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NUTRIENT CYCLING IN IMPACTED STREAM ECOSYSTEMS: FRO M
MICROBES TO WATERSHEDS

By

David James Van Horn
B.S., Biology, Houghton College, 2001
Ph.D., Biology, The University of New Mexico, 2009
ABSTRACT

The conditions found in stream ecosystems aratagriation of watershed
characteristics and processes. Anthropogenic t@stees are part of this integration and
include direct inputs to streams, alteration o&rign areas, and modification of
catchment properties which affect material inplitgoacts to discrete portions of
terrestrial watersheds combine as water moves dpadient, transporting the
byproducts of catchment disturbances to streanhgdimg, nutrients, organic materials,
particulates, and toxins. This dissertation ex@dhe effects of disturbance on nutrient
cycling in stream ecosystems at three spatial sctie patch scale includes localized
processes and assemblages, the reach scale ensemf@s to hundreds of meters of
stream length, and the watershed scale consisite ¢fierarchical network of stream
orders found in catchments. Additionally, the gatterial communities of three
freshwater snail species were investigated to bettéerstand the ecology and
physiology of this important group of aquatic gn&zé&nails are important regulators of

periphyton growth, which plays an integral rolenurtrient cycling in stream ecosystems.
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Freshwater snails are also intermediate hosts ¥ariaty of parasites of medical and
veterinary significance.

Biofilm assemblages are patch scale communitiashwdominate the metabolism
and biogeochemical cycles in stream ecosystemdelemine the effects of
eutrophication, one of the most common disturbatzaetream ecosystems, on the
structure and function of heterotrophic streamiliid, we created an enrichment
gradient by amending darkened stream channel meswcwith a stochiometrically
balanced solution of sucrose, lNind PQ. A total of ~2000 high quality bacterial
partial 16S rRNA gene sequences yielded 381 umhybtypes (<97% similarity).
Significant differences (p<0.005) were detecteadvieen communities from all
treatments, with increasing enrichment resultingreater community divergence and
decreased diversity. Biofilm community productivétgd function responded
exponentially to enrichment, with exponents of fbi5areal mass, 2.3 for live cell
density, and 2.5-3.5 for the activities of 5 exéladar enzymes. The observed nonlinear
increase in functional capacity suggests biofilmeshaghly responsive to resource
availability likely due to the physical structurasd synergistic social interactions found
in biofilm assemblages.

Domestic and native ungulate grazers significagitigr riparian areas, stream
reaches, and catchment characteristics. We examinteent cycling linkages between
riparian soils and adjacent streams and the immdetsgulate grazing on these
ecosystems and processes at six grazing exclasesarsthe Valles Caldera National
Preserve, NM, USA. The exclusion of native and dstineingulate grazers for three

years significantly increased the riparian abovegdbiomass of standing vegetation
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(273 + 155 vs. 400 + 178 g'fhand litter (56 + 75 vs. 107 + 77 g¥n(p = 0.005 and
0.013, respectively). Soil nutrient values (0 tech®d depth) were minimally affected by
grazing after five growing seasons, with significencreases in soil total phosphorus at
three of the six sites. No connection was founevbeh soil and stream nutrient
availability or limitation. Stream geomorphology svaot significantly altered by five
years of grazing exclusion. The elimination of gngzsuppressed instream nutrient
processing with significantly longer NHiptake lengthsp(= 0.02) and non-significant
trends toward decreased WNtptake rates observed in exclosure reaches. Tagghks
suggest ungulate grazing impacts terrestrial cleriatics which are linked to ecosystem
services provided by adjacent aquatic ecosysteragalyement plans should carefully
balance the positive effect of grazing on streatnient processing and retention reported
here with the well documented grazing related tdssther ecosystem services such as
decreased fish and aquatic invertebrate habitaetiadts on water quality parameters
such as turbidity and water temperature.

Nutrient cycling in aridland catchments and riviersontrolled by a unique set of
inputs and retention mechanisms. We investigatatad@and temporal variation in the
sources and sinks of nutrients in the middle Riar@de (MRG), a 300 km reach of
aridland river in the southwestern United States ¢tlnains an agro-urban catchment
experiencing rapid population growth. Wastewateatiment plant inputs were the
dominant source of nutrients to the MRG, increasiragls of N@Q-N, SRP, and NN
by 1000-2000% relative to upstream loading. Thal t@tention of N@N and SRP
inputs in the MRG corridor ranged from 6-99% aneb®%46, respectively. Retention was

strongly and positively correlated with the pereget of water diverted from the MRG
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for agricultural irrigation (R= 0.86 and 0.80 for N&N and SRP, respectively).
Irrigation diversions downstream of the urban waster inputs sequestered on average
480, 370 and 40 kg dayf NOs;-N, SRP, and N§N, respectively, during the irrigation
season. Within the river channel, retention was4@ kg day} for NOs-N and 56-779

kg day* for SRP, values similar to those measured in m®&items. However, the
combination of in-stream and irrigation networknmerit processing in the MRG adds up
to catchment scale retention levels that are sagmitly higher than those found in mesic
systems.

Little is known about the microbial gut flora eé§hwater snails in spite of the
important role gastropod mollusks play as grazefsashwater ecosystems. Some
freshwater snail species are also responsiblénétransmission of parasitic diseases
including schistosomiasis, which affects ~ 200 miilhumans worldwide. This study
used culture independent methods to describe thencmity composition and the
variability of gut microbes within and among thsgeecies of planorbid snaildglisoma
duryi (North American speciesulinus africanus (African species), anBiomphalaria
pfeifferi (African species). Three hundred and fourteen wnlzpcterial operational
taxonomic units (OTUs, DNA sequences with <98% kirty) were found in the guts of
the three snail species. This diversity was digtad across 23 bacterial phyla with the
largest number of OTUs found in tReoteobacteria andBacteroidetes groups. A small
percentage of bacterial clones from every snaitisgenere related to opportunistic
pathogens that infect a range of hosts includirrgisand humans. Measuresfof
diversity revealed minimal divergence among themgiarobial communities both within

and among the three planorbid species, with sanaifiesing primarily in the abundance



of sequences within bacterial lineages and ndtempresence or absence of lineages.
These results suggest the presence of highly diaard relatively similar gut microbial
communities in the three snail species in spiteanying levels of phylogenetic and
geographic separation, and highlight the needdditimnal study to determine the roles
gut microbes play in the physiology of these imaonttintermediate hosts for digenetic
trematodes of medical and veterinary significance.

This investigation of nutrient cycling in streagosystems at three scales and
under three disturbance regimes revealed anthrogogepacts substantially alter this
important ecosystem function; however, negativeaatp are frequently moderated by
other factors. Eutrophication was shown to decrbaséerial diversity at the local level,
however, the functional capacity to process orgaraterials increased exponentially for
microbial communities exposed to enrichment. Atrésch scale domestic and native
ungulate grazers negatively impact numerous stiaracteristics but in this study were
shown to enhance instream nutrient retention. Atwhtershed level urban wastewater
inputs were the dominate source of stream enrichrhewever, the use of nutrient
enriched river water for irrigation removed substdrportions of these inputs. These
findings highlight the importance of ecosystem blas@nagement plans to address the

effects of disturbance on nutrient cycling in imjggacstream ecosystems.
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Chapter 1: NONLINEAR RESPONSES OF STREAM BIOFILM CO MMUNITIES
TO A RESOURCE GRADIENT

David J. Van Horh Robert L. SinsabaughCristina D. Takacs-VesbagtKendra R.
Mitchell®, Clifford N. Dahnt
'Department of Biology, University of New Mexico, 1€astetter Hall MSCO03 2020, 1
University of New Mexico, Albuquerque, NM 87131-000
?Department of Microbiology & Immunology, Universitf British Columbia
Life Sciences Centre 2552-2350 Health Sciences, Malicouver, BC, V6T 1Z3
Abstract

The metabolism and biogeochemical cycles of aqeatbsystems are largely
mediated by microbial communities, with biofilm estlages dominating in stream
ecosystems. To determine the effects of resouragadility on the structure and function
of heterotrophic stream biofilms, we created amchnment gradient by amending
darkened stream channel mesocosms with a stochioallgtbalanced solution of
sucrose, Nl and PQ. A total of ~2000 high quality bacterial partial3 6RNA gene
sequences yielded 381 unique phylotyp&s 0o similarity). Significant differences
(p<0.005) were detectdzetween communities from all treatments, with iasiag
enrichment resulting in greater community divergeand decreased diversity. Biofilm
community productivity and function responded exgratrally to enrichment, with
exponents of 1.5 for areal mass, 2.3 for live defisity, and 2.5-3.5 for the activities of 5
extracellular enzymes. The observed nonlinear asaen functional capacity suggests
biofilms are highly responsive to resource avaligbikely due to the physical structures

and synergistic social interactions found in braflssemblages.



Introduction

The metabolism and biogeochemical cycles of ageatisystems are largely
mediated by microbial communities. Aquatic micréls@mmunities come in two
primary forms, planktonic assemblages that devigldpe water columns of marine,
lentic and large river environments, and attachefillm communities whose
contributions to ecosystem metabolism are most prent in small to mid-sized streams,
wetlands, and shallow lakes. While plankton andilonocommunities share similar
biogeochemical and organic carbon processing fonstiney have markedly different
physical structures and biotic interactions thay head to differing responses to changing
resource supply.

Planktonic microbial communities lack self-impogedd/sical structure.
Metabolism is regulated by top-down (predator/paay) bottom-up (resource
availability) interactions. Bottom-up effects am@ainant in oligotrophic systems and
top-down interactions are most important in eutrogmvironments (Dufour and
Torreton 1996, Gasol et al. 2002, Vargas et al7200elaus et al. 2008). Within
planktonic communities there is little evidence ¢ooperative or synergistic interactions
among populations. Predator-prey interactions eraahicrobial loop that either
packages carbon and nutrients for higher tropiel$éeor returns dissolved carbon and
nutrients to support bacterial production.

In contrast to planktonic microbial communitiesaahed microbial populations
form complex structured associations in biofilmshé&M planktonic microbial cells adhere
to solid surfaces, signal cascades alter gene €sipreand initiate the formation of a

dense layer of extracellular polymeric substan@é¢st(ick and Kolter 2000, Beloin and



Ghigo 2005) that shields biofilm organisms fromdars and insulates inhabitants from
external variables such as pH, temperature, utitawviight, desiccation, and toxic or
antimicrobial substances (Webb et al. 2003, Halb8ley et al. 2004). As biofilms
thicken, physical and chemical gradients form imadly, facilitating cooperative
metabolic interaction within and between populai¢@osterton et al. 1995, Davey and
O'Toole 2000). Populations interact through mugtipitercellular communication
mechanisms including quorum sensing (Hense ebalf 2 programmed cell death within
populations (Webb et al. 2003), and lateral geaestier within and among species
(Watnick and Kolter 2000, Parsek and Fuqua 2004).

The substantial differences between planktoniclaaflm associations likely
impact the response of these communities to alte®olirce supply, and ultimately the
ecosystem services provided. Because they areaitgpianipulate, plankton
communities have been the focus of most studig¢sett@mine microbial community
composition and metabolism in relation to resoaalability. This extensive body of
research suggests planktonic bacterial communigsgsond predictably to changing
resources. Meta-analyses of cross site eutropbircgtiadients show that primary
production increases linearly with nutrient enrignt) stimulating a linear, and less than
1:1, increase in bacterioplankton production (Galal. 1988, Thelaus et al. 2008).
Bacterial biomass, however, increases more sldvag production as a result of
increased predation (Thelaus et al. 2008). Sirpiditerns have been observed using
experimental mesocosms through the manipulatigriofary production (Hobbie and
Cole 1984, Oviatt et al. 1986) and direct additioh€, N and P (Joint et al. 2002, Smith

and Prairie 2004, Jansson et al. 2006).



In contrast, studies of the effects of resourcglupn biofilm community
structure and function are limited. Evidence frangke level enrichment studies in
microcosms suggests that modest increases in mEssupply in the form of C (sucrose),
N and P, lead to substantial, and possibly noralinehanges in biofilm production and
function (Mohamed et al. 1998, Chenier et al. 2@8enier et al. 2006).

In this study, we used stream mesocosms to metsuedfects of a resource
supply gradient on heterotrophic biofilm produdinand function, community diversity
and structure. We compared the magnitude and ligedrthese responses in relation to
resource supply, the implications of these respofmebiofilm turnover time and
nutrient retention, and contrast these responstms® reported for planktonic microbial
communities.

Materials and Methods

General Experimental Design

Heterotrophic microbial biofilms were establishedhe dark in fifteen
experimental stream channel mesocosms (Singer 20@6). The channels
(depth/width/length: 0.02/0.1/3.0 m) were linedhwiemovable unglazed ceramic tiles,
supplied with stream water to ensure colonizatipambient microbial populations, and
continuously enriched with a stochiometrically laed (C:N:P ratio 106:16:1) solution
of dissolved organic carbon (DOC), N and P to e@eaproductivity gradient (Fig. 1).
Water was diverted to the mesocosms from an integntistream located in Bear Canyon
in the foothills of the Sandia Mountains near Albaggue New Mexico, at a rate of 0.03
| s* per mesocosm, generating a nominal flow velodity @ cm §within the channels.

Enrichment treatments were multiples of the ambiBC concentration (1.5 mg)l.



Treatments included no enrichment in control chimraad 2X, 4X, 8X and 10X
increases in ambient DOC concentration with supphagal N (NQ, ambient
concentration = 0.002 mg NOs-N) and P (P@ ambient concentration = 0.002 my |
PO, added to preserve a C:N:P ratio of 106:16:1. iMntrsolutions were metered into
channels behind baffles to assure even mixing.elteplicate channels were used for
each level of enrichment. After three weeks of glgwhe time necessary to produce a

mature biofilm, colonized tiles were collected boofilm analyses.

— — 7\,\ / Community Productivity/Physical Response
Header \ . .
Tanks / Live/Dead Assays, Biomass
s / Measurements, Confocal Microscopy
= Lesteiiin i 3 Community Diversity/Structure Response
Different | (Tiles) Y Diversityp
: Treatment: = PCR Clonin
f 2 reatments | — —> = Estimates
. — and Sequencing
Enrichment Community

\ Structure
Community Functional Response

Extracellular Enzyme Assays

Solution

Experimental

Stream
(R S

Channels I—

Figure 1: Schematic experimental design for streamstde mesocosm experiment
along with photos of the installed mesocosms.



Biofilm Productivity and Physical Sructure

Biofilm mass (dry mass - DM, and ash free dry masEDM) was measured for
three replicate tiles from each channel. Biofilmsvgaraped from the tiles and deposited
onto ashed, tared glass fiber filters placed imatum pans. Filters were dried at 80°C,
reweighed to calculate DM, and ashed at 500°C torAshed filters were reweighed and
AFDM was calculated as the difference between dagsrand ash mass.

The relative abundance of live and dead cells wasssed for triplicate samples
from each channel using a BacLight Kit (Invitrog&mugene, OR). The stains were
checked for linearity of fluorescence over the iofcell densities to be analyzed.
Samples were homogenized in a bicarbonate buftgrt 250ul replicates for each
sample were pipetted into black 96-well microplates 6ul of an equal mixture of a
1:10 dilution of the stains was added to the milatapwells. Samples were incubated at
room temperature in the dark for ~15 min and thex @ a fmax Fluorescence
Microplate Reader (Molecular Devices, Sunnyvale) 8t to an excitation wavelength
of 485 nm and an emission wavelength of 538 nnhferSYTS 9 stain, and an
excitation wavelength of 485 nm and an emissionelength of 591 nm for the
propidium iodide stain. Results were normalizedh®yarea of the tile sampled and were
corrected for dilution where appropriate.

The physical structure of biofilms was assessedgusbnfocal microscopy.

