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PROJECT SUMMARY

Human activities are flooding the biosphere with fixed nitrogen (N), changing the biogeochemistry
of both terrestrial and aquatic environments by adding biologically available N, primarily from fossi| fuel
combustion, agricultural fertilizer application and legume cultivation. The fate of much of the
anthropogenic N load to the biosphere is uncertain because mass balance studies of major watersheds show
that most of the added N is not exported to the oceans but is missing, having disappeared from our
accounting somewhere within these watersheds. Despite this, the added N that we can account for
produces a N loading to estuaries and coastal oceans that has resulted in increasingly severe eutrophication
problems.

Among the several possible fates of the missing N are uptake and denitrification in streams and
rivers. Most of theinorganic N entering and transported by streams and riversisin the form of nitrate.
Traditionally, nitrate has been thought to flow freely downstream to lakes and coastal ecosystems once it
enters streams. Recently, however, this view has been challenged. Mass balance analyses for the
Mississippi River drainage have shown that large quantities of total N and nitrate are lost as water travels
through itstributary streams and rivers. This conclusion is consistent with results from our recently
completed inter-site *°N-tracer study of ammonium dynamicsin streams (LINX). The LINX study
demonstrated experimentally that smaller streams are most retentive of ammonium, with shortest
ammonium uptake distances (i.e., greatest retention efficiencies) in the smallest streams and uptake
distances increasing logarithmically with stream discharge and depth.

We propose an intensive, inter-site study of the fate of nitrate in streams. Our research will
evaluate whether streams are indeed important sites of N retention in the landscape and, more importantly,
how human disturbances affect that retention. Wewill use field N-tracer experiments to determine the
rates and factors controlling nitrate uptake and retention in relatively pristine streams and in streams that
have been atered by agriculture or urban development and have eevated nitrate levels. These experiments
and associated measurements will allow usto test a variety of hypotheses dealing with the impacts of
human disturbances on streams, including effects on channel morphology, hydraulics, biological activity,
and N retention. At each of eight sites distributed across diverse biomes throughout the U.S., we will
perform tracer-level °N-nitrate addition experiments to trace the fate of nitrate in nine streams: 3
reference, 3 agricultural and 3 urban streams (for atotal of 72 streams across all sites). Each experiment
will consist of a 24-h addition of **N-nitrate and longitudinally distributed measurements of °N in water
and in various benthic organic matter pools to determine in-situ rates of nitrification, assimilatory uptake
of nitrate, and denitrification in each stream. We will use our experimental results to develop a general,
process-based modd of nitrate retention in stream reaches. We then will extend our results to much larger
spatial scales by combining our stream mode with Gl S-based information on hydrography and land use to
predict nitrate retention in 5" or 6™ order river basins at each of the eight study sites. We will test these
predictions with synoptic field measurements of stream nitrate concentrations within each basin. The
validated river basin model will be an important land-use planning and management tool for controlling
the N loading of lakes and coastal ecosystems.

Our proposed research integrates across a large range of spatial scales, from the micro-scale
(microd ectrode surveys for anoxia, microbial denitrification enzyme assays) to stream reaches
(assimilatory uptake and denitrification rates) to landscapes of diverse biomes (nitrate retention throughout
the fluvial systems of 5"or 6™ order river basins, impacts of land use). Our research also will integrate
experimental results using a relatively new technique (*°N tracer additions) with modeling at the stream
reach and landscape scales. Our work will have broader implications to society by explicitly evaluating
the effects of human disturbance on N retention in stream networks, contributing the new knowledge
needed for a more sustainable management of watersheds. The many graduate students and postdoctoral
fellows funded by the project will gain valuable training and perspective on how large, interdisciplinary
team research projects involving multiple sites and ingtitutions are conducted and managed.



PROJECT DESCRIPTION
I. BACKGROUND
A. Nitrate uptake and retention in streams

Human activities are flooding the biosphere with fixed nitrogen (N), changing the chemistry of the
atmosphere, soils, and waters by adding biologically available N, primarily from combustion of fossi|
fuels, agricultural fertilizers and legume cultivation (Vitousek et al. 1997). We are now matching each
gram of naturally fixed N with a gram of biologically available N generated by human activities.
Anthropogenic N pollution is especially pronounced in urban areas, where deliberate (legume fixation,
food and fuel import) and inadvertent (e.g., conversion of N, to NO;during fossil fuel combustion)
anthropogenic sources may account for >90% of N inputs (Grimm et al. 2001, Baker et al. in revision).
Wheatever its source, this N addition should lead to a greening of the biosphere as N isamajor building
block of life on Earth and is frequently alimiting factor for plant production in both terrestrial and aguatic
environments. However, this anthropogenic N is distributed in amounts and locations whereiit is not
merely stimulating primary production but actually disrupting the balance of lifein a variety of
ecosystems. Forestsin the US, Europe, and China are in decline as trees die in response to the syndrome
called N saturation (Aber et al. 1998). Landscapesthat historically assmilated and retained most available
N are now leaking substantial amounts to surface and groundwaters. The fate of much of the
anthropogenic N load to the biosphere is uncertain because mass balance studies for major watersheds of
the nation show that most (on the order of 60 to 80%) of the N added to the catchments is not exported to
the oceans but is missing, having disappeared from our accounting somewhere within these watersheds
(Howarth et al. 1996). Even <0, theresidual 20-40% produces a N loading to estuaries and coastal oceans
that is unacceptable when we have large areas of oxygen depletion in places such as Chesapeake Bay and
the Mississippi Plume (Kemp, et al. 1992, Turner and Rabalais 1994). To judge the full impact of humans
on the biosphere we must discover the fate of this vast quantity of unaccounted N that is stored or
processed within watersheds. We have to understand this aspect of the N cycle if we are to successfully
manage and protect sensitive ecosystemns and ecosystem services, such as drinking water supply and
coastal marine fisheries.

The several possible fates of the missing N include plant uptake, immobilization and
denitrification in soils, loss during passage through wetlands and riparian zones, and uptake and
denitrification in streams, lakes, and largerivers. We propose an intensive isotopic tracer study of the fate
of N in stream networks. Most of the inorganic N transported by streams and riversisin the form of nitrate
(NOs) and traditionally NO; has been thought to flow, for the most part, freely downstream to lakes and
coastal ecosystems once it enters streams. Recently this view has been vigoroudy challenged because
mass balance analyses for the Mississippi River drainage have shown that large quantities of total N and
NO;are evidently lost as water travelsthrough its tributary streams and rivers (Alexander et al. 2000).
Loss rates within stream channels were as high as 50% per day in streams of 50-cm depth but declined
rapidly to only 0.5 % per day in rivers several metersin depth. Thus, N traveled readily to the mouth of
the Mississippi if it reached alargeriver channd but very little N was delivered from sites drained by
series of smaller channels. This synthesis of many years of water quality monitoring shows quite clearly
that stream channd networks themselves are major sinks for anthropogenic N, athough the mechanisms of
N loss are not known.

The results of the Alexander et al. study are of great practical significance because they suggest a
strategy for controlling coastal zone pollution - routing N through a series of small streams and rivers
where maximal N losswill occur. This conclusion is consistent with results from our recently compl eted
study of ammonium dynamics in streams throughout North America (the Lotic Inter-site Nitrogen
Experiment, LINX; Peterson et al., in review). Thisinter-site °N-tracer study demonstrated
experimentally that smaller streams are most retentive of ammonium, with shortest ammonium uptake
distances (i.e, greatest retention efficiencies) in the smallest streams and uptake distances increasing



logarithmically with stream discharge and depth. Experimental tracer studies have an advantage over mass
balance studies because the rates of individual processes such as nitrification, nitrate uptake and
denitrification can be measured in-situ. In the LINX study the focus was on ammonium uptake and
transformation and food web transfers of N in pristine streams. In this proposal we focus on the fate of
stream water NO; by directly adding a "NO; tracer to the stream channdl. The power of this approach is
that it facilitates a specific analysis of the assmilation and denitrification processes that control the fate of
NO; in streams. In this proposal we also expand our focus to consider streamsin human-altered
landscapes (agriculture, urban).

We propose to eval uate the factors controlling NO; uptake and retention in relatively pristine
streems aswell asin streamsthat carry e evated NO; asaresult of their agricultural or urban settings using
>N-tracer experiments. At each of eight sites distributed in diverse biomes throughout the U.S., we will
trace the fate of NOs in nine streams - 3 reference, 3 agricultural and 3 urban - for atotal acrossall sites of
72 streams. Our experience suggests that small streams with high surface to volume ratios will be most
retentive of NO;. We expect that the impact of humans on the structure of stream channels will affect the
uptake efficiency of streams, often decreasing uptake as streams are channelized. Elevated NO;
concentrations will affect the rates of both NO; assimilation and denitrification in streams, but which one
will be affected most? Will the high NOs levels stimulate the biota to be more retentive or will the bictic
retention processes be overwhelmed? Will carbon limitation of denitrification occur in NOs-enriched
systems? We will answer these questions and use the new information to devel op a process-based model
of N retention in stream reaches. Finally, we will extend our resultsto large spatial scales by using our
stream model with watershed-scale information on hydrography and land use to predict N retention in
largeriver basins at each of our eight study sites, and will test these predictions with synoptic field
measurements.

Our proposed research is broadly integrative in several important respects. It integrates across a
large range of spatial scales, from the micro-scal e (microd ectrode surveys of anoxia and sediment
denitrification enzyme assays) to stream reaches (assimilatory NO; uptake and denitrification rates) to
landscapes in diverse biomes (nitrate retention throughout the fluvial systems of 5™or 6" order river
basins). It also integrates across land use categories ranging from relatively undisturbed lands with native
vegetation to those dominated by human activities. Finally, our research will integrate experimental
results using a relatively new experimental technique (N tracer additions) with moddling at the stream
reach and landscape scales.

