________________________________ 

Name   Affiliation   Role (Source of Funding) 

Senior personnel: 

Dean Urban  Nicholas School, Duke PI (no salary from WRRI) 

Emily Berhardt Biology, Duke   co-PI (NSF; no salary from WRRI) 

Brooke Hassett Bernhardt Lab, Duke  Lab manager, lab assays (2 months WRRI) 

Graduate students: 

Kayleigh Somers Urban Lab, Duke  Land use (summer stipend from WRRI) 

Elizabeth Sudduth Bernhardt Lab, Duke  Organic matter assays (Bernhardt NSF) 

Si-Yi Wang  Wright Lab, Biology, Duke Microbes (no WRRI support) 

Christy Violin  Reice Lab, Biology, UNC Macroinvertebrates (no WRRI support) 

Summer interns/technicians (undergraduates unless noted otherwise): 

Malia Losordo  Geography, UNC  Summer field tech (Bernhardt NSF) 

Joseph Lozier  Biology, Duke   Summer field tech (Bernhardt NSF) 

Ben Phillips  Biology, Duke   Summer field tech (Bernhardt NSF) 

Joseph Adrignola ex NC DENR   Macroinvertebrates (partial WRRI support) 

Volunteers for sampler deployment campaign (1 day in May, 1 day in June, 2009): 

Bonnie McDill Wright Lab, Biology, Duke graduate student 

Sarah Diehl  Wright Lab, Biology, Duke graduate student 

Dr. Ben Colman Bernhardt Lab, Duke  postdoc 

Brian Lutz  Bernhardt Lab, Duke  graduate student 

Jen Morse  Bernhardt Lab, Duke  graduate student 

Medora Burke-Scoll Bernhardt Lab, Duke  lab technician 

Jill Greiner  Bernhardt Lab, Duke  lab technician 

Jon Duncan  Band Lab, Geography, UNC graduate (plus 2 undergrads) 

______________________________________________________________________________ 
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