Briefly, a single biofilm colonized tile from eadhannel was placed in a plastic tray
while still submerged in the experimental strearanctel, and transported on ice to the

Keck Confocal Laboratory at the University of Nevekico. Samples were stained with



the live/dead stain described above and imaged)asbx objective on a LSM 510

confocal microscope (Carl Zeiss).
Biofilm Function

Biofilm function was assessed by measuring theriaeactivity of five
hydrolytic extracellular enzymes:glucosidase (AG)3-glucosidase (BG), N-
acetylglucosaminidase (NAG), alkaline phosphata$®,(and leucine aminopeptidase
(LAP). Potential activities were measured usinghyleimbelliferyl linked substrates
following protocols similar to those described bgsabaugh et al. (1997). Triplicate tiles
were analyzed from each channel. Biofilm was sadpan the tile and homogenized in
50 mM bicarbonate buffer (pH 8). 2@0aliquots of biofilm homogenate and hDof
200uM substrate were added to black, 96-well microslategh 16 replicate wells per
sample. The microplates were incubated in the dar&kom temperature. Each plate
contained reference standards, substrate contiraiissample controls. Fluorescence was
measured periodically for up to 19 h using a fmhaloFescence Microplate Reader set to
an excitation wavelength of 365 nm and an emisaiavelength of 450 nm. The
fluorescence results were checked for linearityr ¢ve incubation period and activities

were calculated as nmol substrate converted pergencni of tile (nmol h' cmi?).

Biofilm Community Structure and Diversity

Bacterial 16S rRNA gene sequences were amplifiedjube bacteria-specific
forward primer 8F 5'-AGAGTTTGATCCTGGCTCAG-3' ancetheverse primer 1492R
5-GTTTACCTTGTTACGACTT-3' (Lane 1991) in triplicat0ul reactions containing

5 ul 10X buffer (Promega Buffer B with 1.5 mM Mggl 12.5 mM each dNTP (BioLine



USA, Inc.), 20 pmol each of 8F and 1492R primers,2 Taq polymerase (Promega
U.S.). The PCR thermal cycling (ABI GeneAmp 270@phed Biosystems, Foster City,
CA) consisted of 30 cycles of 30 s at 94°C, 30504C, and 90 s at 72°C. Replicate 16S
rRNA gene amplifications were pooled and gel padfusing a DNA Purification Kit
(MoBio Laboratories, Carlsbad, CA), and cloned gaanTOPO TA Cloning Kit
(Invitrogen, Carlsbad, CA). One hundred and niety clones per library were
sequenced using high-throughput Sanger sequensBIg3{¢30 Capillary Sequencer,
Applied Biosystems, Foster City, CA), half with MaBd half with 8F primers.

Data Analysis

Differences among enrichment treatments for bi@n@szyme activities, and
live/dead cell abundances were assessed using an&MOVA and Bonferroni multiple
comparisons on log-transformed data using SASss{on 9.2, SAS Institute, Cary, North
Caroling. SMATR (Falster et al. 2006, Warton et al. 2086 used to calculate
exponential scaling exponents and 95% confiderteevals for biomass, enzyme
activities, and live/dead cell abundances usingnarg least squares regression of log-
transformed data. SMATR was also used to fit atin€:P (BG:AP) and C:N
(BG:(LAP+NAG)) enzyme ratios using the standardonajxis method (SMA) and to
determine significant differences in the slopethete lines.

Biofilm community 16S rRNA gene sequence data gbeescked for quality using
CodonCode Aligner. High quality sequences (aveRiged 20 values > 500) greater than
600 bp were exported to Greengenes (http://greesgbhgov) for alignment (NAST
Alignment Tool, DeSantis et al. 2006a), chimerackimgy (Bellerophon Chimera Check

Tool, Huber et al. 2004), identification of the moksely related 16S rRNA gene



sequences previously characterized from cultureduaicultured bacteria (DeSantis et al.
2006b), and determination of the taxonomic affitiat(Hugenholtz classification,

Classify Tool). ARB was used to filter the sequentmean uniform length and create a
distance matrix of the aligned and filtered segesr{tudwig et al. 2004). The taxonomic
affiliation results and distance matrix were anatym mothur (Schloss et al. 2009) to
divide sequences into phylotypes, generate rarefactirves using a 97% DNA sequence
similarity cutoff, calculate the Chaol estimateiohness, and examine the taxonomic
affiliation and abundance of each phylotype in esaimple using a heatmap.

The phylogeny of the bacterial 16S rRNA genes ftbenenrichment gradient was
analyzed using UniFrac (Lozupone and Knight 20@&zupone et al. 2006) and mothur.
Briefly, all aligned, high quality sequences wedeled to a backbone phylogenetic tree of
6634 bacterial 16S rRNA gene sequences (Hugenkofi2) using the parsimony add
function in ARB (Ludwig et al. 2004). This tree wiagported into UniFrac to calculate
the UniFrac metric which is defined as the phylagendistance between sets of taxa in a
tree, calculated as the percentage of branch lehgtheads to descendants from only one
of a pair of environments represented in a singldquenetic tree (UniFrac Metric)
(Lozupone and Knight 2005). Parsimony (mothur) andveighted UniFrac hypothesis
testing were performed to test whether the comnaaitom the five treatments had the
same structure. Environment Distance Matrices (EDFrac) were calculated to
measure distances between all sample pairs i gltozupone et al. 2006) to
hierarchically cluster samples using an Un-weighitad Group Method with Arithmetic
Mean (UPGMA-UniFrac) algorithm (Lozupone et al. BDQJackknife analysis was used

to assess confidence in the nodes of the UPGMA(i@aupone et al. 2006). The EDM



were also used to perform a principal coordinatdyais (PCoA-UniFrac) (Lozupone et
al. 2006).
Results

Biofilm Physical Structure

Mean AFDM values in the control, 2X and 4X enrignts ranged from ~ 0.1 to
0.25 mg crif while values in the 8X and 10X enrichments ranigech ~1.0 to 1.25 mg
cm? (Fig. 2). AFDM values for the control and 2X effmisent were similar and not

statistically different. The values for the 8X &tf@X enrichments were also similar to

each other.
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Figure 2: Biomass response to enrichment as measdrby the fluorescence signal of
live/dead cells (crif) and ash free dry mass (mg cif). Values were obtained for all
treatments, however, in some cases control valueedoo low to be seen in the
figure.
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The areal density of AFDM and DM responded in agidy linear fashion to the resource
gradient with 23 and 18 fold increases (scalingo@emts (b) and 95% CI of 1.48 £ 0.28

and 1.31 + 0.29), respectively, over the 10 foldatment gradient (Fig. 3).
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Figure 3: Response ratios (normalized to control)fdiofilm biomass and functional
parameter responses to an enrichment gradient. Th&ngle dot at an enrichment
level of 1 represents the control values for all ght parameters.

Confocal laser microscopy showed that biofilm frtima control treatment was a
dense layer of bacterial cells with minimal vertidavelopment. Images from successive
enrichments showed increasing vertical developrdewnén by increasing abundance of
filamentous growth forms interspersed with cocd and shaped cells (images not

shown). As a result, the areal abundance of livedsmad cells increased much more than

AFDM in response to resource enrichment with in@ets of 10, 53, 213, and 193 fold
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and 10, 34, 126, and 132 fold, respectively, in2ZKe4X, 8X, and 10X enrichments,
respectively (b and 95% CI of 2.25 £ 0.23 and 2@b18) (Fig. 3). The live and dead
cell fluorescence values for the control, 2X, axdileatments were significantly
different from one another and from the 8X and @&atments, which were not
statistically different (Fig. 2). One of the 15 dnals, channel 9 a 4X treatment, was a
consistent outlier and was excluded from the biofahysical structure and function

analyses.
Biofilm Function

As biofilm mass cifi increased in response to enrichment, extracelariayme
activities (EEA) increased exponentially, with respes even greater than those observed
for cell density (Fig. 3). In relative terms, EEAcreased in the order AG, NAG, BG,
LAP, and AP. For AG, activity in the control andXL@nrichment treatment ranged from
0.004 to 8.0 nmolhcm?, respectively; for AP the corresponding range Qiag to 47
nmol H* cmi®. Response ratios for the 10X enrichment relativihé control treatment
increased in approximately the reverse order walnes of 350, 500, 1100, 2100 and
7900 for AP, LAP, BG, AG, and NAG, respectivelydFB). Exponential scaling
exponents and 95% Cl were 2.42 £ 0.26, 2.48 + @34 £+ 0.40, 3.01 £ 0.43, and 3.46 +
0.52 for AP, LAP, BG, AG, and NAG, respectivelydFB). Only one enzyme, LAP,
reached a plateau at the 8X enrichment with atstighrease in activity found in the 10X
enrichment (Fig. 4). For each enzyme, activityhia tontrol treatment was significantly
different from that in enrichment treatments wigitgivities in the 8X and 10X

enrichment treatments were not significantly défer(Fig. 4).
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Figure 4: Response of extracellular enzyme activigs (nmol hi' cm™®) to an
enrichment gradient. Values were obtained for allteatments, however, control
values are too low to be seen in the figure in soncases.

Across the enrichment gradient, ratios of thevéats of C, N and P acquiring
enzymes, represented as BG:(LAP+NAG):AP remainedistent at ~ 1:1:1 (Fig. 5).
This stoichiometric EEA ratio is characteristich&fterotrophic microbial communities in
soils and freshwater sediments (Sinsabaugh e0@8)2SMA of In(BG) vs.

In(LAP+NAG), and In(BG) vs. In(AP) across the ehneent gradient had significantly

different slopes (p<0.02) of 1.09 (95% CI = 0.0631d..20 (95% CI + 0.07), respectively

(Fig. 5).
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Figure 5: C:P and C:N ratios of the In normalized ativities for enzymes responsible
for acquiring carbon (BG), nitrogen (NAG + LAP), and phosphorus (AP).

Biofilm Community Composition

A total of 2014 high quality partial 16S rRNA geseguences were obtained.
These sequences were distributed across the respiadient treatments with 391, 413,
421, 411, and 378 sequences from the control, XX8X, and 10X enrichment
treatments, respectively. A total of 381 phylotypese identified at the species level
(<97% similarity) with 206, 87, 94, 78, and 71 gitypes found in the control, 2X, 4X,
8X, and 10X treatments, respectively. Rarefactimmves from the four enrichment
treatments (97% similarity cut-off) approached @&¢éu indicating comprehensive
sampling of the 16S rRNA gene diversity amplifiadhese samples (Fig. 6). The
rarefaction curve from the control treatment did reach a plateau; however, the slope of
this curve was decreasing indicating a substaatredunt of the 16S rRNA gene diversity
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was successfully amplified (Fig. 6). The rarefattooirves indicated that bacterial
diversity progressively decreased from the con#il, 2X, 8X, and 10X enrichment
treatments (Fig. 6) with 95% confidence intervals@haol species richness estimates

(<97% identity) of 402-723, 131-278, 107-159, 1@&B2and 103-241, respectively.
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Figure 6: Rarefaction curves created in mothur (<9% similarity) for the bacterial
communities from the five enrichment treatments okdiined by analysis of a distance
matrix created from sequence data in ARB.

Representatives from 10 bacterial phyla and catelidi@isions were found in the 2014
partial 16S rRNA gene sequences recovered. OfQighgla detected, 8, 7, 4, 4, and 4

were represented in the control, 2X, 4X, 8X and EdXichment treatments, respectively

(Fig. 7).
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Figure 7: Abundance heatmap created in mothur for lacterial 16S rRNA gene
sequences ordered by taxonomy (Hugenholtz classHiton) and enrichment level.
Each row in the heatmap represents a phylotype defed at 97% similarity cutoff.
The color of each phylotype bar represents the maxium relative abundance {.e.
[relative abundance / maximum relative abundance]pf each phylotype for each
enrichment treatment according to the legend in théottom left corner. The phylum
division of each phylotype is indicated on the left

An analysis of phylotype overlap (<97% identityyJween treatments showed the least

overlap between the control and 10X treatmenthfdotypes) and the most overlap
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between the 4X and 8X (37 phylotypes) and 8X and (BY phylotypes) treatments
(Table 1). In general, samples from treatments witheasingly divergent levels of

enrichment shared a decreasing number of phylotfgs7).

Table 1. Phylotype overlap between treatments.

Treatment Shared Phylotypes (97%
Comparison Similarity Cut-off)
Cont - 2X 28
Cont - 4X 23
Cont - 8X 8
Cont - 10X 4
2X - 4X 28
2X - 8X 15
2X - 10X 7
4X - 8X 37
4X - 10X 30
8X - 10X 37

The parsimony and un-weighted UniFrac hypothesisnig analysis both
indicated that communities from the five treatmemése significantly different from one
another (p < 0.005), with the exception of the 8 40X treatments, which were not
significantly different using the UniFrac test. UM& clustering of the sequence data in
UniFrac (1000 permutations, un-weighted) reveaied sample groupings that were well
supported by jackknife analysis (data not showayjugnces from the control, 2X, and
4X treatments grouped into three distinct cladedicating that the community structures
of these samples were unique from each other an8Xrand 10X samples. The 8X and
10X samples grouped together in a fourth clade mitted grouping of samples among
the two treatments. PCoA results show relativgllittend distinctive grouping of
sequences from the control, 2X and 4X enrichmeatinents and a grouping that

includes sequences from the 8X and 10X treatmé&ings 8). Principal Coordinate 1
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explained 27% of the variation in the samples gmkared to be well correlated with the
eutrophication enrichment level as the sample efashcreased in enrichment from the

left to the right side of the plot (Fig. 8).
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Figure 8: Principal coordinate analysis performed in UniFrac for the bacterial
communities of the fifteen individual enrichment clannels. Analysis was performed
using the UniFrac un-weighted analysis option whiclprovides a qualitative measure
of p diversity, disregarding the relative abundance ofineages in the sample tree and
focusing on the presence/absence of bacterial lirggs within a community.
Classification of the partial 16S rRNA gene seqesn&DP Classification,
Greengenes Classification Tool) revealed taxonaifts in the most frequently found
sequences from each treatment. Sequences froront®Iictreatment were the most

evenly distributed between numerous bacterial gewh the greatest percentage of

sequences from thidavobacterium (Bacteroidetes),eptothrix (Betaproteobacteria), and
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Chitinophaga (Bacteroidetes) genera. Sequences from the 2Xheneant were most
commonly found in thércicella (Bacteroidetes), eptothrix (Betaproteobacteria),and
Rheinheimera (Gammaproteobacteria) genera, the 4X enrichmentcwaposed of
Arcicella (Bacteroidetes)Rhodoferax (Betaproteobacteria),ariRheinheimera
(Gammaproteobacteria) genera, and the 8X and 1@xhaments were most populated
with sequences from theromonas (Gammaproteobacteriajanthinobacterium
(Gammaproteobacteria), aAdcicella (Bacteroidetes) genera.
Discussion
Biofilm versus Planktonic Bacterial Responses to Increased Resources

Biofilm community biomass responded nonlinearlgtoichment, with exponents
(b) of ~ 1.5 for areal mass and 2.3 for live cehslty. Comparable results for cell density
were reported by Mohamed et al. (1998) who fouradl #115% increment in available
DOC led to 3.6X increment in biofilm bacterial dangb ~ 2). In contrast, a synoptic
comparison of fifteen marine systems showed thatktbnic bacterial biomass and
abundance increased only 10X over a 2800X rangenmary production (b ~ 0.01)
(Thelaus et al. 2008). Bacterial productivity wagrendynamic, showing a 1000X
response in relation to the 2800X change in prinpaogluction (b ~ 0.8). Planktonic
responses to experimental enrichments over muchesmanges show similar results.
Jansson et al. (2006) and Joint et al. (2002) tegdhat 2X and 32X enrichments of C,
N, and P in planktonic mesocosms resulted in 2X1afXl increases in bacterial
production (b ~ 0.7) and a 1X and 2X increase indyad biomass (b ~ 0.1),

respectively. These findings show that biofilm depenent is highly responsive to
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resource availability with ultimate limits likelynposed by physicochemical constraints
such as shear strength and diffusion gradientgiBattal. 2003, Besemer et al. 2007).