B. Conceptual Model of N dynamicsin streams

Our conceptual model of nitrate processing in the stream network of watersheds is based upon
process-based understanding of NO; dynamics at the stream reach (km) scale (Fig. 1) combined with
analysis of land-use and stream network geometry at the landscape scale (Fig. 2). There are numerous data
sets on the statistical relationships between land-use and nitrate loading to streams. What is new in this
proposal is the linkage between the watershed level data on land-use and nutrient loading with the field
studies of NO; uptake and retention in streams in relatively undisturbed, agricultural and urban catchments
in 8 regions distributed throughout the U.S.

Our reach modd (Fig. 1) isderived from our prior research on the LINX project (see Results from
Prior NSF Support) but emphasizes the fate of NOsrather than NH,. The stream channel segment (or
reach) receives NO; inputs from upstream and from lateral seepage plus any tributary inputs. Nitrate
concentration within the reach is maintained by the dynamic equilibrium between these upstream and
lateral inputs plus nitrate produced from in-situ nitrification balanced against NOs |losses due to
assimilation by biota, denitrification to gaseous N and export downstream. In thefield tracer studies,
BN O, will be added to measure in-situ the rates of nitrification, nitrate assimilation and denitrification.
The net retention of NO; within the reach is calculated from the mass balance of NO; and ®NOs within the
stream reach. The specific fate of nitrate retained is determined directly by measuring both the
assimilatory uptake of NO3; on the stream bottom and the denitrification rate. These mass balances will be



determined for reaches of 72 streams with different NO; concentrations and in catchments with different
land uses distributed in 8 regions across the U.S. These data will be synthesized for usein calibration of
both empirical mass balance models and smulation models of NO; dynamicsin stream reaches and at the
large watershed scale.

The landscape-scale modd of nitrate processing in stream channels draws on information from the
stream reach model devel oped from results of our field experiments and from catchment land use and
hydrography data organized by a geographic information system (GIS) (Fig. 2). N inputsto stream
channels are cal cul ated based upon land use and riparian characteristics of the subcatchment contributing
water and solutes to each stream or river segment. The stream reach modd first computes NO; retention
and export downstream for the most upstream reach. This exported NO; along with additional seepage and
tributary NO; loading isinput to the next downstream reach and so on. Thus, the landscape-level model
computations are performed sequentially from the primary (1% order) streams to higher order reaches for
each of the contributing subcatchments downstream until the mouth of the catchment of interest is reached.
The data stored from the simulation will provide a Gl S-based map of NO; loading, NO; assimilation,
denitrification and export from each stream or river reach. The summary statistics will be the location and
magnitude of nitrate sinks plus total NO; export as a percent of inputs at each node in the stream network
scaled up to a 5™ to 6" order river basin.
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Figure 1. Stream reach-scale model of Figure 2. Landscape-scal e conceptual
nitrate dynamics. modd (large watersheds).

The LINX project data set has allowed us to obtain preliminary estimates of NOj; retention and
transformation in pristine headwater streams. We have found that in headwater streams throughout North
Americaless than 50% of the nitrate entering the stream will remain in the stream water for 1 km of travel
downstream (Peterson et al. in review). This proposal extends this analysisin two ways by 1) measuring
denitrification directly in-situ and 2) focussing on land-use factors that perturb the N cycle. These
additions are the critical ones for developing our understanding of stream channel N cycling and for the
practical management application of these N cycle smulation models.



C. Significance of research

We have learned a great deal from several decades of research on various aspects of N dynamicsin
stream channels, but most of that research has been carried out in piecemeal fashion and a comprehensive
synthesisis still unavailable. For example, we know that denitrification occurs at relatively high ratesin
riparian wetlands (reviewed by Hill 1996) and in many kinds of stream sediments (Christensen et al. 1990,
Triska et al. 1993, Pinay et al. 1994, Hill et al. 1998), but we have little idea of the relative importance of
these two environments in regulating the export of N from watersheds. Most research has dealt with the
riparian wetlands as key points of N interception, leaving the impression that most stream water originates
in riparian wetlands and that the recipient stream channels are smply conduits for N. In fact, substantial
amounts of groundwater discharge to streams can bypass riparian wetlands. Furthermore, our previous
LINX project results showed how dynamic inorganic N can bein stream channels under the smultaneous
influences of production and consumption processes (Peterson et al., in review). The N mass balance
study of Alexander et a. (2000) for the Mississippi basin suggests that this dynamic behavior extends to
larger stream channels aswell.

Callectively, our LINX studies cited throughout this proposal have perhaps come closest to
attaining an integrated understanding of within-channel N cycling processes, but they focused on
ammonium dynamics in relatively undisturbed stream channels. The proposed study will yield a much
more comprehensive picture of nitrate dynamics in streams, and thus will advance our conceptual and
theoretical understanding of N cycling in streams. Furthermore, and in contrast to the LINX studies and
much of the other published research on streams, the proposed study emphasizes N dynamicsin disturbed
streams, with consideration of the effects of stream channd modifications and N enrichment resulting from
urbanization and agriculture. Such disturbances are ubiquitous in North America and impact the majority
of streams found in urban and agricultural landscapes. Understanding the roles of disturbance in
controlling N cycling and transport is fundamental to the management and restoration of stream
ecosystems. Finally, in taking a more integrative approach that spans broad spatial scales and disciplines,
we will provide the most comprehensive and synthetic view of N retention in stream channels to date.

The research outlined in this proposal is particularly timely because it addresses a major water
quality issue that has attracted increasing attention in recent years - the increasing incidence of undesirable
algal blooms and oxygen depletion in estuaries and nearshore ocean waters (Paerl and Whitall 1999). For
example, the growing hypoxic zone in the Gulf of Mexico is believed to result from eutrophication
stimulated by enhanced N delivery by the Mississippi River (Turner and Rabalais 1994). The recognition
that nitrate loadsin the Mississippi may be causing environmental harm offshore has spawned intensive
efforts to evaluate sources of N pollution in the river’s watershed as well asthe factors that regulate N
transport through the fluvial system (Goolshby 2000). A recent agreement reached by the Mississippi
River/Gulf of Mexico Task Force calls for a 30% reduction in N discharge from the river system to the
Gulf by 2015 (Showstack 2000). One potential way to achieve this goal isto restore smaller stream
channedlsto their natural morphology and riparian vegetation, but we do not know the extent and degree of
restoration that would be required to significantly reduce N export from watersheds. The present study
speaks to precisdy this question, with an eye toward how anthropogenic disturbances have affected these
N retention processes (and therefore how restoration of natural stream channels might ameliorate the
problem). Furthermore, NO5 contamination is a significant drinking water problem, causing
methemogl obinemia and perhaps acting as a carcinogen (Hartman 1983).

The integrated experimental and modeling design that we propose here represents a novel
approach to the study of nitrate dynamicsin streams. Whole-stream isotope addition experiments are
infrequently performed because of logistical and analytical challenges, aswell as high costs. The
extensive measurements organized around the isotopic addition experiments that we propose can only be
accomplished with the contributions of multidisciplinary team members with diverse scientific training and
experience, including isotope geochemistry, nutrient biogeochemistry, microbial ecology, spatial data
analysis, and smulation modeling. Our success with the LINX project has demonstrated our capabilities as



ateam and we are poised to succeed in the new research proposed here. Asin the LINX project, we will
provide numerous opportunities for undergraduate student participation and graduate research projects
within the proposed project, and we will invite outside researchers to attend our planning and synthesis
meetings. Students will have the opportunity to participate in synthesis activities as well as site-specific
work, which will provide these individuals with a valuable perspective on how research projects involving
multiple sites, disciplines, and institutions are conducted. Female scientists will be well represented on our
team, asthey werein our previous LINX project (records of attendance at our data synthesis meetings
show 10-11 women out of 23-25 participants). The scientific results will be broadly disseminated in the
form of peer-reviewed scientific publications and conference presentations as well as outreach efforts, such
as presentations to local audiences composed of citizens and resource managers and posting of results on
the internet.

II. PROPOSED RESEARCH
A. Objectives and Hypotheses

This multi-site, inter-biome study of nitrate dynamicsin streamsis designed to achieve four
objectives:

1. Quantify whole-stream rates and mechanisms for nitrate removal and retention in streamswithin and
across biomes (assimilatory uptake pathways, denitrification).

2. Quantify the effects of two dominant types of human disturbance (urbanization, agriculture) on
processes of nitrate removal and retention in streams, and determine whether these effects are
consistent across biomes.

3. Deveop a biome-independent, stream-reach modd of nitrate uptake and retention based on stream
physical, chemical, and biological characteristics and riparian and catchment land use information.

4. Determinethe role of nitrate retention in headwater streams at the landscape level by evaluating (a)
whether nitrate retention in large, mixed land-use river basins can be predicted from retention in small
streams using a Gl S-based modd incorporating hydrography and land use information (i.e., whether
nitrate retention in higher-order riversislow relative to retention in small, headwater streams).

The research we propose will be guided by three primary hypotheses. Our work is founded on the
idea that nitrate uptake and retention in streams can be predicted from physical, chemical, and biological
characteristics of stream ecosystems.  We propose a comprehensive plan of experimental research and
predictive model devel opment to identify and quantify the broad-scale controls on stream nitrate retention,
which will allow usto test thefirst of our three hypotheses:

H,: Therelative importance of assmilatory uptake of nitrate and denitrification in streams changes
within and acr oss biomes due to differencesin physical characteristics (geomor phology and
hydraulics) and rates of biological activity (primary production and heter otrophic microbial
metabolism).