As biofilm biomass increased in response to remencichment the activity of
enzymes responsible for C, N and P acquisitioreeed more quickly (range of b ~ 2.4-
3.5). These results are generally consistent wiekipus biofilm studies that used single
level enrichments (but see Ylla et al. 2009). Mdd&s20% increases in C, N and P
resulted in 3 to 200 fold increases (b ~ 1.2-3)iafilon functional processes including
the utilization of carbon and nitrogen compoundsgider et al. 2003, Chenier et al.
2006), nitrification and denitrification rates (Ctier et al. 2003, Chenier et al. 2006), and
bacterial abundance (Mohamed et al. 1998). In astito biofilms, functional processes
in planktonic microbial communities exhibit mutexbponses to increased resources. A
study relating EEA to bacterioplankton productivitythree rivers found that EEA lagged
resource driven increases in production (b < Ing&baugh et al. 1997, Sinsabaugh and
Shah 2009). Several mesocosm studies have usembgladditions to stimulate nitrogen
removal by bacterioplankton [27, 28, 49]; the res®oratios appear to be well below
one, suggesting that C enrichment minimally impa¢hese functions (Shiah and
Ducklow 1995, Joint et al. 2002, Jansson et al6200hese findings are not surprising
given the dispersed nature of planktonic commusgied their modest biomass response
to increased resources. These results suggesiffirend biomass/production responses
of biofilm and planktonic communities to alteredoarces lead to differing functional
capacities for these aquatic microbial communities.

Plankton and biofilm communities share a commorsjaiggical organization in

terms of EEA stoichiometry (Sinsabaugh et al. 2@G08) the relationship between EEA
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and productivity (Sinsabaugh et al. 2010, in re@n}i The differential responses of these
communities to nutrient enrichment reflect the faftéhe products as can be seen when
biomass turnover times are considered along wetkdadron patterns and functional
responses to enrichment. Turnover (% biomasg)degs been estimated for a wide
variety of attached and planktonic bacterial comitnesh Biofilm turnover for
environments including decaying leaf litter, streamesocosm wetlands, and tropical
coastal lagoons range from ~ 0.02 — 4000 %'deigh a median value of ~ 48 % dhy
(see summary table in Su et al. 2007, and ThomaZ£ateves 1997a, Thomaz and
Esteves 1997b, Térnblom and Sgndergaard 1999 eCalr2005, Tao et al. 2007).
Bacterioplankton turnover for lakes and the opezaaaanges from ~3-180 % dayith
median values of ~ 33 % dagHyun et al. 1998, Torréton et al. 2002, Hyun ariich K
2003, Chen et al. 2005, Hyun and Yang 2005, Gah @007).

While significant variability exists, median turrenvrates for the two types of
communities are similar; however, the mechanisrgslating these rates appear to be
different. Bacterioplankton biomass increases netteéér in response to increased
resources while production and predation increasg napidly, with total predation
increasing 1000 fold, and predation per unit oftbiaal biomass increasing 100 fold, over
a 2800 fold range in primary productivity (Thelatsal. 2008). Thus, although
bacterioplankton production rates are high, predatliiminates much of this biomass and
is a primary factor controlling turnover ratesbiofilm communities, biomass increases
moderately with increasing resources (b ~ 1.5). H@arneenzymes responsible for the
depolymerization of senescent material increasehmmuare rapidly than biomass,

resulting in the rapid and efficient internal cygjiof materials. While grazing can be
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important in regulating biofilms (Huws et al. 2008j)tached bacteria produce chemical
defenses that protect the communities from eukerypoedation (Weitere et al. 2005,
Matz et al. 2008) and modify their organizatiorcteate grazing resistant structures (Wey
et al. 2008). These results suggest turnover ifili®is a result of internal recycling and
reuse supported by the structural properties dflimaommunities that concentrate
nutrients (Tsuchiya et al. 2009), energy yieldingt@nials, and extracellular enzymes,
which are dispersed in planktonic communities.
Implications of Non-Linear Responses and Enzyme Ratios

Results from this study also provide insights ithte effects of enrichment on
biofilm efficiency, stoichiometric balance, and thaetential these communities have for
nutrient retention. Ratios of extracellular enzyimattivities can be incorporated into the
threshold elemental ratio concept to link the fioral stoichiometry of microbial
communities with resource lability, growth and asgfation efficiencies, and the
metabolic theory of ecology (MTE) (Sinsabaugh eR@D9). The threshold elemental
ratio concept connects stoichiometry and metaltb&ory by combining metabolic
parameters, such as growth efficiency and respiraind the elemental composition of
organisms and their food sources (Allen and Gill@f09). A meta-analysis of soil and
sediment extracellular enzyme activities foundréie of commonly measured activities
responsible for C, N, and P acquisition was 1:hd \&as invariant over a wide range of
habitats (Sinsabaugh et al. 2009). These findinggest disparate microbial
communities have similar functional organizatioatiBs of close to 1:1:1 in this biofilm
study were maintained across a tenfold enrichmeaignt, providing further evidence of

the universal nature of these resource acquisiibas regardless of the scale of the
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system, ambient nutrient levels, community produigti or community composition and
structure.

This study found extracellular enzyme activitiesp@nded more quickly to
enrichment than biomass accumulation. Because #resgnes are responsible for the
depolymerization of macromolecules, this differahtesponse implies rates of substrate
turnover increased with enrichment. Rough estimatesrbon turnover were generated
by converting AFDM values to nmoles of carbon anddéhg by the sum of the enzyme
activities responsible for carbon acquisition (al@md beta glucosidase). Estimates of
biomass turnover were on the low end of turnoveasr&rom other studies, ranging from
~0.03 % day for the control biofilm to 1.7 % d&yfor the 10X enrichment in spite of a
20 fold increase in areal biomass over this ramge.most significant turnover
differences were between the control and 2X enreafts This apparent threshold may
be related to a shift in the microbial communityngmsition from cocci and rod shaped
to filamentous cells which provide effective phydicetention of extracellular enzymes
responsible for breaking down senescent biofilmemait

Increased biofilm biomass and turnover rates hangications for the retention
of non-conservative solutes (NCS) such as nutrigmisorganic matter in stream
ecosystems because biofilms are the primary pringesie for reactive solutes in lotic
ecosystems. Spiraling theory in streams descrhmeddwnstream transport of NCS in
terms of uptake length (S), which is comprisedhef tiptake length of NCS dissolved in
the water column (& and in the particulate or benthic compartmeng} (S8ewbold et al.
1982). $ and Sy are directly related to NCS supply and inverselgited to NCS

utilization or uptake (Newbold et al. 1982). Batihal. (2003) found that as stream
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biofilms developed, the transient storage (low gjostorage areas important for
nutrient uptake) increased dramatically and theas &n increasing trend in the uptake of
both a highly (glucose) and moderately (arabintsa)e carbon source. Interestingly, the
uptake of arabinose increased more rapidly thanofhglucose. The authors attribute this
finding to the increasing importance of the maasgfer of solutes into biofilms as they
grow and thicken: the lower molecular weight arakmdiffuses more readily into the
biofilm at later stages of biofilm development. $adindings of exponential biofilm
growth and function with enrichment suggest thahlmofilm transient storage areas and
the uptake rates of NCS are likely to increasdrasuisis undergo eutrophication,
potentially compressing the downstream spiralinlG5.
Response of Bacterial Community Diversity and Composition to Enrichment and
Implications for Productivity/Diversity/Function Relationships in Microbial Communities
An extensive body of research has examined thaaeships between
productivity, diversity, and function of plant andimal communities, however, little is
known about these properties in microbial commasitirhe productivity, diversity, and
functional gradients found in this study in respotsan eutrophication gradient provide
insights into the form of these relationships facteria.
Unlike biomass and activity that increased expaaéytwvith resource
availability, enrichment led to decreased bactd&s rRNA gene richness. Numerous
studies have shown enrichment alters the genemainzmity structure of bacterial
biofilm and planktonic communities (Lebaron et2001, Schéfer et al. 2001, Chenier et
al. 2003, Chenier et al. 2006, Haukka et al. 2006) resolution has been limited.

Declines in bacterioplankton richness (Carlson.e2@02, Bertoni et al. 2008) or
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evenness (Sipura et al. 2005) with enrichment Ih@es observed in some planktonic
studies, supporting the trend observed in thisystidrichment also led to dramatic
changes in the composition of bacterial communitieshe control treatment
Bacteroidetes, Alphaproteobacteria, Betaproteobhaced Gammaproteobacteria were
present in approximately equal numbers, with Vesmaicrobia and Actinobacteria
present at lower frequencies. These phyla aredlpicthose found in other stream
biofilm communities (Brimmer et al. 2003, Besenteale2007, Kobayashi et al. 2009,
Ylla et al. 2009). In contrast, Betaproteobactand Gammaproteobacteria were the
dominant phyla in the highest levels of enrichrmeemd phylotypes related to
Verrucomicrobia and Actinobacteria were absent.

The dominant genera from each enrichment leveldisoged dramatically,
however, the majority of these genera are clasks#sgechemoorganotrophs. The three
dominate genera found in the control treatmErdyobacterium, Leptothrix, and
Chitinophaga, are aerobe<hitinophaga is known to hydrolyze chitin as a primary
energy source and may indicate that fungal biom@ssa source of organic matter in the
control treatment as chitin is present in fungédllwalls. Relatives of both the
Flavobacterium (Kobayashi et al. 2009) angptothrix (Brimmer et al. 2003, Ylla et al.
2009) genera have been found in other stream imsfiThe dominant genera in the 8X
and 10X enrichment#eromonas, Janthinobacterium, andArcicella, have been found in
other stream biofilms (Kobayashi et al. 2009),@remoorganotrophs, and are aerobes
with the exception oferomonas which is a facultative anaerobe. The dominandhief
facultative anaerobe suggests oxygen may havelime#ing in the well developed

biofilms that resulted from enrichment. Relativésh® most common genera from the
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control and enrichment treatments described abave heen found in biofilms from
globally distributed locations. This ubiquity sugtgethese genera are members of a
cosmopolitan freshwater biofilm cluster.

Changes in bacterial community composition havenlvekated to enrichment in
other systems. Ylla et al. (2009) found glucosataiits eliminated phylotypes related to
Actinobacteria from a community of heterotrophictesia, a pattern observed in this
enrichment study. Kobayashi et al. (2009) useddmettcommunity profiling techniques
to synoptically sample two rivers in Japan. Siguaifit changes in the patterns of bacterial
community composition were most strongly relatedrthropogenic nitrogen inputs;
however, insufficient sequencing prevented a daetetion of which bacterial genera
were responsive to enrichment. A similar study arr@any of the Elbe River and a
highly polluted tributary found pollution primariijnpacted the abundance rather than the
presence/absence of bacterial genera (Brimmer 20@3).

Reviews of studies from plant and animal commusisieggest the most common
productivity-diversity relationships are unimodal@cal scales and monotonically
increasing at regional scales (Waide et al. 199&eMach et al. 2001, Evans et al.
2005). A frequently proposed mechanism to explaig pattern states that in low
productivity/available energy systems, insufficieggources exist to support many
species at viable population levels. As produgdtiintreases, the number of viable
populations and the diversity increase. At locales when productivity levels are high,
interspecific competition increases, driving sorpecses to extinction (Rajaniemi 2003).
In this study of bacterial biofilms an enrichmeradjent produced a productivity

gradient; however, phylotype richness declinedld¢ezels of enrichment. This was
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surprising as richness was expected to increasetieétnumber of physical and chemical
niches that form as biofilms mature and thickeresehfindings suggest that for bacterial
communities, an increase in total available endaps not increase the total number of
viable bacterial populations, and resource divwersdy be more important for structuring
these communities than total available resourcess. i$ consistent with results from both
a laboratory culturing experiment that found baatetiversity had a unimodal
relationship to productivity in heterogeneous boitin homogeneous environments
(Kassen et al. 2000), and from a high carbon swnilrenment in which resource
heterogeneity was thought to drive diversity patggZhou et al. 2002).

The effects of biodiversity on ecosystem functignimave been debated for
several decades in an attempt to understand adacph®w current human-induced loss
of diversity will alter the ability of ecosystents provide services such as carbon
sequestration and nutrient retention and proces¥iigje some uncertainty remains
about diversity-function relationships, a positivend has been found between diversity
and ecosystem function for macro-organisms (Loetal. 2001, Hooper et al. 2005).
Few studies have investigated diversity-functidatrenships in microbial communities
due to logistical difficulties; however, some redev data exist. Toxic substances have
been used to experimentally decrease soil micralvalrsity. This reduction had little
effect on parameters driven by the entire microbemhmunity such as respiration and
decomposition rates. More specific parameters, kieweuch as nitrification,
denitrification and methane oxidation, decreasaiff{tBs et al. 2000, Muller et al. 2002,

Girvan et al. 2005). A single aquatic study revéaestrong positive relationship between
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bacterial diversity and community respiration ratedicating broad scale functions may
also be affected by changes in diversity in sonséesys (Bell et al. 2005).

In the biofilm communities in this study, decreaslecersity resulting from
nutrient additions did not translate into a dimi@d ability to process large organic
molecules as measured by extracellular enzymeitaesivinstead, a nonlinear increase in
function was observed. This response is likely tdughysical changes that occurred in
the biofilms as a result of enrichment. Increasedilin thickness protects extracellular
enzymes from being washed out of the system by dtveeim flow, potentially
encouraging microbes to secrete higher quantifieenymes into this protected
environment. Furthermore, it is possible that effit recycling and cooperation within
complex biofilms is facilitated by a simplified comunity which may make intercellular
communication more effective.

Conclusions

Stream biofilm communities play a significant ralgprocessing nutrient and
organic matter inputs to streams. As streams arehen with nutrients and dissolved
organic carbon the community diversity and struetfrthese biofilm communities as
well as their ability to perform ecosystem func8amdergo significant changes. These
responses do not follow patterns expected froneti@apolation of results from studies
of planktonic microbial or metazoan communitiesplanktonic communities, increased
production is transferred up the food web wheneateases secondary production and
respiration. In biofilms, the products of nutri@mrichment (e.g. cells, enzymes,
extracellular polymers) tend to accumulate, iniigta positive feedback that

exponentially increases biomass and metabolisns tsitive feedback is likely further
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reinforced by cooperative interactions within tleencnunity. As the biofilm develops, the
potential for cell signaling and cellular differeatton along internal gradients of resource
availability and physicochemical conditions alsoreases. This positive feedback is
eventually truncated by structural failures (slaangh that export material downstream or
by invertebrate grazing. Further study of enrichtegfects on biofilms using a complex
carbon source, as opposed to the readily labilgocasource used here, would provide
additional insights into diversity-function relatiships as a more diverse community may
be necessary to break down various fractions obeermomplex carbon pool.
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Abstract

Catchment characteristics and disturbances catiegatonditions and processes
found in stream ecosystems. We examined nutriasliingylinkages between riparian
soils and adjacent streams and the impacts of ateggtazing on these ecosystems and
processes at six grazing exclosure sites in thee¥&laldera National Preserve, NM,
USA. The exclusion of native and domestic unguiggzers for three years significantly
increased the riparian aboveground biomass of stgnegetation (273 + 155 vs. 400 +
178 g n?) and litter (56 + 75 vs. 107 + 77 gan(p = 0.005 and 0.013, respectively). Soil
nutrient values (0 to 15-cm depth) were minimaffeeted by grazing after five growing
seasons, with significant increases in soil tobedgphorus at three of the six sites. No
connection was found between soil and stream mitaieailability or limitation. Stream
geomorphology was not significantly altered by fjgars of grazing exclusion. The

elimination of grazing suppressed instream nutgeatessing with significantly longer
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NH4 uptake lengthsp(= 0.02) and non-significant trends toward decréa$id, uptake
rates observed in exclosure reaches. These resgigest ungulate grazing impacts
terrestrial characteristics that are linked to gstesn services provided by adjacent
aguatic ecosystems. Management plans should dgrbélnce the positive effect of
grazing on stream nutrient processing and reteméparted here with the well-
documented grazing related loss of other ecosys&mices such as decreased fish and
aquatic invertebrate habitat and effects on watatity parameters such as turbidity and
water temperature.
Introduction

Terrestrial characteristics and disturbancesagely responsible for the
conditions and processes found in stream ecosyslémnssprinciple was eloquently
presented by H. B. N. Hynes who wrote, ‘In eveigpext the valley rules the stream’
(Hynes 1975), a statement that has since guideghdicant body of research and the
development of theories connecting terrestrial tneem ecosystems. Streams have been
described as four-dimensional: longitudinal conieaxt link upstream to downstream
segments, lateral exchanges connect terrestrigh@unatic environments, vertical flows
link ground and surface water, and the fourth disnamof time encompasses seasonal
and long term geomorphic fluctuations (Ward 198%MW 2002). The lateral and vertical
connections between streams and catchments opg¢i@tariety of spatial and temporal
scales. Climate, topography, and geology placedsssale constraints on stream
hydrology, geomorphology, sediment delivery, andewahemistry (Allan and Johnson
1997, Wiens 2002, Allan 2004). Finer scale patdratteristics, seasonal cycles,

episodic events, and connectivity between patcteswgperimposed upon catchment-
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scale attributes and are important determinangmefgy and nutrient exchange between
terrestrial and aquatic environments (Wiens 2002).

Stream water chemistry is tightly coupled to cateht parent geology, soill
chemistry, and disturbance. This coupling is manet through lateral inputs of surface
water with dissolved and particulate constitueaitsl groundwater inputs comprised of
water in equilibrium with catchment soils and urigieg parent geology. Stream water
chemistry sampling and spatially explicit geologid land use data sets have been used
in combination to determine the relative importanteatchment variables in
determining stream chemistry values. Underlyingluaitent parent geology was an
important and seasonally consistent predictorrebst water chemistry in each of these
studies (Johnson et al. 1997, Cresser et al. 2D6@,et al. 2006), however, its relative
importance varied between sub-regions (Dow et@62 Additionally, geology/land use
interactions were responsible for explaining sigaifit portions of water chemistry
variability, indicating land use and geology covélghnson et al. 1997, Dow et al. 2006).

Recent work has also shown that altered catcharehtiparian attributes affect
in-stream processing and regulation of the bioabéel components of water chemistry.
Restoration of an incised stream channel resutt@th@anges in stream geomorphology
and hydrology, and a 50% and 2000% increase ingbtuoas and nitrate uptake,
respectively (Bukaveckas 2007). Paired stream e=agiith intact and deforested riparian
zones showed undisturbed reaches exhibited grex@anic material processing and
nutrient cycling and retention when these parametere assessed on a per-unit-stream-
length basis (Sweeney et al. 2004). Johnson €@09) found significantly higher

ammonium demand in urban streams as comparedituligral and forested systems.
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This result was partially explained by increasgtitliavailability in urban streams with
reduced canopy cover. These results highlightrtiportance of stream ecosystems for
regulating water chemistry and how these servicesifiected by altered catchment
characteristics.

Overgrazing by native and domestic ungulatessigegific watershed disturbance
that alters catchment soil characteristics (Kauffragal. 2004, Pifieiro et al. 2010) and
has negatively impacted up to 80% of the streantisararid western United States
through degraded riparian and in-stream vegetatvater quality, stream channel
morphology, and hydrology (Kauffman and Krueger4,9Belsky et al. 1999, Sarr 2002).
Grazing is reported to have a range of effectsods that vary with soil and vegetation
type, grazing intensity and duration, and samptiegod (Pifieiro et al. 2010). Pifieiro et
al. (2010) reported in a review that ecosystemh anual precipitation between 400 and
850 mm showed similar patterns, with grazing longisoil root content, increasing soll
organic matter (SOM) C:N ratios (suggesting potdrii limitation for SOM
decomposition), and either increasing or not changoil bulk density. Grazing affects
streamside vegetation, with significant decreasele total aboveground biomass of
riparian vegetation observed in as little as twargeof moderate grazing pressure (Clary
and Kinney 2002). Long-term grazing exclosure (8arg) resulted in a near doubling of
litter cover, a fourfold reduction of bare grouladjvefold increase in shrub cover, and a
30% increase in graminoid cover (Schulz and Leiairi®90). Changes in riparian
vegetation in turn affect stream geomorphologyrasglands where vegetation
encroachment on the active channel and sedimemitrg ultimately narrow and deepen

stream channels (Magilligan and McDowell 1997, aaghd Clifton 2003). Stream
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geomorphic changes have been observed in respogsazing in as little as two years of
heavy grazing impacts (Clary and Kinney 2002, Raataet al. 2009), however, two to
four years of exclosure were insufficient to proglsgynificant recovery results in other
systems (George et al. 2002, Lucas et al. 2009).

While grazing has been shown to impact terresaigliatic, and riparian areas,
few studies have attempted to connect these impactdéink them to instream ecosystem
processes such as nutrient processing and retemtierngoals of this project were to 1)
determine if riparian soil nutrient characteristicshe Valles Caldera are reflected in
nutrient cycling processes in streams, 2) quathi®effects of ungulate grazing on soil
characteristics, terrestrial vegetation biomasd,ratrient cycling in adjacent aquatic
ecosystems, and 3) assess whether eliminatingngrazessure for relatively short
periods is sufficient to impact these variables.

Materials and Methods
Ste Description

The Valles Caldera National Preserve (VCNP) is ausep of ~36,000 ha located

in northern New Mexico (35°50'-36°00' N, 106°246187' W) encompassing a volcanic

caldera formed ~1.2 million years BP (Fig. 1).
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Figure 1: Map of exclosure sites in the VCNP. Exchures are designated by white
circles, streams are gray lines, and topography goges from white at low elevations

to black at high elevations.

The VCNP ranges in elevation from ~2,500 m in thigeydloors to 3,430 m at Redondo
Peak, a resurgent volcanic dome (Heiken et al. 199fproximately 10,000 ha of
montane grassland (Muldavin and Tonne 2003), 706f ngetlands (Muldavin and

Tonne 2003), and 100 km of stream length are foarle valley floors of the Valles
Caldera (VC). The soils of the VC have been deedriis either forest or grassland soils,
with rocky, loamy-textured, forest soils classifisl Andisols, Alfisols and Inceptisols
derived from volcanic rocks on the hillslopes, aeep, organic rich grassland Mollisols
found in the valley bottoms (Muldavin and Tonne 2P®Gtreams in the VC are low
gradient, high sinuosity systems, with no woodwangn vegetation present in meadow
areas. Precipitation in the VCNP during this stratyged from 500 to 700 mm (Fig.

2). Typical precipitation patterns include snowidgmwinter months, dry spring and early
summer conditions, and significant rainfall inpdtging mid to late summer from North

American monsoon events (Fig. 2).

46



800

TPV

h
2004 2005 2006 2007 2008 2009

=

Cummulative
Precipitation (mm)

Water Year
Figure 2: Cumulative precipitation (mm) for the indicated water years (Oct. 1 to

Sept. 30) measured at the VCNP headquarters (neaites J3). Symbols indicate
collection periods for soils (S), vegetation biomagqB), and stream injection studies

(T).

Domestic grazing in the VC is limited to summer iendue to low winter
temperatures and substantial snow accumulatioestidck grazing in the VC began in
the mid-1800’s initially supporting small sheepdwe(Martin 2003, Anschuetz and
Merlan 2007). By the early 1900’s an estimated Q00 sheep were grazed annually in
VC (Martin 2003, Anschuetz and Merlan 2007). A dezlin wool prices in the 1940’s
led to the replacement of sheep with cattle, respih the annual grazing of ~12,000
cattle by the late 1950’s (Martin 2003, Anschuetd &erlan 2007). From 1960-2000
~3,000-7,000 cattle were grazed in the VC duringreemmonths. Since the designation
of the VCNP in 2000, cattle grazing levels haverbé&amatically reduced with ~600
cattle grazed in 2004 and 2005 (Cibils et al. 20@8#zing by native ungulates including
elk and deer was eliminated by the early 1900’aunyting (Martin 2003). In 1947 elk
were reintroduced to the Jemez Mountains by the Mewico Department of Game and
Fish. Elk populations in 2004-2008 were estimate200-3000 animals (Anderson

2009).
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Six sets of grazing exclosure sites were estaldigh@003 in the VCNP (Fig. 1).
Each set of exclosures consists of an open cooiwb(C) and an ~160 by 160 m square
area (~2.5 hectares) with a three meter high cirdted fence serving as an ungulate
exclosure (E). Exclosures contain ~ 300 metersreést length. Three sets of exclosures
were constructed in each of the two watershedsidigathe VCNP, the East Fork of the
Jemez (EFJ) and San Antonio watersheds (Fig. t8s 8i the EFJ watershed are
designated as J1, J2, and J3 in the upstream tosti@am direction. Two of the sites in
the EFJ (J1 and J2) are on the Jaramillo strednmuary to the EFJ. All three sites in
the San Antonio watershed are on the main-stefneo$tream and are designated as the
S1 (upstream), S2 (mid), and S3 (downstream) ghiethe S2 site a location upstream of
the exclosure was used as the control area fadih@nd vegetation collections while a
downstream location was used to measure strearkauptaameters. The study sites span
a range of stream sizes from small, second ordearss (discharge of ~ 10 — 15 | $gc
at J1, to larger third order streams (dischargatgrehan 100 | s&) at J3 and S3
reaches. Background concentrations ofyNiHand PQ were less than 50g I at all sites

(Table 1).
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Table 1. Background Concentrations: 2005 and 2009.

Site-Year  Ammonium (ug I'")  Phosphate g I'")

J2-05 12+0.06 33+0.03
S2-05 10+0.04 17+0.03
S3-05 10+0.05 13+0.03
J1-09 9+0.84 46+7.02
J2-09 14+0.07 42+1.25
J3-09 7£0.02 20+0.03

S1-09 7+0.28 13+2.90
S2-09 7+0.10 14+2.51
S3-09 3%1.20 19+0.37

Soil Physical and Chemical Measurements

Solil collections were concentrated within the riga zone, operationally defined
as within 10 m of the stream bank. At each plet Bamples were taken at
approximately 25-m intervals beginning at leasth2&om the fencing on each side of the
stream, resulting in 10 sample locations per di80(total sample locations). At each
sample location, separate samples were taken fermdmation of bulk density and for
chemical analyses.

Bulk density was determined by making a verticdlioto the soil and extracting
an intact 5.08-cm diameter by 5.08-cm depth camnfthe face of the cut at a depth of 10
cm. The cores were placed in soil cans, oven-daexbnstant weight in the lab, and
weighed for determination of bulk density (g m

Samples for chemical analyses included the 0 e Blepth of the mineral soil
(organic horizons, if present, were removed). asons for taking cores to this depth

are: (1) this depth corresponds to the depth oéetgal impact by ungulate hooves and
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should be more closely correlated with potentiangdes in bulk density; and (2) past
sampling indicated that this depth includes theofizon yet minimizes the portion of
lower soil horizons within the sample. Soil corB8 by 15-cm length) were extracted,
placed in sterile bags, labeled and recorded, etodired to the lab where they were
sieved to pass 2 mm (>2 mm portion weighed anddect). Field moisture of the
samples collected in 2004 was very low and theesigaortion was stored at field
moisture content prior to chemical analyses. Tingpdas collected in 2008 were air-dried
for storage until chemical analyses are performicsubsequent chemical analyses were
corrected to oven-dry weight to account for theshoe retained by each sample.
Extractable inorganic nitrogen (N) was determingektraction of a measured
amount of soil with 100 ml 2M KCI. The soil solutiavas shaken thoroughly and
allowed to settle for 14 — 18 h. The clarified $mn was decanted and analyzed using a
Technicon AutoAnalyzer Il for NN using an alkaline phenol method and forNO+
NO,-N using a cadmium reduction method (reported adNrig™ soil). Total N and C
were determined using a ThermoQuest CE Instrumi¢@&100 Elemental Analyzer
(ThermoQuest Italia S.P.A., Rodano, Italy) by higinperature combustion and the
resulting gases eluted on a gas chromatographynco&ind detected by thermal
conductivity. Total N and C are expressed as pe¢fesoil sample. Modification of the
method of Stelzer and Lamberti (2001) was usectterthine total phosphorus (P). The
weighed portion of soil was combusted at 800or one hour, followed by addition of 1
M HCI and incubation at 80C for 30 min to dissolve the phosphorus. After tilto and
settling, the clarified solution was analyzed f@,HP using a molybdate method on a

Technicon AutoAnalyzer Il and was expressed asgmeraf soil sample. All total C, N,
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and P values were converted to mmot fgr stoichiometric comparisons and for
expression of all elemental ratios (C:N, N:P, GiRd C:N:P).
Above Ground Biomass Measurements

The above ground biomass of upland and riparigetation was measured once
in fall, 2006. Five randomized linear stream distwere chosen at each site and
grazing treatment using a 10-m buffer from all f=nto eliminate edge effects. At each
linear distance a riparian (within 10 m of the atrg and upland (greater than 10 m from
the stream) location were randomly selected. Stadegetation was clipped to 1 cm of
the ground and litter was raked and collected stelgrin one quadrat (13nper
location. Samples were oven dried to constant weig weighed to determine standing
aboveground biomass and litter (§)n
Stream Solute Injections

Stream flow characteristics and uptake parameter§i, and PQ were
measured in both the ungulate and control readhbsee sites in 2005 and six sites in
2009. Solute injections were performed using tmeg®h Solute Workshop (1990)
protocols. Prior to the start of injections, backgrd samples were collected at six sites
downstream of the injection point to determine lgrokind concentrations of Br, NH
and PQ. Immediately following background sampling, Br iservative solute) and NH
and PQ(non-conservative solutes) were injected simultasiofor 100-140 min at a
constant rate calculated to elevate backgroundesdrations by 800-1000 ppb for Br and
50 ppb for NH and PQ. Following the start of the injection, three saeglvere
collected at each station during the solute plassadetermined visually by the clearing

of Rhodamine-WT tracer dye added to the strearmeabéginning of the injection.
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Samples were filtered immediately in the field gsth7um pore-sized Whatman Glass
Fiber Filters ® and were stored at 4 "C until frofeithin 10 h of collection).

Uptake lengths (9 for NH; and PQ were estimated from the change in
concentration between the background and plateaplea at each of the six sampling
stations downstream of the injection poinC(x,t) = C(x,t) — C(xd), where t = time, x =
station distance in meters, and C(x,t) and g)&Jte the concentrations of the solute
measured at the plateau and before the injectigarheespectively). The ratio of non-
conservative to conservative solutes{AC/ABr) was used to correct for changes in
solute concentrations due to dilution of solutéeerathan biological uptake. The
longitudinal loss rate, kof the non-conservative solutes was estimateabylinear
regression from the relationshiggx) = roexp(-kx) where g is the non-conservative to
conservative solute ratio at x = 0. Longitudinaldwates were converted to uptake
lengths using o= -1/ k (Newbold et al. 1982). Becausg iS strongly influenced by
stream scale, uptake lengths were converted tosa trensfer coefficient or uptake
velocity (Vt, mm min') and areal uptake rates (i m? min™) to compare uptake
between streams of different sizes.avid U are calculated as ¥ kud (where & water
velocity and d = water depth) and Ug/(where C = background nutrient concentration).