We are concerned with the effects of human disturbance on stream nitrate retention processes. We
predict that the nitrate retention capacity of headwater streams is significantly reduced by human
disturbances that alter the physical, chemical, and biological structure of these ecosystems. Foremost
among the human disturbances to headwater streams are the effects of land conversion to agricultural and
urban/suburban uses. We believe that changes in nitrate retention resulting from human disturbances are
predictable from knowledge of which physical, chemical, and biological characteristics contral nitrate
dynamics and how these characterigtics are affected by disturbance. This then brings us to the second of
our hypotheses guiding the research:



H,: Thefractional retention of nitrate in streams (percent of nitratein transport) is significantly
reduced by human disturbancesto the landscape (agriculture, urbanization), and distur bance effects
on in-stream nitrate retention can be predicted within and acr oss biomes from the effects of
disturbance on key physical, chemical, and biological characteristics.

Finally, we areinterested in testing the hypothesis raised by the study of Alexander et al. (2000)
that low-order streams and rivers (£ 4™ order) are the critical sinksfor N retention in river basins. We
believe that it is the smallest streams (1% up to 3" order) that are the most N-retentive portions of the
stream/river network, as stated by our third hypothesis:

Hs: Small, headwater streams arethe most important siteswithin largeriver basins for
retention of nitrate transported from land to water because they have relatively high surfaceto
volume ratios and large organic matter inputsthat promote intense biological uptake and
transformation of nitrate.

These hypotheses lead to a number of specific testable predictions listed bel ow together with a
brief overview of the work designed to test each of them.

B. Predictionsand tests

P1: Nitrate uptake rates and the relative importance of assmilatory uptake and denitrification processes
can be predicted from rates of ecosystem metabolism, nitrate concentrations, and stream geomorphol ogy
and hydraulic characterigtics.

Test: Regression analyseswill be used to investigate the degree to which nitrate uptake rates, nitrification
rates, denitrification rates, and assimilatory uptake:denitrification ratios in reference streams can be
predicted across biomes from the foll owing independent variables: whole stream metabolism rates (gross
primary production, ecosystem respiration), nitrate concentration (and N limitation status), and several
geomorphologcal and hydraulic characteristics (e.g., organic matter accumulations, relative size and water
exchange rates of transient storage zones within the stream channdl).

P2: Elevated nitrate concentrations resulting from anthropogenic N sourcesin disturbed landscapes result
in increased rates of assmilatory nitrate uptake and denitrification relative to undisturbed conditions, but
reduce the efficiencies (% retention) of uptake and denitrification (i.e., increase uptake lengths, reduce
transfer velocities) at within-biome and across-biome scales.

Test: Multivariate regression analyses will be used to identify predictive relationships between stream
water nitrate concentrations and nitrate uptake and denitrification rates and efficiencies (i.e., nitrate
removal as a percent of concentration or flux). In the across-biome analyses we will normalize uptake
rates and efficiencies and nitrate concentrations to the reference condition by calculating the fractional
changes (dividing values for disturbed streams by the reference stream mean values for each site). This
data normalization procedure will allow us to minimize the effect of inter-biome differencesin reference
stream conditions that could obscure the effects of disturbances related to nitrate concentrations across
biomes.

P3: Reductionsin the physical complexity of stream channels as a result of human disturbances reduce
rates and efficiencies of both assmilatory nitrate uptake and denitrification within and across biomes.

Test: Analysisof variance (ANOVA) using land use categories, and multivariate regression analyses
using Gl S-based land use data for riparian corridors and entire catchments will be employed to determine
the effects of disturbance on various geomorphological (e.g., debris accumulations, hydraulic radius,
substrate size variability, riparian canopy density) and hydraulic characteristics (e.g., transient storage zone



size and water exchange rates, dispersion coefficients, average water velocities per unit channd gradient).
Then, multivariate regression analyses will be employed to determine if the rates and efficiencies of nitrate
uptake and denitrification can be predicted from measures shown in thefirst set of analyses to be most
affected by disturbance. In the across-biome analyses values of the dependent (uptake rates and
efficiencies) and independent variables (disturbance-related geomorphological and hydraulic
characteristics) will be normalized to the reference condition by calculating fractional changes asin the test
of P2.

P4: Nitrification rates and the importance of nitrification as an in-stream source of nitrate can be predicted
from the concentration of ammonium and the ecosystem demand for N within and across biomes.

Test: Regression analyseswill be used to determine whether nitrification rates can be predicted from
ammonium concentrations and ecosystem rates of metabolism used as surrogate measures of autotrophic
(gross primary production) and heterotrophic (ecosystem respiration) N demand.

P5: Theretention of nitrate inputs within large river basins can be predicted from a general model of
nitrate uptake rates in small streams scaled up to the landscape level using Gl S-based data on hydrography
and land use.

Test: Wewill develop and validate a biome-independent model of stream nitrate dynamics based on the
experimental *°N results, apply it to a 5" to 6™ order river basin in each biome using land use and
hydrography data, and compare the model results with longitudinal measures of NO3 concentration
throughout each large river basin.

C. General Approach

Our research involves two elements: (1) alarge set of field >N-tracer experimentsin small streams
at multiple sites (diverse biomes) to quantify the mechanisms, rates and controls on stream nitrate
dynamics, and (2) extension of our results to the landscape scale by combining reach-scal e experimental
results with watershed-scale spatial data on hydrography and land use to predict nitrate retention in a5" or
6" order river basin at each site. The second research element will also include tests of the river basin
predictions using synoptic measurements of nitrate throughout each river basin.

Field *>N-tracer experimentsin streams. We will perform one major field experiment and an
extensive set of measurements in an identical manner in reference and disturbed streams at each of 8 sites
representing diverse biomes and physiographic regions of the United States. At each sitewe will select 3
reference streams that have minimal direct human disturbances and drain catchments with vegetation
typical for that biome. The disturbed streams at each site will include 3 streams in watersheds heavily
influenced by agriculture of atypetypical for the region represented by that site, and 3 streamsin
watersheds heavily influenced by urban/suburban devel opment typical for that region. Thus, the study will
include 9 streams at each of 8 sites, for atotal of 72 streams. The field experiments will be spread out over
3 years at each site, with one stream from each land use category (reference, agricultural, urban/suburban)
studied each year.

Thefidd experiment will consist of atracer-level addition of *N-nitrate released continuously
over a 24-hour period. We will measure N in water (NO; and N gases) along a longitudinal transect
several times during the N addition to determine whole-stream rates of assimilatory nitrate uptake and
denitrification in each stream. We also will measure N in all major biomass compartments after the
tracer addition to partition assimilatory uptake by mechanism and to determine N turnover and long-term
retention rates associated with different biomass compartments. Finally, we will measure a number of
physical, chemical, and biological characteristics 1-2 days prior to, during, or 1-2 days after the °N
addition to identify the most important factors controlling N uptake and retention, both within and across
biomes. These measurements range from the micro-habitat to landscape scales. They include surveys of
microscal e anoxic zones and microbial denitrification enzymes, inputs, concentrations, and downstream
fluxes of different forms of N, biomass standing stocks, whole-stream rates of metabolism, N limitation



indices, channel morphological and hydraulic characteristics (including transient storage zone
characteristics), and watershed and riparian land use information organized in a GIS.

Most of the methods that we propose here have been used successfully in our previous LINX
project. In particular, the stream >N addition technique, measurements of °N in streamwater ammonium,
nitrate and stream biomass compartments, and application of process modesto longitudinal N data to
determine uptake rates and lengths were developed and/or refined for usein streams during LINX. We
have built on the experience gained in the previous inter-site study in designing this more comprehensive
study of nitrate dynamicsin streams.

Data analyses will address three fundamental questions: (1) are nitrate dynamics in agricultural
and urban streams significantly different from those in reference (undisturbed) streams, (2) what physical,
chemical, and biological factors are most important as controls on nitrate dynamics (in particular, rates of
assmilatory uptake, nitrification, and denitrification), and (3) how do human disturbances alter the
controls and predictability of nitrate dynamicsin streams? We will focus our analyses at two levels:
within site (n=9), to identify disturbance effects and controls within particular biomes, and across sites
(n=72), to identify disturbance effects and controls across all biomes and thus gain a more fundamental
understanding of factors governing nitrate dynamicsin streams. Initially, ANOVA will be used to
determine effects of land use and, with post hoc comparisons, effects of disturbance type within and across
sites. To address questions concerning controls on nitrate dynamics and how disturbance affects those
controls, we will apply univariate and multivariate regression and multivariate ordination techniques using
datafrom all streams, irrespective of land use category. These analyses also will be conducted within each
site, to determine predictive relationships within biomes, and across sites, to determine broader
relationships across biomes. The predictive relationships that we develop for various nitrate uptake and
retention mechanisms will be used with our GIS-based |and use data to scale up our predictions and
smulate therole of streams and land use changes on nitrate flux at the landscape scale.

This study will not address temporal variation in nitrate dynamicsin streams because we will
conduct only one *N experiment in each stream. We recognize that nitrate uptake and retention may be
highly variable over an annual period. However, seasonality in nitrate uptake in streamsis the subject of
an ongoing NSF-supported research project (NPARS, M. Valett lead PI; see section G) and we believe that
our focus should be on broad spatial patterns and controls of nitrate dynamics. All experiments at each site
will be performed during the same season to enabl e effective within-site comparisons.  The period chosen
for the experiments at each site will be that during which nitrate uptake is expected to be moderately high.
Although experiments at different siteswill be conducted at different times of the year, thisis of less
concern in the across-site comparisons because the seasonality of many factors relating to stream nutrient
dynamics (e.g., organic matter inputs) differs across biomes and it would not be possible to choose one
season with smilar characteristics at all sites.

Scaling up to landscapes: nitrate retention in largeriver basins. Therecent analysis of N flux
in the Mississippi basin by Alexander et al. (2000) suggested that nitrate retention in headwater streams
accounts for the majority of N removal during transit through the river system (Alexander et a. 2000).
This result was derived indirectly by integrating monitoring data from arange of stream sizesinto a mass-
balance moddl. We intend to expand on and test this hypothesis by using a smple NO3 dynamics model to
scale our experimental results from study reaches of small streams up to entire stream networks draining
5™ or 6" order watersheds (Fig. 3).

In their analysis, Alexander et al. included all streams of approximately 1% to 4™ order as
headwater streams. We hypothesize that it isthe smaller streamsin this category (1% to 3" order) that
account for the majority of Alexander’s headwater nitrate storage. We further hypothesize that the
structural complexity of 4™ through 6" order streamsis an important determinant of nitrate retention in
these larger systems, although at lower rates than in smaller streams. To test these hypotheses, we will
develop a Gl S-based water and N routing model for application to larger watersheds and apply it toa 5" or
6" order river basin at each of our 8 study sites. Because widely available hydrography data (USGS/EPA
National Hydrography Dataset) are compiled at scales too coarse for studying headwater streams,
watershed hydrography within each large basin will be derived from USGS 30m digital elevation models
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(DEMSs) (Tarboton et al 1991). The DEM/hydrography model will then allow delinestion of sub-
watersheds for each stream segment using ARCINFO agorithms (Djokic and Y e 2000).

The model will simulate N delivery to the stream network, assimilatory NO; uptake and
denitrification within stream segments, and N and water transport between stream segments. N delivery to
stream segments via groundwater will be estimated from sampling streamside wellsinstalled in each of our
experimental study reaches, and extrapolated to the rest of the stream network based on adjacent land use
determined from cover classes derived from Landsat Thematic Mapper (TM) data (Khan 1993,
Vorosmarty et al. 1997). Surface, point-source inputs of N will be estimated from environmental permit
records available from state regul atory agencies and other available records.

Figure 3. Schematic of a 5" order watershed,
associated stream network, and sampling design for
channd cross sections, NO3 concentration, and
stream discharge. Thickness of stream denotes
hypothesized in-stream NO; retention cal culated by
an associated model (a function of NO;
concentration, stream discharge, and adjacent land
use). Asdenoted by dotted lines, 4" and greater
order streams will be assumed to retain no NOs in
order to test hypotheses described in the text. NO3
delivery to the stream channel will be estimated

Land Use e o based on adjacent land use.

Urban B Sampling Stgs

Agricultural 0 Crosssdtion and NO,

Forested ® Asabove plusdischarge

Throughout headwater streams (1% to 3 order) in the stream network, NO; uptake and
denitrification will be modeled as a function of stream discharge, NO; concentration, and adjacent land-use
type using relationships derived from our field *°N-tracer experiments. The modd will assume that NOs
uptake and retention in the remaining streams (4" order and greater) does not occur. |f our extension of
Alexander’s hypothesis holds true (i.e., 1% to 3 order streams account for the majority of N retention in
stream networks), we would expect this mode to overpredict NO; concentrationsin 4™ to 6™ order
streams, but that the overprediction will be small relative to the predicted retention in the smaller streams.
However, we may find substantial overprediction of NO; concentrationsin 4" to 6™ order streams at some
of our study sites and only modest or little overprediction in others. Thiswould suggest that NO3
processing in large streams varies across biomes. If thisisthe case, we will use regression analysesto test
whether stream channel complexity is an important determinant of NO; retention/processing in large
streams. Indices of channel complexity in 4™ order and larger streamswill be compiled using measures
such as sinuosity, variation in scour-zone width, variation in floodplain width, number of side channels,
etc. derived from USGS digital ortho quads (see Gurnell et a. 2000 as an example of this type of
approach). Strong correlations between channel complexity indices and residuals from regressions of
modeled vs. measured NO5 concentrations would indicate that human activities that alter channd
complexity within the stream corridor contribute to the low N retention observed in large streams.

In order to model surface water flow within the stream network of the large basins, channel cross-
sections will be sampled at 20 to 40 locations per basin (Fig. 3). Stream discharge will be sampled at a
subset of these cross sections each year to establish area/discharge curves to estimate discharge at any
point in the basin. For comparison against model predictions, the pattern of NO; concentrations within
each basin will be documented using synoptic sampling of NO; concentration at the cross section
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locations. Specifically, NO; concentrations will be measured during each of years 2 to 4 of the study. To
the extent practical, the synoptic NO; measurements will be timed to correspond with the headwater
stream N-tracer experiments and during periods when there has not been substantial recent rainfall.
Thus, sampling will coincide with the period in which longitudinal processing of N has the greatest
influence on N transport and the magnitude of lateral N inputsis minimal.

D. Site Selection

Eight widely separated sites representing different biomes and/or physiographic regions have been
sdected (Table 1). The general locations of reference and disturbed streams at each site have also been
chosen, but final selection of streamswill be based on more extensive field investigations and land use
data analysis during thefirst year of the study. We will select small streams (1% to 3" order), ranging in
discharge from about 5 to 50 L/s at baseflow. Streams of this size form the headwaters of drainage
networks and the initial terrestrial/aquatic interfaces within most watersheds. Reference streams will have
areas of human disturbance comprising < 5% of the watershed, whereas disturbed streams will be selected
from watersheds with > 25% of the land use in either agriculture or urban categories.

Table1. Study sSites

Site Biome, Physiographic | Reference streams Agricultural Urbanized

L ocation Province streams streams

Coastal MA | Cool temperate Parker River Ipswich River Ipswich R.
deciduous forest, New | watershed (Plum watershed (improved | watershed
England Coastal Plain | Island Ecosystem pasture) (commercial,

LTER) suburban)

Western NC | Warm temperate Coweeta LTER Little Tennessee R. Franklin/Asnheville/
deciduous forest, drainage near Silva, NC areas
Southern Appalachians Coweeta (primarily (commercial,

pasture) suburban)
Southern M1 | Cool temperate Yankee Springs State | Near Kellogg LTER | Kalamazoo/Battle
& Northern | deciduous forest, North | Recreation Area, and South Bend, IN Creek, Ml and/or
IN Central tillplain Barry State Game (intensive row-crop South Bend, IN
Area, Fort Custer agric., mostly corn areas (suburban,
Training Center and soybean) golf course)

Central KS | Grasdand, Great Plains | Konza PrairieLTER | Flint Hills near Manhattan, KS
(2 with grazing bison, | Konza (cattle (suburban, golf
2 without) rotation-grazing) Course)

Western Semi-arid coniferous, Grand Teton Nat'| Thomas Fork Jackson, WY area

wy Rocky Mountains Pk. & adjoining nat’l | drainage (heavily (suburban, sKi

forest/BLM lands grazed pasture) resort areas)

Western OR | Humid coniferous, Tributaries of Tributaries of Portland area
Cascade Mountains Clackamas & Clackamas, Pudding, | (Johnson & Fanno

Tudatin R MollalaR (grass Cks., commercidl,
seed, produce agr.) suburban)

AZ, NM Arid grasdand, Reference reaches Reaches of San Reaches of San
Southwestern Basin within San Pedro, Pedro, upper Gila, Pedro, upper Gila,
and Range upper Gila, Mimbres, | Mimbres, lower Salt Mimbres, lower

and lower Salt River | River basinsin agr. Salt River basinsin
basinsin AZand NM | areas urban areas

Puerto Rico | Moist evergreen LuquilloLTER Rio Canovanosbasin | Rio Piedras basin
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tropical forest, Montane | (Espiritu Santo and (pastureand banana | (commercial, dense
to Coagtal Plain Mameyes basins) plantation) suburban)

E. Workplan, methods, and data analysis

>N Experiments. The central experiment performed in all streams is a 24-h addition of
N-nitate (99 atom% K'°NO3) to increase the d™°N of streamwater nitrate to 20,000 per mil. This
level of N addition will result in an increase in dissolved nitrate concentration of 7.3% in all
streams, arelatively small increase and one not expected to have substantial stimulatory effects
due to enrichment. Thus, the experiment is a nitrate tracer experiment. The 24-h period for the
experiment is sufficiently long to ensure approximately steady state conditions in surface and
subsurface water ®NO; pools over several hundred meters of stream length. A conservative
tracer (either NaCl or NaBr) will also be added with **NO; to determine discharge rate and other
hydraulic characteristics as well as to provide an indication when hydrologic steady Stateis
achieved (Stream Solute Workshop 1990). The 24-h experiment duration will also allow usto
evaluate did fluctuations in nitrate dynamics resulting from autotrophic uptake processes.

The sampling strategy during and after the *°N addition is based on using the longitudinal
variation in tracer N in water and biomass compartments to determine whole ecosystem rates of
nitrate uptake (removal from water) and partition uptake by process (Mulholland et al. 2000).
Samples of all compartments also will be collected immediately prior to the *°N addition to allow
correction for background levels of °N so that only variationsin N tracer are considered in
determining uptake rates. In each stream, approximately 8 stations along a 200- to 500-m
longitudinal transect immediately below the N addition point and one station upstream (for
background *°N) will be established for sample collection

To determine whole-stream rates of nitrate uptake, samples of water for analysis of N in
nitrate and dissolved N gases (N, and N,O) will be collected at each station at 5 times (prior to
>N addition, 3 times during daylight, and once during darkness). To determine regeneration rates
of N taken up by biota and entrainment and downstream transport of particulate N, we will
collect one additional set of longitudinal samples approximately 24 hours after the end of the °N
experiment for analysis of N in nitrate, ammonium, dissolved organic N (DON), and suspended
particulate organic N (SPON). Samples for ammonium, nitrate, DON, and SPON concentration
will be collected from each station during each sampling period to calculate mass flux rates of N
from the N tracer data. Sample processing and analytical methods are presented in table 2.

To determine uptake rates of nitrate by specific biotic processes involving assimilation of
N into living organisms (assimilatory uptake rate), samples of the major biomass compartments
will be collected along the longitudinal transect approximately 24 hours after the °N addition is
terminated. Benthic biomass compartments to be sampled include epilithon (biofilms scraped
from surfaces of rocks), bryophytes, filamentous algae (if their distribution is patchy and they are
not included in epilithon sampling), decomposing leaves, wood, and benthic fine particulate
organic matter. Each sample will consist of composited material from five locations within 5 m of
each of the 8 longitudinally distributed stations. The longitudinal distributions of N in these
compartments will be used in a mass balance analysis of the fate of N removed from water
within the study reach. Samples of these biomass compartments also will be collected 1, 6, and
12 months after the end of the experiment to determine long-term retention of *°N removed from
water.