Analysis of the conservative solute data (Br) warsduicted using a 1-dimensional
advection-dispersion model that includes a transrage component (OTIS, Runkel et
al. 1998) to estimate discharge (Q) and crosswsdtarea (A). Using Q (width x depth x
velocity) and A (width x depth), average water whp(v,) was calculated as,w Q/A.
Average water depth was calculated as d = A/widthgithe mean reach widths from

twenty evenly spaced cross-sectional geomorphdiaggects.
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Ammonium samples were analyzed using the phenyltthypate method and a
10-cm flow path modified from Hansen and Korolgf®83). Phosphate was measured
using the stannous chloride method (Standard Metb0@-P D; Clesceri et al. 1998).
Bromide was analyzed by ion chromatography (Diois#andard Method EPA 300.1).
Satistical Methods

Analysis of variance (ANOVA) was used to deterntine significance of
treatment, between and within sites, and betweansaféects on soil properties. When
necessary, data were log transformed to meetierftar ANOVA. When significant
differences were determined with ANOVA, differentedween the individual factors
were determined with Scheffe F-test. All figuressoil properties show mean and
standard error (when visible). Level of significansp < 0.05 unless otherwise indicated.
Student’s t-tests were used to determine the stgmi€e of grazing treatment on
aboveground biomass and litter (data from all gessvas pooled by treatment). A
mixed model ANOVA was used to determine the effettgrazing on nutrient spiraling
metrics and stream physical characteristics. Tludehincluded site as a random effect
which allowed data from the same sites but diffeyears to be used in the same model.
Linear regression was used to examine relationgiepgeen nutrient uptake and stream
physical characteristics.

Results
Soil Physical and Chemical Measurements

Soils of the riparian areas in the VC show a rangghemical properties (Figs. 3

and 4) with significant differences between sanggies for most of the soil properties in

both sampling periods. However, the differencesvbeh sampling periods often
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exceeded the differences between sites within pkagnperiod. Of particular
importance was the increase in soil total P, C,Mrad 4 of the 6 sites in the 2008
samples relative to the 2004 samples (Fig. 4alangavith a general decline in the C:P
and N:P ratios between these samplings (C:P fro8n(26.0) to 241 (£3.0) and N:P from
20.0 (x0.5) to 18.3 (x0.3), Fig. 4d and 4f). Thexere no significant differences between
the exclosure and open grazing areas within &ggar all soil properties for samples
collected in 2004, which was shortly after complet@moval of grazing. The differences
between sample periods can be attributed to tleetsfbf grazing for only one soil
property in 2008. The only effect of the exclosuwassoil properties occurred for total P
with the exclosures significantly lower than thezgd areas at three of the six sites in

2008 (J1, J2 and S2; Fig. 4c¢).
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Figure 3: Soil bulk density (a), nitrate-N (b), andammonium-N (c) in riparian
grassland soils from three sites within the East F& of the Jemez watershed (J1, J2,
J3) and the San Antonio watershed (S1, S2, S3) inet VCNP. Samples were
collected in 2004 before the summer growing seas¢open squares) and in the fall of
2008 (solid diamonds; symbols sometimes are behisduares). Within a collection,
sites that are significantly different have different letters (italic for 2008). Within a
site, significant differences between years are inchted by *.
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Figure 4: Soil characteristics of riparian grasslam soils in the VCNP (see Fig. 3
legend for descriptions). Dashed lines (d, e, arifindicate grassland averages

(Pifieiro et al. 2010). Significant effects of exa$ures occurred at 3 sites for total P

in 2008 (c; exclosures - fill circles, control aresa- open circles).
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Above Ground Biomass

Above ground biomass of vegetation in the VCNP &adxed response to
grazing impacts by the end of three growing seaddpknd standing vegetation and
litter values from the combined sites both incrdaseungrazed areas; however, these
values were not significantly different from grazetes. In contrast, standing
aboveground biomass and litter biomass in theigparone from the combined six sites
were significantly greater in exclosure areas thahe grazed treatments € 0.005 and
0.013, respectively). Standing biomass averaged@d3= 155) and 400 (178) ¢nfor
the grazed and exclosed sites, respectively, vitide values were 56 (75) and 107 (77) g
m for the grazed and ungrazed areas, respectively.
Stream Physical Characteristics

A wide range of physical characteristics were aoented in VC streams during
2005 and 2009. The most variable parameters wedeh W.71 (J1-C '09) to 5.05 m (J3-
E '09), discharge 17 (J2-C '09) to 123 | 4¢83-C '09), and width to depth ratios 3 (J1-
E '09) to 44 (S3-E '09) (Table 2). Depth and velpevere more consistent between sites
with a range of 0.10 (J2-E '09) to 0.27 m (J1-E)’'@% depth, and 0.07 (J2-C '09) to 0.22
m se¢' (S1-E '09) for velocity (Table 2). In both wateests during both years, stream
width, discharge, and width to depth ratios gemgrmatreased in the downstream
direction, however, velocity and depth did not aapredictably with location (Table 2).
Some between treatment trends were apparent phiysecal parameters measured when
2005 and 2009 data were considered together. The steeam width was greater in the
control reaches and the average reach velocitygwesger in the exclosure reaches for six

of the nine experiments, however, the mean coatrdlexclosure widths (3.15 + 1.52 m,
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2.89 + 1.50 m) and velocities (0.137 + 0.041 ni'séc159 + 0.037 m s&¢ were not
significantly different p > 0.05).

Table 2. VCNP Stream Physical Characteristics: 200&nd 2009.

Cross-

Wetted Depth  Sectional Area Velocity  Discharge
Site  Treatment  Year  Width (m) (m) (m?) (m sech (I sech)
J1 C 2009 0.71 0.22 0.15 0.12 18
J1 E 2009 0.73 0.27 0.20 0.12 24
J2 C 2005 2.25 0.16 0.36 0.10 36
J2 E 2005 1.82 0.12 0.23 0.14 32
J2 C 2009 1.69 0.15 0.26 0.07 17
J2 E 2009 1.46 0.10 0.14 0.15 21
J3 C 2009 5.05 0.15 0.77 0.12 95
J3 E 2009 3.85 0.20 0.78 0.12 96
S1 C 2009 2.93 0.16 0.47 0.19 89
S1 E 2009 231 0.16 0.37 0.22 82
S2 C 2005 3.04 0.18 0.56 0.17 97
S2 E 2005 2.87 0.20 0.59 0.17 101
S2 C 2009 2.97 0.20 0.61 0.18 108
S2 E 2009 2.96 0.23 0.67 0.16 108
S3 C 2005 4.89 0.20 0.96 0.12 116
S3 E 2005 4.98 0.18 0.88 0.14 118
S3 C 2009 481 0.16 0.75 0.16 123
S3 E 2009 5.01 0.11 0.57 0.21 120

Stream Nutrient Cycling Parameters

The uptake of N and P in VC streams varied betvwesnents, sites, grazing
treatments and years. Injections of Nidvealed strong N sequestration during each of
the 18 experiments. Ammoniuny, 8&anged from 52 (J2-C '05) to 559 m (S1-E '09), V
ranged from 3.8 (S1-E '09) to 20.5 mm Mi(S3-C '05), and U ranged from 28 (S1-E
'09) to 224 pg it min™t (J2-C '05) (Fig. 5). Injections of P@evealed sequestration
during 13 of the experiments and P®lease during 5 experiments. In general, when PO
uptake occurred, it was an order of magnitude Idwan NH, uptake. For experiments

with positive uptake values, RG,, ranged from 350 (J2-C '05) to 5800 m (J3-C '09), V
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Within individual watersheds, N{5,, declined at downstream sites regardless of
year or grazing treatment. In 2009, J1 and S} SHwvere approximately 5 times longer
than those at J3 and S3 (Fig. 5). Within watergragterns were less clear for M and
U. In general, Yand U increased at downstream sites. The lowegt\\idnd U for each
treatment and year were observed at the upstreaanwsih the exception of thesYor the
J2-E site in 2009 (Fig. 5).

When uptake parameters from the grazing treatnvegrts compared, one
significant difference and two non-significant tdsnwere apparent. For NI, values
were greater in the exclosure reaches for eighobtlte nine comparisons (Fig. 5). In the
single instance in which,Svas greater in the exclosure reach, J1 '09, tHe d&d J1-C
Sw values were similar. Ammonium;¥nd U values were greater in control reaches for
seven out of the nine comparisons, with the exoapif J1 and J3 in 2009 (Fig. 5). Mean
uptake metric values for grazing treatments witthlyears combined show, Salues
were greater in the exclosure reaches (204 = 1503&+ 124 m), while M16 £ 9 vs.

11 + 6 mm sed) and U (131 + 73 vs. 82 + 45 pg’min’) were greater in control
reaches. gvalues were significantly longer in the grazinglesure reaches (p = 0.02);
however, ¥ and U values from the two grazing treatments wetesignificantly different
(p=0.16, and 0.16, respectively).

Linear regression was used to investigate relashigs between stream physical
characteristics and nutrient cycling metrics usheycombined data from both years.
Statistically significant < 0.05) relationships were found for four of thesenparisons.
Velocity was a significant positive predictor of N8, and was negatively related to U,

while NH,; V¢ was positively related to stream width and crassisnal area (Fig. 6).
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Figure 6: Regression analysis of stream geomorpha@yg and nutrient uptake
parameters with 2005 and 2009 data combined. All gression relationships shown

are significant (p < 0.05).

Discussion

VC Soil, Vegetation, and Stream Characteristics

The VC riparian grassland soils have C:P and Mti®s higher than the average

reported for grasslands worldwide (C:P of 200 t6 80d N:P of 14 to 24 for VC

compared to 166 and 12.3, respectively; ClevelandLaptzin 2007). The range in VC

C:N ratios are around the grassland average (13 for VC compared to average of

13.8; Cleveland and Liptzin 2007). VC solil nutrieatios indicate that the riparian soils

are low in P relative to the other elements anccatd that P could be limiting soil
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microbial (Sinsabaugh et al. 2009) and/or plantdpotion (Cleveland and Liptzin 2007).
Aboveground biomass of 275 — 400 & in the VC is comparable to that found in other
grassland systems in New Mexico (Brockway et adl2)@nd in the midwestern (Abrams
et al. 1986) and western (Frank and McNaughton J198&ed States.

The uptake of Nilin VC streams is within the range of uptake vakggsorted for
other £'to 3% order streams (Ensign and Doyle 2006). Howeverirtlrerse relationship
between NH uptake and stream size in the VC appears to berelit from that found in
other systems in which uptake decreases'ito B¢ order streams (Ensign and Doyle
2006). This is likely due to a combination of topmghical and geomorphic
characteristics of VC streams. Low order streanthenvVC have higher velocities due to
higher stream gradients in the upland reaches vhese streams originate. Additionally,
smaller streams in the VC are more susceptibledges and grass encroachment resulting
in narrow, deep channels. In contrast, higher ovtfeistreams are wide, relatively
shallow, and exposed to significant solar radiaimguts, characteristics that likely
increase benthic primary production and nitrogetakg These geomorphic/nutrient
uptake relationships are evident in the statidficagnificant negative relationship
between U and stream velocity, and the positivaticiships between,&nd velocity,
and between Mand both stream width and cross-sectional arep @i The PQuptake
observed in VC streams is lower than that from iogireeam ecosystems (Ensign and
Doyle 2006). Additionally, PQuptake lengths were on average approximatelyitesst
longer than ammonium uptake lengths, resultingii:Sw.p ratios of ~0.1. Spiraling
theory predicts that ratios of less than one intdidalimitation (Cross et al. 2005),

providing strong evidence that during stable sumibaseflow N is the limiting nutrient
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in VC streams. This finding is consistent with adst of nutrient limitation in 157
streams in Arizona that found N limitation at 72%ab of the sites studied and at 89% of
the sites sampled at baseflow (Grimm and Fishe6l@milar results were also found
at sites in western New Mexico (Coleman and Dah80},%uggesting N limitation may
be a widespread characteristic of streams in ththeestern United States.
Soil to Stream Connections

No connection was found between 0-15 cm depthcbeimistry and instream
nutrient cycling. Nitrogen was abundant in VC netaeam soils as compared to other
grassland systems (Cleveland and Liptzin 2007)lewtitrogen was clearly limiting in
adjacent stream ecosystems as seen in the effidléntiptake and the very long RO
uptake lengths. This apparent decoupling of teiedstnd aquatic processes is likely a
result of a disconnect between soils at 15-cm dapthstream recharge during mid to
late summer when the stream nutrient uptake pammetere measured. An investigation
of stream flow pathways in the VC found near-swefamoff that flushes nutrients from
upper organic-rich soil horizons was important dgrspring snow melt but was not a
significant contribution during the summer or fcept during extreme monsoon events
(Liu et al. 2008). Summer and fall stream inputsendominated by deeper subsurface
flow and groundwater recharge (Liu et al. 2008)e Themistry of these inputs appears to
be influenced by subsoil/parent geology rather thear surface soil chemistry. This is
consistent with the result of Cresser et al. (2000 found near stream parent geology
was a better predictor of instream water chemisiay near stream soil type. Phosphorus
is likely abundant in VC subsoils and parent geplag these materials are relatively

young geologically and volcanic ash is a significemurce of phosphorus (Felitsyn and
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Kirianov 2002). Additionally, when soil N becomesorporated into aboveground
production, it remains sequestered in decompogiagstand litter for an average of ten
years before returning to the soil pool (Partoale2007). This tight retention of N in
grassland soils may also help explain the appatisabnnect between N rich soils and N
limited streams.
Grazing Impacts on Soil, Vegetation, and Stream Nutrient Cycling

Grazing related variables had mixed responsesdo/éars of grazing exclusion
ranging from significant changes and trends toasponse. We used the extensive body
of literature describing grazing effects on grasdlaoils and streams to place the VC
riparian and stream ecosystems along a recovetincom and make predictions

regarding future changes (Fig. 7).
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Figure 7: Conceptual diagram of the long term effets of grazing cessation on
vegetation and nutrient cycling in VCNP riparian sals (a) and stream ecosystems

(b).
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Riparian standing biomass and litter were the Wéggmpredicted to respond most
rapidly to grazing exclusion (Fig. 7a and 7b). Pnedicted response was observed within
three growing seasons, with significant increasdsoth variables. Similar results have
been documented in both short (Clary and Kinney22@@d long-term (Schulz and
Leininger 1990) riparian grazing exclosure experntaghowever, grazing in some cases
stimulates production in grasslands (McNaughtor8188ank and McNaughton 1993).
This apparent contradiction may be due to my sargplesign that did not measure
biomass consumed by grazers. Also, the procesakddhrease biomass in ungrazed
areas, such as thatch development and N immolizahay not have developed in the
three years of exclusion prior to vegetation sangpliVe predict that riparian above
ground biomass will begin to decline in 8 to 10rgda response to negative-feedback
mechanisms such as thatch development that shailiepsevents sprouting, and
immobilizes N (Fig. 7a and 7b).

The effects of grazing on soil chemistry are tigletbupled to changes in
vegetation biomass. If the observed increase ineround biomass and litter represent
an increase in aboveground net primary productlmemn demand on soil N and P
resources are expected to increase, resultinguerlsoil N and P (Fig. 7a). Further
decline in soil N could result from immobilizatiaf N during litter decomposition
(Parton et al. 2007), which causes a lag betweaptke and return to soil N pools and a
greater decline in soil N (and P). Future biomasslpction is expected to decline in
response to lower soil N and the negative effecthading by increased litter. As

decomposition balances production, conservatidd within the riparian soils will

65



eventually increase soil N and lower soil C:N rielato grazed soils that experience loss
of N from herbivore removal (Pifieiro et al. 2010¢(Fa).