Table 2. Sample processing and analysis.
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Analysis

Brief description

Reference

BN-nitrate

Removal of ammonium by alkaline diffusion,
reduction (Devarda s alloy), headspace diffusion,
sorption onto acidified filter, N analysis of sorbed
N by mass spectrometry

Sorensen and Jensen
1991
Sigman et al. 1997

BN -ammonium

Same as for N-nitrate except w/o reduction

Holmes et al. 1998

®N-DON

Initial removal of ammonium and nitrate as above,
DON conversion to nitrate by alkaline persulfate
digestion, N-nitrate processed and analyzed as
above.

Sigman et al. 1997
Holmes et al. 2000

®N-SPON

Filtration of water through glassfiber filter, dry, in-
line high temperature combustion and analysis of
>N by mass spctrometry

Mulholland et al. 2000

BN-N,, N,O

Headspace equilibration of water with helium,
liquid N, cryotrapping of headspace gas to remove
N,O and other gases, isolation via molecular seve
GC column, and N analysis of N, by mass
spectrometry. N,O released from cryotraps and
separated by GSQ capillary GC followed by °N
analysis by mass spectrometry.

Stevens et al. 1993

®N-benthic
biomass

Separation by biomass type, drying, in-line high
temperature combustion and analysis of N by
mass spectrometry.

Mulholland et al. 2000

Streamwater NO3

Automated Cu-Cd reduction, azo dye colorimetry.

APHA 1995

Streamwater NH,4

Automated phenate colorimetry.

APHA 1995

Streamwater DON

Alkaline persulfate digestion, NO; analysis as
above.

APHA 1995

Streamwater
SPON

Filtration of water through precombusted glass
fiber filter, gravimetric analysis of dry mass, % N
content by high temperature combustion using
Carlo Erba CN analyzer.

APHA 1995

Streamwater N,O

Headspace equilibration of stream water with
helium, headspace gas analysis by gas
chromatography (el ectron capture detector).

loffe and Vitenberg
1984

Robertson and Tiedje
1984
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Analysis of °N data. We will compute three measures of nitrate uptake from the
longitudinal streamwater °NO; data: uptake length (Sw), uptake rate (U), and uptake velocity
(V). Each of these measures provides a different perspective on the importance of in-stream
nitrate uptake. Sw (units of m™) is a measure of how effectively in-stream uptake can alter the
downstream flux of a nutrient, and is calculated by taking the inverse of the 1% order rate
coefficient for *°NOs decline in water over distance (Newbold et al. 1983, Stream Solute
Workshop 1990). U (units of mg/m?/s) is a measure of the mass flux of nutrient removed from
the water per unit area and is the most common measure for reporting nutrient uptake. V¢ (units of
cm/s) isameasure of how rapidly uptake can deplete the nutrients in a given depth of water.
Both U and V¢ can be calculated from Sw and measurements of stream discharge, the downstream
flux of nutrient in water, and average stream width as described in detail by Mulholland et al.
(2000).

We will determine nitrate uptake rates by individual biomass compartments using the
data on N in biomass measured one day after the °N addition and the ratio of >N:*N in
streamwater nitrate during the *°N addition as described by Mulholland et al. (2000). These
bi omass compartment uptake rates provide a measure of the relative importance of different
biomass types in nitrate uptake. The sum of all biomass compartment uptake rates is equivalent
to the total assimilatory nitrate uptake rate.

Nitrification rate isthe internal supply of nitrate via oxidation of streamwater ammonium
and coupled mineralization/ammonium oxidation of organic forms of N. We will determine total
nitrification rate from the rate of isotopic dilution of streamwater ®NO; with distance (declinein
d"N-nitrate), corrected for groundwater inputs of nitrate (thisis similar to the approach used to
determine gross nitrification rates in forest soils, Stark and Hart 1997). Groundwater inputs of
nitrate will be determined from the increase in discharge over the study reach (determined from
dilution of the conservative tracer added with *°N) and measured nitrate concentrations and
N:¥N ratios in groundwater samples collected from approximately 8 streamside wells during
the experiment.

Denitrification rate will be determined from measurements of °N-tracer in streamwater
N, and N,O pools over distance downstream from the ®NO; addition, and application of asmple
two box mode! to the longitudinal **N, and ®N,O data. This approach is amodification of the N
isotope pairing method developed for usein sediment cores (Nielson 1992, Seitzinger et al.
1993). The modd we will fit to the longitudinal *°N data to determine denitrification rate (Fig.
4) isamodification of the model used to determine nitrification rate and nitrate uptake rate in our
previous LINX study (Mulholland et a. 2000). The modd includes assimilatory uptake (ky),
denitrification (kpn), and atmospheric exchange (kp). Equations describing the rate of change
with distance of N-tracer in each reservoir arelisted in Fig. 4, as are the steady state solutions
for N in each reservoir over distance. We then use a Marquardt-Levenbuerg least squares
technique to determine values for the two unknownsin the solution (kpy and kp) that best fit the
observed longitudinal profilein **Ngas for each stream. We will also estimate kp, directly for
each stream from propane injections (Marzolf et al. 1994), and values of propane kp will be
converted to Ngas kp using conversion factors based on differencesin agueous diffusion
coefficients for these gases and surface renewal models of gas transfer in turbulent waters
(Rathbun et al. 1978, Duran and Hemond 1984, Jahne et al. 1987). Vaues of kpy will then be
determined by refitting the mode to the longitudinal **Ngas profiles and compared to those
determined from modd fitting with both kpy and kp as unknowns.
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Tracer *N over distance, x:
ATMOSPHERE d15N03/dX - '(kDN+kU)15N03

dlSNGAS/dX = kDNlSNOS - leSNGAS

T l ko Steady state solutions:
kDN 15NO3 - (15N03)0 * e-(kDN+kU)X
Streamwater Streamwater BNgas = [ko(NOs)o/ (ko-Kon-Ku)]
— >
NOs Ngas (N2, N2O) * [e-(kDN+kU)x ; e-ka]
where:
\ BNO; and *Ngas are °N tracer
ku concentrations in each pool
.| ku+kopy is the measured rate of °NO;
BIOTA decline with distance
(assimilation) (**NOs), = **NO; at x=0

(lSNGAS)O =0

Figure4. Modd of nitrate dynamics that will be fitted to the longitudinal *’NO; data to
determine denitrification rate

This approach will provide awhole-stream measure of denitrification rate under ambient
nitrate concentrations. Most previous attempts to determine stream denitrification rates have used
the acetylene block technique on sediment core samples and suffer from problems associated with
reaeration during sampling, incomplete penetration of acetylene into sediments, and inadequate
representation of different habitat types (Hill 1983, Christensen et a. 1990, Holmes et al. 1996).
For these reasons, most previous studies have determined potential rather than actual
denitrification rates. Our proposed *°N-based approach will provide an actual in situ measure of
denitrification at the whole-stream scale. It is dependent on observing a measurable level of *N-
tracer in streamwater N, and N,O pools. For example (Fig. 5), for alow nitrate stream (case 1) if
denitrification is 20% of total nitrate uptake from water, then we should be able to observe the
tracer °N signal in the N, pool (d™°N peak of 0.9 per mil), relative to the precision of the analysis
(approximately 0.1 per mil). For ahigh nitrate stream (case 2), a denitrification rate of 20% of
nitrate uptake should produce a peak *°N signal in the N, pool of about 5.5 per mil, avalue that
should be easily detected.

Denitrification will also be estimated from the mass balance of tracer N. The difference
between measured loss of *N-nitrate from stream water during the experiment and the sum of °N
recovered from all benthic biomass compartments after the experiment (determined from the
tracer °N in benthic biomass, total benthic biomass, and %N content of biomass measured within
1-2 d after the experiment) will provide an estimate of denitrification rate. This approach will
provide an upper estimate of denitrification rate becauseit is unlikely that we will be unable to
account for the tracer *°N in all benthic biomass compartments that take up nitrate from water.
Nonethdess, it will serveto constrain denitrification rate in streams where results from the direct
>N-gas method described above are poor.
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Figure5. Longitudinal variation in tracer N in streamwater N, downstream from °NO;
addition for a stream with discharge of 20 L/s, average width of 4 m, average water velocity of 5
m/min and atmosphere-water N, exchange rate of 0.05 min™ (values typical for streams based on
our LINX work). Caselisardatively low nitrate stream (nitrate concentration of 50 ngN/L)
with arelatively short nitrate uptake length (200 m), as expected for many of our reference
streams. Case 2 isardativey high nitrate stream (nitrate concentration of 1 mgN/L) with a much
longer nitrate uptake length (1000 m) as expected for many of our disturbed streams. In both
cases denitrification rate is assumed to be 20% of total nitrate removal from water.

Additional measurements. In conjunction with the °N experimentsin each stream, we
will measure a number of physical, chemical, and biological characteristics that provide
information on mechanisms of nitrate uptake, allow us to do a mass balance of tracer BN, and
may serve as predictors in a general, landscape-scale stream model of nitrate uptake and
retention. Standing stocks of all important biomass compartments (dry mass per unit area and
%N content of coarse and fine benthic organic matter, bryophytes, epilithon, and filamentous
agae) will be determined within 2 days of the >N addition in each stream using conventional
sampling methods previousdly used as part of the LINX project (Mulholland et al. 2000). We will
use these data with the longitudinal *°N profiles to calculate tracer >N incorporated by each
biomass compartment (equivalent to assimilatory *°N uptake).

A conservative tracer (Cl or Br) also will be added continuously with the **NOs in order
to determine groundwater input along the study reach (via dilution of the tracer) and channe
hydraulic characteristics. Thetracer concentration will be monitored at a downstream station and
the size and water exchange rates between flowing water and transient storage zones (e.g.,
interstitial water within sediment and hyporheic zones) will be quantified by applying a stream
transient storage zone modd (Bencala and Walters 1983, Hart 1995).

Whole-stream rates of metabolism will be determined during the >N experiments in each
stream. Gross primary production and ecosystem respiration will be determined using the
upstream-downstream diurnal dissolved oxygen change method with direct measures of air-water
oxygen exchange rate using propane injections (Marzolf et al. 1994, Y oung and Huryn 1998).

Denitrification enzyme activity (DEA) assays will be performed on sediments collected
from approximately 10-15 locations in each stream using standard procedures (Teidje 1982,

17



Knowles 1990). The DEA assays will be used to assess the spatial heterogeneity of
denitrification and to provide a comparative measure of potential denitrification activity across
sites. DEA assays are increasingly being used to infer the denitrification potential in soilsand
sediments because DEA reflects recent enzyme synthesis by denitrifiers, and because direct rate
measurement by acetylene inhibition has proven problematic (Groffman et al. 1999).
Relationships that we will develop between actual denitrification rates (from our N
experiments) and DEA assays will allow the latter to be used in future stream surveys to estimate
denitrification rates across broad spatial scales. All DEA assays will be performed at a central
laboratory at the Institute of Ecosystem Studies (Dr. Stuart Findlay) for consistency. Sediments
will be shipped overnight on ice and the assays begun within 24 hours of sample collection.

Surveys of sediment dissolved oxygen profiles will be conducted in each stream using O,
microel ectrodes to identify the spatial distribution and variability of anaerobic zones, an
important requirement for denitrification (Dodds and Jones 1987, Dodds 1989, 1991, Dodds et al.
1999). We will measure sediment O, profiles along five cross-channel transects in each stream.
Electrodes will be constructed in Walter Dodds' |aboratory for use at all sites (cathode-type
electrodes with 20-nm diameter sensing tips embedded in hypodermic needles, Revsbeck and
Jorgensen 1986). The results of these surveys will be correlated with DEA ratesto help provide a
mechanistic model for factors that control denitrification.

Nutrient limitation assays of biofilm communities will be conducted using inorganic and
organic nutrient releasing substrata deployed in each stream for 3 weeks (Winterbourn 1990,
Tank and Webster 1998, Tank and Winterbourn 1995, 1996). Response of autotrophs (on
inorganic substrata) and heterotrophs (on organic substrata) will be determined from analysis of
chlorophyll a, bacterial counts, or ergosterol (for fungi) performed at a central laboratory (Univ.
of Notre Dame, Dr. Jennifer Tank).

Channe and riparian characteristics that are potentially related to nitrate uptake and
retention will be determined in each stream. Average channel dope will be determined and width,
depth, hydraulic radius, and sediment size structure (Wolman 1954) will be measured along 10
transects in each stream to assess both mean and variation. Large woody debris accumulations
will be mapped and volumes estimated per unit stream length (Wallace and Benke 1984).
Riparian canopy cover along each study reach will be estimated using hemispherical canopy
photography (Davies-Colley and Payne 1998). These photos will be digitized and analyzed at a
central location (to minimize analytical variation) using GLA software (Frazer et a. 2000).
These datawill be used to estimate daily photon flux density to the stream reach. In addition, we
will measure photon flux in an open area near the stream during the metabolism measurements to
correct for cloud cover.

Land use data at two spatial scaleswill be acquired for each stream. First, we will
determine the proportions of various land uses within the watershed drained by each stream using
available GI S databases or generated from existing aerial photographs of each site. Second,
riparian land use (within 25m of the channel) in the experimental reach of each stream and for
about 1 km upstream will be determined by manually mapping the near-stream environment,
because we expect that existing land-use classifications will not have adequate spatial resolution.
We will use consistent land-use categories to facilitate inter-site comparisons.

F. Inter-sitedata synthesis

Inter-site synthesis of dataisa critical component of the project. This synthesiswill seek
to identify the dominant mechanisms and best predictors of nitrate uptake and retention rates
across biomes. This synthesis also will seek to determine how individual controls (predictors)
may differ when compared across biomes. Finally, inter-site synthesis at the landscape scale will
focus on comparing the predictions of nitrate retention in large river basins derived from the
model of nitrate retention in small streams. Thus, the inter-site synthesis work will build on the
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data synthesis at each individual site, which should be nearing completion near the end of the
final year of experimental work (year 4).

Wewill hold a series of three workshopsin the final year of the project (year 5) for the
inter-site data analysis and synthesis. The first workshop will be devoted to presentation of each
site' s most important findings on the mechanisms and controls on nitrate uptake, and discussion
of smilarities and differences. Specific tasksto identify inter-site controls and predictors will be
developed and small groups assigned to each task. In addition, at thisworkshop thefirst round of
results from the large river basin analyses will be presented. The second workshop will be
devoted to presentation of results from the specific inter-site synthesis tasks and to devel op a set
of common predictors for nitrate uptake and retention across biomes. Additional inter-site
synthesis tasks will be devel oped and new groups formed to address them. The second iteration
of the large river basin smulations will be presented aswell. The third workshop will be focused
on finalizing the inter-site synthesis activities and evaluating the tests of the large river basin
analyses using the synaoptic nitrate measurements.

We recognize that we will not complete all synthesis activitiesin thefifth year of the
study. Additional insights will undoubtedly arise as synthesis topics are discussed and papers
written over the years following the formal end of the project. All PI’swill make a concerted
effort to attend one common national scientific meeting each year (annual meeting of either the
North American Benthological Society or the Ecological Society of America) and hold a 1-day
workshop to continue the project synthesis activities after the formal end of the project. This
approach was successful in the LINX project, with all sites having several representatives at all
synthesis mesetings.

G. Relationshipsto ongoing research

Many of the sites used in the proposed research have substantial ongoing research,
particularly the LTER sites (e.g., Coweeta Hydrologic Laboratory, Luquillo, Plum Idand, Konza
Prairie, Kellogg Biological Station). The proposed research will benefit from and be a benefit to
those efforts. In addition, our proposed study relates very closdly to another ongoing NSF-funded
project entitled “ Nitrate retention in headwater streams:. influences of riparian vegetation,
metabolism, and subsurface processes’ (NPARS, DEB-98-15868, H. M. Valett, lead PI). Vaett's
study is examining controls on nitrate uptake and retention using *°N-nitrate addition experiments
in two small streams at each of three sites (Coweeta Hydrologic Laboratory, Oak Ridge National
L aboratory, and the mountains of northern New Mexico). The *°N experiments are being
performed during different seasons and in paired streams with contrasting surface/subsurface
water exchange patterns at each site. Valett's study differs from the study proposed herein its
much more limited extent (2 of the 3 sites are in the same biome) and the inclusion of only
relatively pristine streams. The research we propose here will benefit greatly from Valett’s study
by using many of the methods they have developed or refined (e.g., processing and analysis of
>N-nitrate and °N-N, samples), and possibly co-locating 1 or 2 of our undisturbed streams
(Coweeta and/or New Mexico). The proposed study will go well beyond Valett’s study by
focusing on streams across many diverse biomes, by developing a more robust, predictive model
of nitrate dynamics that includes the effects of disturbance from land use changes, and by
extending the results to large spatial scales via the river basin analysis of nitrate retention in each
biome.

19



1. MANAGEMENT STRATEGY

We recognize that significant management problems may arise in multi-site, multi-
investigator research projects. These include issues such as coordination of logistical support,
establishment of clear policies for publication and authorship, and maintaining uniform
experimental methods across numerous study sites operated by different groups of scientists. We
have successfully addressed these and other issuesin our previous collaborative project (LINX),
and will build on this experience here. The proposed project management is designed to ensure
consistency of al site work and facilitate inter-site synthesis and modeling (Table 3).

Table 3. Project responsibilities and personnd.

Task

Individual

Institution

Project Leader

Patrick Mulholland

Univ. of Tennessee

Project Steering Committee

Patrick Mulholland

Univ. of Tennessee

Bruce Peterson MBL, Woods Hole
Steve Hamilton Michigan State Univ.
Jennifer Tank Notre Dame Univ.
Robert Hall Univ. of Wyoming
Central Activity Leaders:
PNgas analysis L ee Cooper Univ. of Tennessee
®N-DON analysis Bruce Peterson MBL, Woods Hole

River basin moddling

Judy Meyer, Geoffrey
Poole

Univ. of Georgia

DEA assays Stuart Findlay Institute for Ecosystem Studies
Anoxic microzone surveys | Walter Dodds Kansas State Univ.
N limitation assays Jennifer Tank Univ. of Notre Dame
Site Leaders:
Coastal MA Bruce Peterson Marine Biological Lab.
Western NC Jack Webster, Maury Valett | VPI
Judy Meyer Univ. of Georgia
Southern M1/ Steve Hamilton Michigan State Univ.
Northern IN Jennifer Tank Univ. of Notre Dame
Central KA Walter Dodds Kansas State Univ.
Western WY Robert Hall Univ. of Wyoming
Jennifer Tank Univ. of Notre Dame
Southern AZ/ Nancy Grimm Arizona State Univ.
Northern NM Clifford Dahm Univ. of New Mexico
Western OR Stanley Gregory Oregon State University
Sherri Johnson Oregon State University
Puerto Rico William McDowell Univ. of New Hampshire

Dr. Patrick Mulholland (aguatic ecol ogi st/biogeochemist) will be responsible for overall
project leadership and coordination. He served thisrolein the LINX project. Mulholland and 4
other individuals will form a project steering committee to organize synthesis activities and
ensure overall project coordination. This committee will communicate frequently by email and
teleconference. Several tasks will be performed centrally to ensure consistency and efficiency
and to provide particular expertise. Dr. Lee Cooper (aguatic ecologist with extensive experience
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with N techniques) will oversee the "Ngas analysis for the denitrification work. Dr. Bruce
Peterson (aguatic ecol ogist/biogeochemist with experiencein *N analysis of DON) will lead the
DO®™N analysiswork. Dr. Judy Meyer (aquatic ecologist with experience in landscape analyses)
will lead the river basin modeling work and supervise a postdoctoral associate (Dr. Geoffrey
Poole) who has considerable experience in landscape-level stream ecosystem modeling. Dr.
Stuart Findlay (microbial ecologist) will oversee the dentrification enzyme activity task. Dr.
Walter Dodds (aquatic ecologist with experience with microelectrode techniques) will lead the
anaerobic microzone survey work. Dr. Jennifer Tank (aquatic ecologist with experience with N
limitation assays) will lead the N limitation assay work. At each sSite, alead Pl or co-lead Pls
will plan and coordinate the experimental work at that site to ensure that it is carried out on
schedule and according to protocols. The site leaders also will ensurethat all site dataare
available for inter-site synthesis efforts and, together with the central task leaders, will comprise
the core of the inter-site synthesis group.