Although the reference condition at the time oflegion is presented as constant
in the conceptual model (Figure 7), temporal varrain soil characteristics was
observed. At the six exclosure study sites, thatgss differences in most soil parameters
occurred between the 2004 and 2008 collectionss@ bhbanges are attributed to
sediment deposition between collections (persobs¢vation of fresh sediment
deposition). The only significant effect of graziogy soil nutrients was an increase in
total soil P at three (J1, J2, and S2) of the @agtasites with P-rich sediment deposition
the logical explanation for the increase. Simitaareases in total C and N also occurred,
indicating concurrent deposition of organic desiauind/or organic-rich sediment,
however, a general decline in the C:P and N:Psdtam 2004 to 2008 indicates that P
was in greater relative abundance than C or Nem#éwly deposited sediment than in the
existing soil. Greater overbanking in areas widmtpled and degraded stream banks,
along with decreased overbanking in exclosures grélater riparian vegetation that acts
to laterally constrain high flows are potential in@aisms to explain increased total P in
soils of the three grazed areas. Expected effégrsaaing on soil nutrients are likely
masked by sediment contributions at some sitessifbavith the least variation between
years and no evidence of significant sediment déposs J3 (total C, N, P and their
ratios were nearly identical in 2004 and 2008, Fegt), the lowest site on the East Fork
of the Jemez. This site showed no significant éffet grazing on any soil

characteristics.
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The geomorphology of grassland stream ecosystéers @sponds predictably to
grazing pressure, with exclusion resulting in dasegl width, increased depth, and
decreased width to depth ratios (Magilligan and de®ll 1997, Belsky et al. 1999,
Nagle and Clifton 2003, Ranganath et al. 2009). elew, the rate at which these changes
occur varies between systems with some respondiggpaizing pressure in as little as two
(Ranganath et al. 2009) to five years (Clary 19@®ijle others show little response in
four to fourteen years (Ranganath et al. 2009) stt€ams fall into the latter category
with no significant changes in wetted width or vidd depth ratios detected in the five
years following exclosure. We predict that as bamdetation is reestablished and
emergent macrophyte biomass increases, laterahsatinccretion and channel
downcutting will cause significant channel narrogvand deepening in 10 to 20 years
(Fig. 7b).

This study was the first to examine the effectarajulate grazing on nutrient
cycling in adjacent stream ecosystems. Grazinguskah significantly increased NH
uptake lengths and produced a trend of decreagallaimtes in VC streams. These
changes occurred rapidly (increased uptake lernvggie observed after one and a half
growing seasons) and are likely due to increagmdian and emergent vegetation that
constrain and shade the channel and by initialnbtiyet statistically significant,
geomorphic changes. Shading decreases nutriereupigtreams by reducing primary
production, which is an important mechanism forieat retention (Mosisch et al. 2001).
Decreased width to depth ratios and increase stvedouities both decrease interactions
between the water column and benthos where mosenutetention occurs. This effect

can be produced by either geomorphic changes iohwthie shape of the channel is

67



changed (Bukaveckas 2007) or by increased instuegygtation which can narrow and
latterly constrain channels in relatively shorteiperiods (Wilcock et al. 2002).

The relative importance of shading versus geomorganges can be assessed by
comparing the effects of grazing on uptake leng#grsus uptake rates. Uptake lengths
vary in response to both physical changes, whir atream velocity, and changes which
alter biological uptake. In contrast, U angave normalized for different velocities and
thus are designed to measure changes in biolagi¢ake only. Significant increases in
Sw and the non-significant trends of decreasingnt U in ungrazed reaches suggest
grazing impacts nutrient uptake through alterinthiahysical and biological parameters
in VC streams. We predict that nutrient retentioVC streams will continue to decrease
as continuing changes in geomorphology signifigarg@tiuce stream width to depth ratios
and shading from riparian and emergent vegetagorams elevated compared to
reference conditions (Fig. 7b).

Conclusions

Five years of ungulate grazing exclusion in mongumesslands in the VCNP
increased riparian aboveground standing biomaséitégrgd minimally impacted soil
nutrient levels and ratios, and produced bothsttedilly significant and non-significant
trends of decreased nutrient retention in adjasgaam ecosystems. These results
highlight the long-term nature of ecosystem recg¥yem grazing pressure and the need
for detailed ongoing long-term monitoring to diatiate interannual variability from
true long-term trends.

Ungulate grazing has been implicated in the degianl of many stream

characteristics; however, this study provides awigethat grazing may enhance nutrient
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retention in some streams, a process which is cartynwonsidered a valuable ecosystem
service. Managers must consider the balance bettheeralue of instream nutrient
retention with grazing related losses of other gsi@sn services and products such as
decreased fish and aquatic invertebrate habitaeHadts on water quality parameters
such as turbidity, temperature, and dissolved axyge
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Abstract

Nutrient cycling and retention mechanisms in sveraining xeric catchments
deserve further study to predict how rapid popatagrowth that these areas are
experiencing worldwide will impact aridland rivel&/e investigated spatial and temporal
variation in the sources and sinks of nutrienthaémiddle Rio Grande (MRG), a 300 km
reach of aridland river in the southwestern Uniates that drains an agro-urban
catchment experiencing rapid population growth. ¥aater treatment plant inputs were
the dominant source of nutrients to the MRG, insirgaloads of N@N, SRP, and Ni
N by 1000-2000% relative to upstream loading. Ttaltretention of N@N and SRP
inputs in the MRG corridor ranged from 6-99% aneb3%46, respectively. Retention was
strongly and positively correlated with the pereget of water diverted from the MRG
for agricultural irrigation (R= 0.86 and 0.80 for NEN and SRP, respectively).
Irrigation diversions downstream of the urban waster inputs sequestered on average
480, 370 and 40 kg dayf NOs;-N, SRP, and NEN, respectively, during the irrigation
season. Within the river channel, retention wasa@® kg day} for NOs-N and 56-779
kg day* for SRP, values similar to those measured in m®&items. However, the

combination of in-stream and irrigation networknmerit processing in the MRG add up
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to catchment scale retention levels that are sagmfly higher than those found in mesic
systems.
Introduction

Over the past century human activities have draralfitiincreased the quantity of
nutrients transported in streams and rivers (Caepet al. 1998, Caraco and Cole 1999).
Excess nutrients can lead to toxic algal bloomzgiased turbidity, and dissolved oxygen
depletion, all of which disrupt ecosystem functiomslownstream reservoirs, estuaries
and coastal marine environments (Rabalais 2002e#&teh conducted in a wide variety
of streams and rivers has demonstrated that lggtess are not simple conduits for
transported materials but are important sites foc@ssing, transforming, and retaining
inputs (Webster and Patten 1979, Peterson et @l, 2ulholland et al. 2008). While
river network nutrient retention and processingelatively well understood in mesic
watersheds (Alexander et al. 2000, Seitzinger.&Qf)2), it is unclear whether these
patterns and mechanisms are similar in arid regions

Studies quantifying nutrient retention in mesierirhave used several
approaches. Estimated inputs to river systems haea compared to measured outputs at
the mouth of the watershed for a variety of basirtsurope (Behrendt 1996, Behrendt
and Bachor 1998, Behrendt and Opitz 2000). Nutmet&ntion in these studies ranged
from 9 - 80% and 4 - 88% for nitrogen (N) and phasps (P), respectively, representing
upper and lower limits for retention in entire mveetworks (Behrendt, 1996; Behrendt
and Bachor, 1998). Predictive models have also beed to estimate in-stream retention
of N (Howarth et al. 1996, Alexander et al. 2008it8nger et al. 2002, Wollheim et al.

2006). These models relate N removal via denitifan to water body depth, residence
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time, and a mass transfer coefficient that dependsenitrification rates and water
column NQ concentrations. Model outputs predicted that Naeshwithin individual
stream order segments ranges from 1 - 35% of inputis decreased retention in higher
order rivers. Total N removal within entire rivegtworks ranges from 35 - 75% of
inputs. A direct measurement of h@tention in a 645 km reach of the Ohio River that
measured loads at upstream and downstream sitpersegh model predictions with 10 -
30% NG removal within this river reach (Bukaveckas e28l05). In highly impacted
systems below major point source inputs such atewaser treatment plants, however,
retention has been shown to be low (Chesterikcdf.€1992, Gibson and Meyer 2007).
Low retention may be due to stress placed on geesystems by constant wastewater
loading, an effect seen in smaller streams recgmiastewater inputs (Haggard et al.
2001, Marti et al. 2004, Haggard et al. 2005). Ehasdies show that the total export of
anthropogenically augmented nutrient loads fromicnestichments is limited by
significant instream retention, however, retenediiciency often declines with
enrichment (Mulholland et al. 2008).

Nutrient retention in aridland rivers is less watiderstood, despite the rapid
development and urbanization occurring in many aatersheds. The limited data that
exist suggest that there may be significant diffees between nutrient retention in arid
and mesic river ecosystems. A study that used Nt&@nd stream and watershed
retention coefficients to estimate Béxport from 35 major catchments worldwide found
the four aridland rivers included in the study exted significantly less Ngthan
predicted by the model (Caraco and Cole 1999). 3tidy also found that N{&xports

were much lower than expected based on watershmdgimn densities. A more detailed
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investigation that included data from xeric catchteen the United States revealed that
although N exports from xeric catchments were lotvan those from mesic watersheds,
human activity increased the concentration andddyd~ 30 percent in both types of
systems (Caraco and Cole 2001). Caraco and Cobd.20oposed the most likely
mechanism driving this low N export from aridlargers was high rates of instream or
floodplain N retention (Caraco and Cole 2001). wifar study of P export from major
river catchments worldwide found that the OrangesRione of the two aridland rivers
included in the study, had extremely low P expGdraco 1995). A separate investigation
of longitudinal N levels in the South Platte Rivan, aridland river in eastern Colorado,
found N retention in this 105 km reach ranged f&8rto 100% of inputs (Sjodin et al.
1997). The two mechanisms responsible for N retentiere denitrification (50%) and
diversion of water from the river for municipal aagdricultural use (35%) (Sjodin et al.
1997).

The Middle Rio Grande (MRG) of New Mexico is a nrajeach of a large
aridland river (the Rio Grande) located in a regmti rapidly increasing population and
a number of management interests competing forrwate The goals of this study were
to determine how the sources and sinks of nutriernttse MRG vary spatially and
temporally, and assess whether nutrient retentitesrand mechanisms in the MRG are
similar to those found in other river ecosystemslawaide.

Materials and Methods
Ste Description
The MRG is defined as the ~300 km section of the@@ande in New Mexico

below Cochiti Reservoir and above Elephant ButteeReir (Fig. 1). This reach of the
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Rio Grande is ~450 km below the headwaters in Cdweand ~2,250 km above the
terminus at the Gulf of Mexico. The majority of N&hexico’s population resides along
the MRG, including the City of Albuquerque and enws. The ~64,000 khMRG
watershed ranges in elevation from 1,300 meteEdegthant Butte Reservoir to 3,255
meters in the Sandia Mountains. The geology ofataershed is a complex mixture of
granitic, volcanic, and sedimentary deposits, whénMRG running through a rift valley.
Watershed vegetation varies with elevation, witkedegrasslands at low elevations
followed by pinyon and juniper woodlands, ponderpisee, and mixed conifer forests at
higher elevations. Vegetation and land use in te®hc floodplain of the MRG is
dramatically different from that found in the re$the watershed. According to the most
recent available data (Bureau of Reclamation, Fi®lGrande Land Use Inventory)
approximately 54% of the floodplain is not diredttypacted by humans. The vegetation
in this area is composed of desert scrubland (58étjpnwood gallery forests (33%), and
grasses (9%). Agricultural land use occurs on 32#4eMRG floodplain and is

primarily comprised of alfalfa (39%), pasture ges&27%) and fallow fields (22%). The
remaining 14% of the flood plain has undergonedesgiial, commercial, or urban

development.
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Figure 1. Map of the MRG with four waste water treament plants that discharge
directly into the MRG, mainstem sampling site locabns, major streets in the
Albuquerque metropolitan area, the mainstem of theiver, a detail of part of the

irrigation network, and four main diversion dams.
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Discharge in the Rio Grande is dominated by snovt frean the mountainous
headwaters in Colorado and northern New Mexico.lysisof a 105 year record of
discharge found peak flows typically occurred inyM& a result of snow melt. However,
some annual peak flows occurred from July to Novemalmd were associated with
monsoon precipitation or remnants of tropical s(fPassell et al. 2004). A water
budget showed the MRG is overall a losing reachroannual basis with approximately
30% losses due to irrigation withdrawals, aquisharge, riparian zone
evapotranspiration, and open water evaporationifbethal. 2002, Passell et al. 2004).
Inputs to the MRG include storm and irrigation deaiephemeral tributaries that on an
annual basis contribute ~8% of the total MRG disgbaturing winter snowmelt and
storm events (Dahm et al. 2002), and municipal eveater inputs. The largest of the four
wastewater inputs, the Albuquerque Southside VWRéetamation Plant, discharges on
average 2.4 s, This contribution is approximately one tenth ame third of total
river discharge during high and low flow monthspectively.

During winter months when there are no withdraviatsagricultural irrigation,
the hydrology of the MRG is focused within the mealrannel, with water released from
Cochiti Reservoir flowing largely unimpeded to Btept Butte Reservoir. During the
growing season, water is diverted into the irrigatnetwork immediately below Cochiti
Reservoir and at three low-head dams located 3Bah@ 188 km below Cochiti
Reservoir (Fig. 1). This water is routed througtoeplex series of ditches and is used to
flood irrigate ~ 25,000 ha of cropland per monthrgpeal communication, David

Gensler, hydrologist for the Middle Rio Grande Gamancy District). There are ~ 2,100
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km of irrigation ditches and drains in the netwagproximately seven times the length
of the mainstem of the MRG (Fig. 1). Irrigation e&apercolates through the soils into
drains that are lower in elevation than the irigaditches. Water also moves via
shallow groundwater flow from the main channelled MRG, under riparian areas, and
into the low lying drains (Tibbets and Molles 200bhese drains return water to the
mainstem of the MRG many kilometers downstream loéne the water was removed
from the river.
Sampling Methods

Sampling for nitrate (N&N), soluble reactive phosphate (SRP), and ammonium
(NH4-N) concentrations was conducted 28 times (apprateiy monthly) from
September 2005 to January 2008. Major storm ewetaisupted two of the 28 samplings
and partial results from these months were excldided the data analysis. For each
sampling event data were collected from 23 mainsiées distributed along the 300 km
MRG reach. During a few summer months some of dvendtream mainstem sites had
no discharge so no samples were taken. Mainstemwire located ~5 km downstream
of all of the wastewater and irrigation return fw the river to allow complete mixing
of these inputs with the mainstem. For 15 out ef26 full sampling events, data were
also collected from the major wastewater and itiogeareturn flow inputs. All samples
were collected as close to the stream thalwegasfpermitted. Samples were collected
in 130 ml syringes and immediately filtered in fledd through ashed 04m pore size
Whatman ® GFF filters. Filtered samples were st@ted’C until analysis for N&N and
SRP within 72 hours. Ammonium samples were frozam analysis. Ammonium

samples were analyzed using the phenol hypochimatinod with a 10 cm flow path
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modified from Hansen and Koroleff (1983). NitratedeSRP samples were analyzed by
ion chromatography (Dionex, Standard Method EPA B(D).
Data Analysis

Discharge data were obtained from 17 Middle Rion@eaConservancy District
(MRGCD) gages, 10 USGS gages, and 4 wastewatémiaaplants. Nutrient
concentration data and discharge estimates wedetasmlculate nutrient loads at each
site. Water loss was calculated for the entire MiGubtracting river discharge exiting
the MRG reach from incoming discharge. Water loas ®lso calculated for three sub-
reaches of the MRG (Fig. 1): the northern sub-rdamh Cochiti Reservoir to the Isleta
Diversion Dam (103 km), the central sub-reach ftbmlsleta to the San Acacia
Diversion Dam (85 km), and the southern sub-reemin the San Acacia diversion dam
to Elephant Butte Reservoir (118 km).