The project schedule (Table 4) includes a one year start-up phase, 3 years of field
experiments, sample processing, and data compilation, and a final year focused primarily on
inter-site synthesis and scaling up of results. Although we have identified the geographic areas
from which we will select the study streams at each site, final selection of stream reaches for the
experiments will involve additional reconnaissance (e.g., watershed land use, riparian conditions)
and preliminary measurements (e.g., NO; concentrations, discharge) during year 1. It iscritical
that we select streams that provide a range of characteristics typical for each site and disturbance
category - atask that will involve considerable effort and was beyond our resources available
during proposal preparation. Also, we have tentatively identified a 5™ or 6" order river basin at
each site to be used in the landscape level analysis, but the choice can not be finalized until we
are able to more completely evaluate the availahility of land use data for each basin during the
first year of the study. For the inter-site synthesis, it isimperative that experimental methods and
data compilation beidentical at all sites and ensuring thiswill be an important aspect of project
management. A 3-day workshop will be held during thefirst year of the project to ensure that
key project personnel understand al field, laboratory, and data handling protocols. This approach
of using acommon field experiment at al sites followed by an extensive inter-site synthesis of
the resultsis the strength of the project. Our planned schedule will provide the time needed for
the organization, experimental work, and synthesis to ensure project success.

Table 4. Project schedule.

Y ear Task

Year 1 Final selection of streams and experimental reaches

Recruit students and postdocs

Methods coordination workshop

Develop Gl S-based land use information (maps, aerial photos TM images)
Ingtall streamside wdllsin experimental reach in each stream

N purchase
Year 2 N experiments at each site (1 reference, 1 agriculture, 1 urban stream)
Year 3 N experiments at each site (1 reference, 1 agriculture, 1 urban stream)
Year 4 N experiments at each site (1 reference, 1 agriculture, 1 urban stream)
Year 5 Inter-site synthesis of data: All-investigator meetings (3)

Develop general stream nitrate model
River basin scale-up at each site
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RESULTS FROM PRIOR NSF SUPPORT

N uptake, retention, and cycling in stream ecosystems. an intersite N-15 tracer experiment,
DEB-9628860; August 1, 1996 - August 31, 2000. Amount: $1,100,000. Lead PI's: J. R.
Webster, J. L. Meyer, P. J. Mulhadlland, and B. J. Peterson.

The Lotic Intersite N Experiment (LINX) project, a cooperative study among 11
ingtitutions, was designed to compare stream N (N) dynamics across a wide range of biomes
ranging from Alaska to Puerto Rico. The study was organized to evaluate the following central
hypothesis: The considerable variability among streams in uptake, retention, and cycling of N is
controlled by key hydrologic, chemical, and metabolic characteristics that determine water
retention, degree of N deficiency, and energy flow through food webs. In contrast to the new
intersite study of nitrate dynamics that is the subject of the present proposal, the LINX project
emphasi zed the dynamics of ammonium and the movement of N through food webs.

To address the central hypothesis, the LINX project employed tracer additions of *°N-
labelled ammonium to entire streams, accompanied by intensive measurements of hydraulic
characteristics, N cycling, and food webs, all following standardized protocols to facilitate
intersite comparisons. Workshops took place before and during the experiments to develop
standardized methods, refine the experimental design, and interpret the results as they became
available. Simulations with a steady-state compartment mode were employed to prior to the
experiments to organize existing information and predict the results of the N tracer studies
based on that information, and the models were refined after the experiments. Data synthesis
workshops have been held since completion of the experiments.

Thefield tracer additions were conducted at 10 sites from 1996-98. In the 2 weeks prior
to each tracer addition, numerous measurements were made to define the physical, chemical, and
biological conditions at each site. Thiswork included measurements of standing stocks of living
and detrital organic matter, short-term injections of a conservative tracer to determine hydraulic
characteristics, short-term injections of nutrients to determine relative uptake lengths and
potential nutrient deficiency, determination of stream metabolism using the whole-stream oxygen
change method, and measurements of background N in 15 significant detrital and living
components of the stream food web. These ancillary measurements provided essential
information for interpretation of the *°N tracer results at each site.

The N was added as °NH," over a 42-day period, and samples from each of the stream
components were collected weekly during and for 28 days after the tracer addition. The additions
were designed to enrich the dissolved ammonium pool by approximately 500 per mil, which
resulted in a readily measurable enrichment in the stable isotope ratio of primary producers and
consumers without significantly altering the N availability. Sampling was performed at 7 stations
along atransect downstream from the tracer addition point aswell as at a reference station located
ashort distance upstream. The transect samples documented the longitudinal patternsin *°N
uptake. The frequent sampling documented the accumulation of tracer N in biomass
compartments during the addition, as well as the eventual loss of the tracer N after the addition
ended. The stable isotope ratios of dissolved nitrate and ammonium were measured along the
sampling transect three times during the addition and once immediately afterward to reveal the
roles of nitrification vs. assmilative uptake in ammonium dynamics.

The results of the LINX experiments have been broadly disseminated at national
scientific meetings, totaling over 50 presentations, and most include at least one of the
investigators on the present proposal. Manuscripts describing the initial experiments at Walker
Branch (TN) and Upper Ball Creek (Coweeta, NC) have been published (Mulholland et al. 2000a,
b; Tank et al. 2000), and papers describing the core results from most of the other sites are
accepted for publication (Dodds et al., Hamilton et a., Merriam et al., Rezanka and Hershey) or
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in preparation. The final phase of the project is devoted to an intensive inter-site synthesis to

identify the key factors controlling N cycling in stream ecosystems. Several manuscripts

synthesizing results across al of the sites have been submitted for publication (Peterson et al.,

Mulholland et al., Findlay et al.), and there are more in preparation. In addition, a number of

publications describe “ spinoff” studies, generally carried out by graduate students, that took

advantage of the experiments to investigate specific aspectsin greater detail. At least 132 people

worked on the LINX project, including 32 PhD scientists, 38 graduate students, 32

undergraduates, 19 technicians, and 24 non-student, non-professional volunteers. Among these

people, 57 were female, 8 were from underrepresented ethnic groups, and 4 were citizens of other
countries.

Thetitles of the manuscripts and the large number of presentations provide an idea of the
rich diversity of scientific insights that the LINX work has produced. Among the key findings to
date are;

1) The combination of ammonium uptake, nitrification, nitrate uptake and microbial
remineralization exerted powerful control over the forms and concentrations of inorganic
N exported by the streams from their water sheds (Peterson et al., submitted). The most
rapid uptake and transformation of inorganic N occurred in the smallest streams.
Ammonium entering these streams was removed from the water within a few meters of
downstream transport in the smallest streams and within afew hundred to a thousand
meters in moderate size streems. Ammonium uptake distances increased logarithmically
with stream discharge and depth. This decreased retention efficiency in larger streamsis
explained by hydrology rather than by differencesin biotic activity on the stream bottom
because uptake rates on an areal basis were similar to the smaller streams.

2) Thewhole-stream stable isotope enrichment approach permitted simultaneous estimation of
rates of assimilative uptake by algae and heterotrophic microbes as well as nitrification
to nitrate, and thus provided a comprehensive view of the fate of ammoniumin streams
that is unavailable from other approaches (Mulholland et al. 2000a, Peterson et al., in
submitted). Ammonium removal was primarily by direct uptake into algal and microbial
biomass (75% on average) and secondarily by nitrification (25%), though the importance
of nitrification varied considerably among sites. Nitrification rates were generally higher
than previoudy thought, and equaled or exceeded the rate of assimilation at some sites.
Nitrate was also removed from the stream water, but on average time and space scalesits
removal took 5-10 times longer than for ammonium. These results underscore how in-
stream N cycle processes should be recognized explicitly in small watershed studies and
in the landscape-scale N cycle models that are required to predict the fate of
anthropogenic N released to the biosphere.

3) The LINX experiments produced a comprehensive multi-site database of N standing stocks
and turnover rates aswell as ancillary information that is unprecedented in scope and
detail (e.g., Mulhdlland et a. 2000a). Compartments for which N standing stocks and
turnover rates were determined in most streams include fine particul ate organic matter
(suspended and benthic), epilithic algae, detrital leaves and wood, and the most abundant
invertebrates of representative functional feeding groups. Thisinformation is being
presented in the Site papers that describe the core results of the experiment. The ancillary
information on stream ecosystem characteristics includes hydraulic parameters, microbial
and algal biomass, nutrient limitation, and ecosystem metabolism, and in addition to the
application of these measurements to the interpretation of the isotope enrichment
experiments, each of these areas will be the topic of data synthesis papers (e.g.,
Mulholland et al, in review; Findlay et al., in review).