The total load of nutrients retained within the MR&tidor was calculated by
subtracting the load exiting the MRG reach at thélsernmost site from the load of
nutrients in the river entering the MRG reach ptheswastewater inputs. During all
months NH-N and NQ-N concentration data were obtained for the largestributor of
nutrients to the MRG, the Albuquerque SouthsideaNREclamation Plant, either
through direct sampling of effluent or from datdlected daily by the wastewater facility.
SRP concentrations were not available for six efdampling dates so mean data from a
total of 20 samplings were used to estimate SRéingaduring these months. Mean data
values were also used to estimate nutrient loafdorg the three smaller wastewater

plants for six to eight months, depending on tlaapl
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For the months when nutrient data were collecteéfanajor inputs to the MRG,
the nutrient loads from irrigation return flows wesubtracted from the loads being
diverted for irrigation to determine the load sexjaeed in or released from the
agricultural system. This removal was then sub&ftom the total nutrient removal
within the MRG to estimate instream retention. Murtt concentration data from
irrigation return flows were also compared to conaion data from diversion water to
determine the effects of agricultural irrigation lsoth nutrient concentrations and loads.
This analysis was performed separately for theetbtd-reaches of the MRG described
above. Natural tributary inputs to the MRG wereagngicant during all months as
sampling events were scheduled during periodsatestflow and the natural tributaries
to MRG only have significant discharge during snaitrand heavy precipitation events.
Results
Nutrient Sources to the MRG

The primary sources of nutrients to the MRG werstesater treatment plant
effluent, water entering the MRG from the Upper Biande (URG), and agricultural
irrigation return drains. Wastewater inputs frora tbur treatment plants that discharge
directly into the MRG were major contributors of NN, SRP, and NEN, resulting in
significant increases in NN and SRP downstream of the largest plant duriing a

sampling dates (Fig. 2).
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Figure 2. Longitudinal NO3; and SRP concentrations (mg?) during typical low

(May 2007 — upper figure) and high (June 2007 — losv figure) diversion months.

The shaded area indicates the portion of the MRG mch with urban wastewater
inputs.

Average wastewater nutrient concentrations weratgreéhan river water concentrations
for each sampling of wastewater effluent: N¥Dconcentrations ranged from 0.7 £ 1.7 to
13.9 + 6.3 mgt, SRP concentrations ranged from 1.0 + 1.0 to 3@4mg I and NH-

N concentrations ranged from 0.2 + 0.2 to 11.64trg I* (Table 1) Average

wastewater loads calculated for the wastewatenasiti for NQ-N (1073 + 323 kg daj),

SRP (659 + 163 kg ddy, and NH-N (106 + 64 kg day) were at least an order of

magnitude greater than loads carried by the riveenentering the MRG (Table 1). We
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observed no seasonal trend in wastewater loadsngeatrations for any of the

wastewater treatment plants.

Table 1. Means and standard deviations for concerdtions and loads of wastewater inputs and water eeting the MRG from 26 monthly
sampling events from September 2005 to February 2680

Mean NO:-N Mean NO:-N Mean SRP Mean SRP Mean NH,N Mean NH,-N
Site Conc. (mg ) Ld. (kg day™) Conc. (mg ) Ld. (kg day™ Conc. (mg %) Ld. (kg day™)
Water Entering MRG 0.02 +0.03 62 + 105 0.01 #10.0 33+£31 0.003 £ 0.004 8+15
Bernalillo WWTP 0.7+£1.7 2+4 1.0+£1.0 3+3 11.6£9.4 29 27
Rio Rancho WWTP 10.2+3 127 + 40 31+1.2 38+ 1 0.2+0.2 2+2
Albuguerque WWTP 45+15 916 + 311 29+0.7 1 &0159 0.4+0.3 74 £ 64
Los Lunas WWTP 13.9+6.3 53+25 3.7+x09 4+ 1.8+1.3 716

Water entering the MRG from the upper Rio GrandR@) had low nutrient
concentrations and loads with averagesMN) SRP and NEtN concentrations of 0.02 +
0.03mg T, 0.01 + 0.01 mg1, and 0.003 + 0.004 m¢ | and average NEN, SRP and
NH.-N loads of 62 + 105 kg ddy 33 + 31 kg day, and 8 + 15 kg dal respectively
(Table 1). No seasonal trends for incomingsNOor NH;-N concentrations or loads
were observed. A weak seasonal trend for incomRE oncentrations and loads with
slight increases during spring and summer montlssfaand (data not shown).

Agricultural return drain nutrient concentratiomsldoads varied widely between
irrigation and non-irrigation months and amongttimee sub-reaches of the MRG.
During irrigation months, agricultural return drgim the northern sub-reach had
significantly lower NQ-N and SRP concentrations and loads than the drathe two
southern sub-reaches. Ammonium concentrationscats) however, were similar in all
three sub-reaches (Table 2). Nutrient concentrataod loads in the agricultural return
drains were similar in all three sub-reaches duniog-irrigation months. Additionally,

concentrations of NON and SRP in agricultural return drains in the seaithern sub-
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reaches were ~ 60 — 80 % lower during non-irrigatramths than concentrations during

irrigation months, and N&N and SRP loads decreased by ~ 75 — 90 % (Table 2).

Table 2. Mean (+/- SD) nutrient concentrations andbads for drains entering three sub-reaches of th®IRG during both the irrigation and non-
irrigation seasons and for water diverted to the irigation network during the irrigation season.

Diversion Water

Sub- (Out), Return NO3; Conc. PO, Conc. NH, Conc. NO; Ld. PO, Ld. NH, Ld.

Reach Drain Water (In) Season (mg I (mg I (mg I (kg day™) (kg day™) (kg day™)
Northern Out Irrig. 0.03 £0.03 0.02 £0.01 0.008.604 7+6 17+11 0.000
Central Out Irrig. 0.77 £0.28 0.50 £ 0.25 0.05.8% 768 £+ 300 487 + 232 46 + 44
Southern Out Irrig. 0.70+£0.28 0.28 £0.15 0.00.81 191 + 90 76 £ 34 1+2
Northern In Irrig. 0.07 £0.07 0.09 £ 0.07 0.0160 37+9 45+ 10 514
Central In Irrig. 0.57 £0.32 0.24 +£0.12 0.01 8D. 280 + 138 113 £ 64 3+3
Southern In Irrig. 0.22 £ 0.09 0.11 £ 0.04 0.01.610 126 £ 75 65+ 34 4+5
Northern In Non-Irrig. 0.11+£0.11 0.11 +0.08 090.06 35+5 32+4 16+ 6
Central In Non-Irrig. 0.13 £ 0.06 0.10 £ 0.07 000.02 22+13 16 +13 1+£2
Southern In Non-Irrig. 0.04 £0.01 0.04 £ 0.03 @@300.004 167 17 £13 2+2

Nutrient Snks and Retention in the MRG

The primary sinks of nutrients in the MRG identfim this study were instream

processing and retention and sequestration witl@ragricultural irrigation network. The

total retention of N@N in the MRG ranged from 6 to 99 % of the inputa

wastewater treatment plants and upstream sourtdle, the total retention of SRP

ranged from 34 to 99 % of the inputs (Table 3, Big.

88



Table 3. Total monthly water diversions below the than portion of the MRG, retention
of MRG nutrient loads, and percent removal of MRG nutrient loads. A * indicates
months with unstable river discharge and ** indicaes a sampling conducted immediately
after the irrigation network was activated for theirrigation season.

Percent Water Total MRG Total MRG Percent Percent
Diverted from Reach Nitrate Load SRP Load NOs SRP
Sampling Dates Below Urban Area (kg NOs-N day?) (kg SRP day') Removed Removed
10-11 Jan. 07 0 948 598 30 46
3-4 Jan. 08 0 1259 714 36 54
3-4 Feb. 07 0 975 715 28 51
2-3 Feb. 08 0 940 698 9 55
2-3 Dec. 06 0 2013 420 45 37
10-11 Nov. 07 4 1053 960 43 82
9-11 Feb. 06 4 660 504 13 63
18-20 Nov. 05* 6 2210 683 68 73
16-18 Dec. 05 8 1392 677 35 47
13-14 Jan. 06 9 1859 697 58 51
30 May-1 Jun. 07 15 1780 723 32 48
31 Mar.-1 Apr. 07 22 1848 735 35 60
2-4 Mar. 07** 27 726 614 12 71
28-29 Oct. 06 40 1281 944 52 65
26-27 Jun. 06 56 1185 872 98 97
27-29 Apr. 07* 58 930 602 25 76
26-28 May 06 62 1382 659 98 99
3-4 Sep. 06* 71 954 679 29 81
29-30 Apr. 06 76 1577 690 97 96
24-26 Mar. 06 85 1285 680 98 96
28-30 Oct. 05 87 1959 677 91 91
30 Sep.-1 Oct. 06 88 905 638 95 96
20-21 Oct. 07 94 731 436 89 88
15-16 Sep. 07 100 913 731 88 93
3-4 Jul. 07 100 1669 470 99 93
17-19 Sep. 05 100 1144 1120 94 98

Retention of NH-N was difficult to measure accurately due to @latively low loading
of NH4-N to the MRG (Table 1). During the 22 sampling rii@nin which there was

stable flow unaffected by storm events or irrigatgystem flushing (see below), total
retention of N@N and SRP was strongly and positively correlatétl the amount of

water diverted from the reach for use in the adpical system (Fig. 3).
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Figure 3. The percentage of water diverted from thé/RG below the urban reach
versus the percent of NQand SRP inputs removed within the MRG (panels a.rad
c.), and the downstream concentration of nitrate att SRP. 100% diversion indicates
complete dewatering of the main river channel (parle b. and d.).

The relationship between the percentage of the-N@nd SRP load retained and the

percentage of the incoming water diverted for atign below the urban inputs explained
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significant portions of the variation in NN (R? = 0.86) and SRP retention{R 0.80)
(Fig. 3). Retention of N@N and SRP approached 100 % during summer montka wh
significant portions of the discharge were remaofreth the river (Table 3). Six to 60 %
of the NQ-N and 34 to 72 % of the SRP were retained dungmong and winter months
when discharge was high and water withdraws weremail (Table 3). The amount of
water diverted from the reach was negatively categl with NQ-N and SRP
concentrations at the most downstream samplindRfte 0.60 and 0.43, respectively)
(Fig. 3) showing that the diversion of water remouetrients from the MRG with
respect to both concentration and load.

Data from sampling events where collections werderfeom all of the major
inputs to and diversions from the river were anadyto determine whether the
concentrations and loads of nutrients in returwfleater were elevated or depleted
compared to diversion water during irrigation mantand to partition N©N and SRP
removal into percentages and loads retained bgdheultural system and instream
processes. Return flow concentrations and loads wealyzed separately for the three
sub-reaches. The concentration of NQ SRP, and NEN in drains from the northern
sub-reach were on average 0.04, 0.07, and 0.007 figher, respectively, than water
diverted at northern diversions (Cochiti and Angas) (Table 2). Additionally drains in
the northern sub-reach contributed on average 3takgof NOs-N, 27 kg day of SRP
and 5 kg day of NH4-N to the MRG during the irrigation season (TableThe drains
from the central sub-reach had on average 0.28, &l 0.04 mgilower NO;-N, SRP,
and NH-N concentrations, respectively, than water divedethe Isleta Diversion (Table

2). Drains returning to the MRG in the central redelivered dramatically lower loads of
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nutrients than had been diverted to the irrigatietwork, with average sequestration of
488, 374, and 43 kg dayf NOs-N, SRP, and NN, respectively (Table 2). The drains
from the southern sub-reach had on average 0.48.afdmg T lower NO;-N and SRP
concentrations, respectively, while N concentrations in diversion and return water
were similar (Table 2). Drains in the southern hedelivered back to the MRG on
average 65 and 11 kg daless NQ-N and SRP, respectively, than had been diverted to
the irrigation network (Table 2).

Partitioning of nutrient retention revealed that #yricultural system was a slight
source of N@N (1 to 16 % of total load) and SRP (4 to 7 %atét load) to the river
during six of the 15 months and a sink of N (1 to 74 % of total load) and SRP (1 to
84 % of total load) during the remaining sampliaged (Fig. 4). Nutrient retention loads
associated with the agricultural system ranged fasspurce of 124 kg NEN day* and
51 kg SRP dayto a sink of 1091 kg NN day* and 936 kg SRP ddy The 18,240
hectares of irrigated farmland downstream of theomarban wastewater inputs retained
on average 7 and 5 kg hgear', respectively, of N@N and SRP. Instream processing of
NOs-N (12 to 46 % of the total load) and SRP (10 t&8bf total load) removed large
quantities of N@N and SRP (129 - 906 kg N day* and 56 - 779 kg SRP diy
during all months. Using an average river widtfb0fm, the 200 km reach of the MRG
downstream of the urban wastewater inputs seqsesiteaverage ~ 26g NO3-N min'
m?and ~ 181g SRP mifi m?. Estimates indicate that ~ 132 and 89 metric toMéQ-

N and SRP, respectively, are retained annuallyeyagricultural irrigation network, and

~ 132 and 96 metric tons of N®I and SRP are retained annually by in-stream gs&se
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Figure 4. Percentage of MRG NQ@and SRP loads removed by instream processing
and the agricultural system. Sampling events are dered by calendar month, not
chronologically. Values above 0% show removal whilealues below are inputs. In-
channel removal is shown in gray with agriculturalsystem removal or addition in
black.

Results from data collected in the March 2007 sarxgm@vent, which took place
during the initial spring flush of the irrigatioretwork, were dramatically different from
those collected during the other months. The alju@l system contributed a substantial
amount of N@N to the MRG during this month, effectively offseg the nutrients
removed by instream processing (Fig. 4). DuringSkptember 2006 and April 2007

sampling events precipitation inputs resulted oreased flow for the downstream
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portion of the MRG reach. Nitrate retention durthgse events was significantly lower
than retention during other irrigation months (EaB).
Water Loss Associated with Agricultural Irrigation

Average water loss in the MRG during months inchithe irrigation system was
running was 63 + 27 % of the total volume of wagetering the MRG. The northern,
central, and southern sub-reaches lost on avefagelZ, 23 £ 16, and 15 + 12 % of the
total incoming water, respectively. Average lossiewater entering individual sub-
reaches were 25 £ 17 %, 33 £ 21 %, and 36 * 26r%h&north, central and southern
sub-reaches, respectively.
Discussion
Nutrient Sources and Snksin the MRG

River systems receive nutrient loading from upsireaurces, point source inputs
such as wastewater and industrial discharge, dhaediinputs such as atmospheric
deposition, surface runoff, and nutrient enrichesligdwater recharge (Carpenter et al.
1998). The primary sink for nutrients in streams@bems is in-channel processing by
autotrophic and heterotrophic organisms (Reddy. 1989, Seitzinger et al. 2002).
Longitudinal sampling in the MRG identified thempary sources of nutrients to this river
reach as point source inputs from wastewater trettiplants and loading from upstream
sources. The largest nutrient sinks were in-charatehtion and sequestration in the
extensive irrigation network. This analysis of ment sources and sinks focused
exclusively on N@Qand SRP, which are the dominant inorganic nutfi@mbs in streams

and rivers. These nutrient species are highly resige to anthropogenic impacts while
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organic and total dissolved forms are much legsoresive to human influences on
watersheds (Caraco 1995, Caraco and Cole 1999, 2#dner et al. 2007).

Wastewater inputs to the MRG increased instreamemitioads by an order of
magnitude. The dominance of wastewater efflueat mstrient source confirms research
conducted by Caraco and Cole (1999), who invegtthaburces and retention of i@

35 rivers worldwide and found point sources arenlost significant contributors of
nutrients in xeric catchments. Dominance of pomtrses is due to high rates of within-
catchment retention of potential non-point soungrits due to low rates of runoff and the
limited application of fertilizers in xeric waterstis (Caraco and Cole 1999). These
findings are supported by previous investigatiohthe nutrient dynamics in the MRG,
which found wastewater inputs were the major sotocél and P to the river (Passell et
al. 2005, Oelsner et al. 2007) and identified adtice as a potential sink of N (Oelsner
et al. 2007).