4) Most primary consumers became highly labeled with °N over the six-week >N addition,
allowing identification of trophic pathways and rates of transfer of N (e.g., Tank et al.
2000). The™N enrichment of consumers implies dependence on aquatic production of
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algae and heterotrophic microbes, as opposed to N originating in allochthonous organic
matter. Each consumer group in a particular stream typically became enriched to a unique
degree, reflecting differential dependence of the stream biota on allochthnous and
autochthonous food sources as well as variable N turnover ratesin the biota. Certain
consumers such as mayfly larvae often became more enriched in N than their presumed
food sources, which is most likely explained by selective feeding or assimilation of a
fraction of the bulk organic matter that contains more rapidly cycling N than the bulk pool
(e.g., individual algal cells or microbes that occur in adetrital matrix). In many casesthe
food-web results concord with pre-existing knowledge of the trophic ecology of stream
consumers, but in some cases the °N tracer experiments have produced conclusions that
contrast with traditional views. For example, Raikow and Hamilton (in review) present
evidence that Unionid bivalvesin streams are not exclusively seston feeders but also have
significant reliance on benthic algae. Thelargest consumers (fish and amphibians)
generally did not reach isotopic steady-state over the 6-week N addition, limiting the
conclusions that can be drawn from their isotopic enrichment.

5) Analysis of food webs using the *°N-tracer data aswell as natural abundance measurements
made at a reference station show the relative strengths and weaknesses of the two
methods (e.g., Mulholland et a. 2000b). The natural abundance measurements are more
likely to represent isotopic steady state between consumers and their food resources, and

measurement of both d**C and d™N can help distinguish both food sources and trophic
level. Yet natural abundance measurements do not always allow separation of food
resources, and subtle isotopic differences can be difficult to detect against the background
variability. Tracer N experiments can produce much more measurable isotopic
differences, which in turn allow for better separation of food sources and resolution of
trophic pathways, but consumers need sufficient time to reach isotopic steady state and
the experiments are more costly.

6) Bacteria tended to be more abundant in fine particulate organic matter while fungi were the
predominant microbes in leaves and wood, which confirms results from previous studies.
The combination of this information with standing stocks of organic matter indicates
roughly equal contributions of bacteria and fungi to total microbial biomass at the reach
scale, which isa novel contribution of thiswork (Findlay et al., in review). Many
headwater streams receive large inputs of allochthonous and autochthonous detritus and
these materials serve as major carbon sources supporting heterotrophic microbial
communities. Direct counts of bacteria showed significant differencesin bacterial
abundance among types of organic matter with higher densities per unit weight of organic
matter on fine particles relative to either leaves or wood surfaces. Measurements of
ergosteral (afungal sterol) indicated a predominance of fungal biomassin leaves and
wood surfaces. In general bacterial abundance per unit organic matter was less variable
than fungal biomass, suggesting that bacteria are a more consistent component of stream
microbial communities. For seven of the nine streams, the standing stock of fine benthic
organic matter was large enough that reach-scale bacterial biomass was equal to or greater
than fungal biomass. The quantities of leaves and small wood varied among streams such
that the relative contribution of fungal biomass ranged from 10% to as much as 90% of
reach-scale microbial biomass.

7) Light, nutrients and channedl hydraulic conditions are important controls on whole-ecosystem
rates of metabolismin streams over large spatial scales (Muholland et al., in review).
Rates of gross primary production (GPP), ecosystem respiration (R) and net ecosystem
production (NEP) were determined at 8 sites using the open-system, two-station diurnal
oxygen change method. Three general patterns in metabolism were evident among
streams: (1) relatively high GPP with positive NEP (i.e, net oxygen production) during
mid-day, (2) moderate primary production with distinct peaks in GPP during daylight but
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negative NEP at all times and (3) little to no evidence of GPP during daylight periods and
relatively constant and negative NEP over the entire day. GPP was most strongly
correlated with photosynthetically active radiation (PAR), R was significantly correlated
with soluble reactive phosphorus concentration and size of the transient storage zone, and
NEP was significantly correlated only with PAR. Only Sycamore Creek, a desert stream
in Arizona with abundant filamentous algae, had positive NEP (GPP:R > 1), supporting
theideathat streams are generally net sinks rather than net sources of organic matter.

LINX manuscripts published or in press:

Mulholland, P.J., JL. Tank, D.M. Sanzone, W. Wollheim, B.J. Peterson, J.R. Webster, and J.L.
Meyer. 2000a. N cycling in a deciduous forest stream determined from atracer °N
addition experiment in Walker Branch, Tennessee. Ecological Monographs 70:471-493.

Mulholland, P.J,, JL. Tank, D.M. Sanzone, W. Wollhaem, B.J. Peterson, J.R. Webster, and J.L.
Meyer. 2000b. Food resources of stream macroinvertebrates determined by natural -
abundance stable C and N isotopes and a *°N addition. Journal of the North American
Benthological Society 19:145-157.

Webster, JR. 2000. Intersite research among stream ecologists at LTER sites. The Network
Newd etter 13: 8-9.

Tank, JL., JL. Meyer, D.M. Sanzone, P.J. Mulholland, J.R. Webster, B.J. Peterson, and N.E.
Leonard. 2000. Analysisof N cyclingin aforest stream during autumn using a *°N tracer
addition. Limnology and Oceanography 45: 1013-1029.

Tank, J.L., P.JMulhdlland, JL. Meyer, W.B. Bowden, J R Webster, B.J Peterson, and D.
Sanzone. In press. N cycling in grazing vs. detrital pathwaysin 3 temperate, forested
streams. Verh. Internat. Verein. Limnal.

Mulholland, P.J., JL. Tank, D.M. Sanzone, B.J. Peterson, W. Wollheim, J.R. Webster, and J.L.
Meyer. In press. Ammonium uptake length in asmall forested stream determined by °N
tracer and ammonium enrichment experiments. Verh. Internat. Verein. Limnal.

Dodds, W.K., M.A. Evans-White, N. Gerlanc, L. Gray, D. A.Gudder, M.J. Kemp, A.L. Lépez, D.
Stagliano, E. Strauss, J.L. Tank, M.R. Whiles, and W. Wollhem. In press. Quantification
of theN cyclein a prairie stream. Ecosystems.

Woallheim, W.M., B.J. Peterson, W.B. Bowden, K.J. Edwardson, D.B. Arscott L.A. Deegan, J.E.
Hobbie, B. Hooker, A.E. Hershey. In press. Influence of stream size on ammonium and
suspended particulate N processing. Limnology and Oceanography 46.

LINX manuscripts currently in review for publication:
Peterson, B.J., W. Wollheim, P.J. Mulholland, J.R. Webster, J.L. Meyer, J.L. Tank, Marti, E.,
W.B. Bowden, H.M. Vallet, A.E. Hershey, W.H. McDowell, W.K. Dodds, S.K. Hamilton,

S.\V. Gregory, and D.J. D’Angelo. Headwater streams alter the amount and form of N
exported from small watersheds. Submitted to Science.
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Hamilton, SK., JL. Tank, D.F. Rakow, W.M. Wollhem, B.J. Peterson, and J.R. Webster. N
uptake and transformation in a midwestern US stream: A stable isotope enrichment studly.
Submitted to Biogeochemistry; accepted pending revision.

Merriam, JL. W.H. McDowell, J.L. Tank. W.M. Woallhem, C.C. Crenshaw, and S.L. Johnson. N
dynamics, retention and transport in atropical stream. Submitted to Freshwater Biology;
accepted pending revision.

Rezanka, K. M., and A. E. Hershey. Examining primary producer - consumer interactionsin a
Lake Superior tributary using 15N tracer, grazer reduction, and nutrient bioassay
approaches. Submitted to the Journal of the North American Benthological Society;
accepted pending revision.

Raikow, D.F. and S.K. Hamilton. Bivalve dietsin a midwestern US stream: A stable isotope
enrichment study. Submitted to Limnology and Oceanography.

Evans-White, M., W.K. Dodds, L. Gray, L.A. Gray, and K.M. Fritz. A comparison of the trophic
ecology of crayfish Orconectes nais (Faxon) and Orconectes neglectus (Faxon) and central
stonerollers Compostoma anomalum (Rafinesque) in atallgrass prairie stream. Submitted
to Freshwater Biology.

Kydey, G. L, and A. E. Hershey. Investigating fine particul ate organic matter dynamicsin a
nutrient limited arctic stream. Submitted to Canadian Journal of Fisheries and Aquatic
Sciences.

Findlay, S., J. Tank, S. Dye, H.M. Valett, P. Mulholland, W.H. McDowell, S. Johnson, SK.
Hamilton, J. Edmonds, W.K. Dodds, and W.B. Bowden. Bacterial and fungal biomassin
detritus-based microhabitats of headwater streams. Submitted to the Journal of the North
American Benthological Society.

Mulholland, P.J., C.S. Fellows, J.L. Tank, N.B. Grimm, J.R. Webster, S.K. Hamilton, E. Marti, L.
Ashkenas, W.B. Bowden, W.K. Dodds, W.H. McDowell, JL. Meyer, and B.J. Peterson.
Controls on stream metabolism examined in an inter-biome comparison. Submitted to
Freshwater Biology.

Martin, L.A., P.J. Mulholland, J.R. Webster, and H.M. Valett. Denitrification in sediments of
headwater streams in the southern Appalachian Mountains, USA. Submitted to the Journal
of the North American Benthological Society.

Crenshaw, C., H.M. Valett, J.L. Tank. The effects of coarse particulate organic matter on fungal
biomass and invertebrate density in the subsurface of a headwater stream. Submitted to the
Journal of the North American Benthological Society.

Sanzone, D.M., JL. Tank, JL. Meyer, P.J. Mulhadlland, and S.E.G. Findlay. Microbial
incorporation of N in stream detritus. Hydrobiologia.
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