Loading of nutrients from upstream sources contedwo nutrient concentrations
and loads in the MRG. However, these inputs reptesea small percentage of the total
nutrient loading, highlighting the relatively uniagied nature of the URG and MRG
prior to entering the urbanized portion of the MR@&ershed. The presence of Cochiti
Reservoir at the upstream end of the MRG reachseexe to further retain nutrient
inputs from the URG, as impoundments have been showecrease nutrient exports in
a variety of river ecosystems (Baxter 1977, Hitthtillkowska 1999) including the MRG
(Oelsner et al. 2007). An analysis of URG nutridaiia from 1977 to 2002 confirms the

low upstream nutrient values reported here (Passell 2005).
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The role agricultural irrigation return drains palyin the nutrient dynamics of the
MRG varied by sub-reach and season. Drains fronmdinghern sub-reach, which are
supplied with low nutrient river water diverted findhe MRG upstream of the urban
inputs, consistently contributed small amounts Ggldnd SRP to the MRG. Data from
return drains from the two sub-reaches downstrefaimeourban inputs to the MRG
indicate this portion of the agricultural systentsa&s a substantial nutrient sink during
the irrigation season. Average hlénd SRP irrigation return concentrations and loads
the central and southern sub-reaches were condystemer than water diverted out of
the river to the irrigation system. Decreased puatrconcentrations in return drains are in
contrast to an increase in the concentration ofeovative solutes such as bromide and
chloride (data not shown). These results suggasethaporative and transpirative
processes concentrate solutes in the irrigatiowar&t while other processes remove
non-conservative solutes such as nutrients. Nogation month concentration and load
data for drains from all three sub-reaches reveai@imal loading to the MRG,
indicating the shallow alluvial groundwater resgbtesfor this flow contains low
nutrient concentrations. This result is supportgaiinvestigation of recently recharged
groundwater in the United States (Nolan et al. 2002t found low NQ concentrations
in the shallow groundwater associated with the 4lmrque reach of the MRG.

Low nutrient loading from northern sub-reach dransg high nutrient retention in
the drains of central and southern sub-reachesfanéerest because agricultural drainage
ditches in mesic catchments have been shown tacbaduit for nutrient transport to
river ecosystems. For example, a study ogM&port from irrigation drains in Maryland

found annual export rates of 1.7 — 24.9 kgsNCha* (Schmidt et al. 2007). These
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results suggest that flood irrigation, the domirfantn of irrigation in the MRG, does not
result in the movement of large quantities of irmng nutrients from fields to the river
ecosystem. Furthermore, these results indicatestmé components of the MRG
irrigation system are responsible for retainingeatidutrients at a rate of 7 and 5 kg ha
yr! for NOs;-N and SRP, respectively, making this system urlissiaompared to
irrigation drainage systems from mesic watersheds.

In-channel retention of nutrients in the MRG wadatreely constant throughout
the year with average retention values of ~ 30 &% 4f NG; and SRP inputs and
retention rates of 26g NO3-N miri* m? and 18ug SRP miit m?. These retention
values are comparable to those found in other lavge reaches. A study that used a
longitudinal sampling design similar to the onedusethis study found N&retention at
low discharge for a 645 km reach of the Ohio Rivas on average 39% of inputs
(Bukaveckas et al. 2005). Two studies that used@eting approach to estimate
instream retention of N and SRP in European rivers draining into the N&eh
(Behrendt 1996) and the Baltic Sea (Behrendt arah&al998) found average NO
retention was 42% of inputs and average SRP retemtas 50% of inputs. These in-
channel N retention rates from the MRG are alsalairto predictions of a simple model
of nitrogen removal developed by Seitzinger e{2002) that is based on the total length
of stream reaches within a watershed. When apfidade MRG, this model predicts 32
% of the nitrogen would be removed in the 200 kacthebelow the major wastewater
input. Areal nutrient uptake rates in the MRG ds® @omparable to rates in other
systems. A review of ~ 150 nutrient spiraling expemts in streams and rivers found the

interquartile range for NN and SRP retention was 5 — 66 and 6 +@Bnin* m?,
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respectively, with median values of 15 andutmin® m’, respectively (Ensign and
Doyle 2006). In general, these findings show irastrerocessing rates in the MRG that
are comparable to those found in rivers drainingenmesic watersheds.

The range of combined in-channel and agricultwetdntion of NQ and SRP
inputs to the MRG was 9-99% and 37-99%, respegtividle considerable monthly
variation in retention spans a range similar ta tband for a variety of mesic catchments
in Europe, where in-stream retention ranged fron89%, and 4 - 88% of inputs for
nitrogen and phosphorus, respectively. These vakmesented total retention in the
entire river network (Behrendt, 1996; Behrendt Badhor, 1998). The MRG mean total
retention values of 62 £ 32% and 73 = 22% for;N\Dand SRP, respectively, were
higher than those found for these European rivesretained on average 42 and 50% of
NOs-N and SRP inputs. The greater total mean retewfiontrients in the MRG is
driven by higher retention rates during summer ngmthen total retention exceeds 95%
of inputs.

This finding of significant total retention of nignts in the MRG is generally in
agreement with a study that investigated N dynami¢se MRG during five summer
samplings (Oelsner et al. 2007). At low volumesiwér discharge, N@concentrations
below major wastewater inputs declined substagtipfesumably due to both dilution
from low nutrient irrigation return flows and ineam processing (Oelsner et al. 2007).
However, Oelsner et al. (2007) found thatd\@Oncentrations elevated by wastewater
inputs remained high at sites up to 200 km dowastrduring sampling events
conducted at high river discharge. These resuttsianilar to results from my September

2006 and April 2007 sampling events during whickcgitation inputs resulted in
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increased flow for the downstream portion of the®Rach. Total N@retention was
dramatically lower during these events, indicatimgt storm flow may significantly
increase N@transport and decrease retention in the MRG. Aaldht research focused
on storm flow events is necessary to fully descnibgient retention in the MRG.
Potential Mechanisms for the Agricultural Nutrient Snk in the MRG

The strong evidence for the role of the MRG agtigal system in retaining
nutrients was surprising since agricultural induase been identified as the single largest
contributor to the eutrophication of aquatic ecteys both in the United States and
globally (Carpenter et al. 1998, Bennett et al.2200Iman et al. 2001, Foley et al. 2005).
Factors that likely contribute to nutrient retentia the MRG agricultural system include,
1) the limited fertilization of dominant crop typey retention during flood irrigation,
and3) the distribution of large portions of MRGadtiarge into the extensive irrigation
network.

Primary crops grown in the MRG floodplain requirenimal fertilization. Alfalfa,
pasture, and fallow fields represent ~39, 27, ar®d @82the agricultural land use in the
MRG, respectively. Fertilizer application scheduimsthe MRG indicate minimal N
application for alfalfa seedlings (22 kg hectyrand no N additions for established
stands (Glover and Baker 1990), as alfalfa plasisbéish symbiotic relationships with
the nitrogen fixing bacterighizobium. Alfalfa production does require significant
phosphorus fertilization with a suggested applaratiate of 135 kg #s hectaré in the
MRG (Glover and Baker 1990), which is in excesseguirements for corn production

(Schlegel and Havlin 1995). Minimal data existfientilization rates of pasture land and
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fallow fields; however, these agricultural land sigenerally are not associated with
fertilizer application.

Flood irrigation is the dominant method of irrigatiused in the MRG. Water not
lost to evapotranspiration following flood irrigati percolates through the soil column
without aid from tile drains or subsurface drainagees, seeps into low lying drainage
ditches, and eventually flows back to the river.ikigjation water follows this pathway
there are numerous potential sinks for transposi@stewater-derived nutrients as well as
fertilizers applied to the crops. Sorption to gmtticles is important for removing
nutrients such as SRP from agricultural leachateigstion water percolates through the
soil column (Sinaj et al. 2002). This mechanismesponsible for low phosphorus
exports from agricultural areas drained via sulzg#@fdrainage networks (Skaggs et al.
1994, Herzon and Helenius 2008). This retentiohyay could be responsible for the
low irrigation return drain SRP values reportedhis study, in spite of the intensive
phosphorus fertilization used in MRG alfalfa cudtion. Nitrate also may be removed
during this process as flood irrigation and subsetjpercolation of irrigation water
likely create conditions similar to those in natdl@odplains, which have been
demonstrated to rapidly remove blfbom flood water via denitrification (Forshay and
Stanley 2005).

The extensive network of irrigation ditches andmBalso may act as a sink for
nutrients in the MRG. Irrigation ditches contaiginievels of organic material, leading to
strong redox gradients and intense biogeochemycdihg in ditch sediments
(Needelman et al. 2007). Water percolating frongated fields into conveyance

channels passes through these biologically and ichdynactive sediments as the water
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seeps into return ditches. Nutrients that entehds also may be removed during
downstream transport, as high rates of nutrierakehave been documented in a variety
of ditch systems (Kroger et al. 2007, Hall et 802, Olli et al. 2009) through processes
including sorption of SRP to sediments (Sharplegl€2007) and microbial uptake of
SRP and N@(Sharpley et al. 2007, Strock et al. 2007). Addh#lly, the low elevation of
the drainage ditches promotes the flow of watanftbe mainstem of the MRG, through
the shallow alluvial aquifer underlying the ripariaone, and into the ditch system. As
water follows this flow path nutrients are remowsdriparian vegetation (Tibbets and
Molles 2005) and microbial uptake.

A final factor that likely contributes to the raten of nutrients in the MRG
agricultural irrigation system is the increaseddesce times for water within the
irrigation system as compared to water that remaitise main channel of the river. The
irrigation network effectively transforms a largeer into a network of small streams that
are spread over the floodplain. This process dfildigion, collection and return
increases the travel time of water moving throdghNIRG, a factor which is strongly
and positively correlated with nutrient retentiorriver ecosystems (Howarth et al. 1996,
Seitzinger et al. 2002). Increased travel timelifatés a significant amount of interaction
between transported nutrients and soil particleps; and the benthic zones of numerous
small ditches, all of which lead to nutrient uptake

These cumulative processes lead to substantiverasiof nutrient uptake from
nutrient-enriched irrigation waters. The distribythydrology typified by the highly
modified MRG makes catchment scale modeling ofientrexport extremely

challenging. Measurements of nitrate retentionmgation ditches could not be scaled up
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to predict instream N§concentrations using a model based on the acctionlaf water
and solutes through a topographically driven hyslym network that had been developed
for a North American cross biome comparison (Het&bal.In Review).
Comparison of Nutrient Retention in the MRG to Other River Ecosystems

High rates of N@Qand SRP retention in the MRG (up to 99% of inplutsng
months where significant portions of flow are dieelrfor irrigation) are much greater
than those observed in mesic watersheds (Behr&9d Behrendt and Bachor 1998,
Caraco and Cole 1999, 2001, Bukaveckas et al. 2&%¢s are similar, however, to RO
retention rates observed in other aridland rivachsas the Nile, Orange, Murray-Darling

and Zambezi rivers (Caraco and Cole 1999, 200%) &i

—— 10000

' = @  Mesic Systems

2 %  Aridland Systems o
o E 1000 { M Middle Rio Grande ®

6]
6]
6)

£ 100 H ° o

T @ © (¢}

= >

1% 10

= 10

z e B &

o | ) ¢

Z T T T

0.1 1 10 100 1000

Population Density (People km )

Figure 5. Export of nitrate-N (kg N km™ year™) from a study of 33 rivers from
around the world versus watershed population densjt(people kni?) (Modified with
permission from Caraco and Cole, 2001).

Two mechanisms proposed to explain high retentesrin these other aridland systems

were high within watershed retention due to loncg#ation runoff and high instream
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retention (Caraco and Cole 1999, 2001). We used\h#able literature to evaluate
whether the water removal and potential nutriemtsdiscussed as potentially important
for nutrient removal in the MRG might also be rasgble for nutrient retention in the
Murray-Darling, Nile and Orange river systems. Ganen literature was not found for the
Zambezi River.

Extensive agricultural development has occurredaaljt to each of these three
aridland rivers. The Murray-Darling Basin (MDB)tl#e largest and most productive
agricultural region in Australia (Banens and Da&98) producing over 40% of the
nation’s gross value of agricultural production {Bnand Maheshwari 2002). Similarly,
90% of the Nile Delta is under cultivation and reeaf the most agriculturally productive
areas in Egypt (Sultan et al. 1999). The arid partf the lower Orange River flows
through the Kalahari and Namib deserts in SoutlicAfand supports ~ 71,000 hectares
of irrigated agricultural production (DepartmentWhter Affairs and Forestry 2004).
Additionally, agricultural cultivation along eaclithese rivers uses a substantial portion
of river flow. Agriculture in the MDB uses ~ 70% al of the water used in Australia
(Smith and Maheshwari 2002), cultivation in theeNlelta uses ~ 80% of all of the
water used in Egypt (Wahaab and Badawy 2004), espb@long the Orange utilize
~65% of the total water removed from the Orangerriizarle et al. 2005, Lange et al.
2007). The irrigated portion of each of these systeontains an extensive network of
ditches and drains that supplies water to fieldb@dmins excess water back into the river,
preventing soils from salinizing. The MDB contameer 6,000 km of irrigation drains,
which have been shown to be potential sinks forieniis (Bowmer et al. 1994). After the

closure of the Aswan High Dam, over 13,000 km o§ation drains were constructed in
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the Nile delta (Nixon 2003). An extensive netwofkragation ditches has been
constructed along the Orange River to connect timeemous impoundments to irrigated
farmland (Gillitt et al. 2005). Although a rangeiwfgation practices is used in each of
the three systems, some form of flood irrigationasnmon in each system (Clemmens et
al. 1999, Bethune 2004, Gillitt et al. 2005, Woaodl &inger 2006).

Two case studies from western United States inelisi@atilar retention
mechanisms may be important in river systems gebgrally related to the MRG. A
mass balance analysis of wastewater N in the deftzona — Phoenix area quantified
the intensive reuse of wastewater for agricultarad municipal irrigation, aquifer
recharge, and nuclear power generation, resultirrg48% reduction in wastewater N
inputs to the Gila River (Lauver and Baker 2000).iAvestigation of longitudinal N
levels in the South Platte River in eastern Colorfadind N retention ranged from 53 to
100% of inputs due to denitrification (50%) andedsion of water from the river for
municipal and agricultural use (35%) (Sjodin etl®97). The combination of instream
and anthropogenic nutrient sinks results in highgrient retention in aridland
ecosystems when compared to more mesic environr(feégtss) via mechanisms

illustrated in the conceptual model presented gufa 6.
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Figure 6. A conceptual model of nutrient retentionn aridland ecosystems where
sources of nutrients include upstream inputs and wstewater and agricultural
effluent and significant portions of river flow are removed for use in agriculture
irrigation. The annual percentages are given for tk total NO; (N) and SRP (P) loads
added to the system by upstream and urban inputs,na the percentage of the loads
either retained by in-channel or agricultural processes or transported downstream
out of the MRG.
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Conclusions

The primary contributions of nutrients to the MR@ne from wastewater
treatment plants. Two mechanisms responsible fooveng these inputs from the MRG
are instream processing and the retention of misgrieithin the agricultural irrigation
system. Percentages of nutrient loads retaineddiyeiam processing in the MRG are
comparable to those found in mesic river systengslitfonal removal by the agricultural
system during the irrigation season results intgreaan 90% total removal of the NO
and SRP added to the MRG. Similar water use patiarather aridland river basins
suggest agricultural irrigation may play a majdenm explaining high nutrient retention
in these ecosystems. Although these results denadas$hat agriculture is providing an
important ecosystem service of water purificationdownstream water users and
ecosystems, the cost for this service is evapqtraais/e loss of a significant portion of
the MRG discharge during the irrigation season.
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Abstract

Little is known about the microbial gut flora dbhporbid snails in spite of the
importance of some members of this family of gastcbmollusks in the transmission of
schistosomiasis, a parasitic disease which affe@@0 million humans worldwide. This
study used culture independent methods to desttrdbeommunity composition and the
variability of gut microbes within and among thsgeecies of planorbid snaildglisoma
duryi (North American speciesulinus africanus (African species), anBiomphalaria
pfeifferi (African species). Three hundred and fourteen wnlzpcterial operational
taxonomic units (OTUs, DNA sequences with <98% kirty) were found in the guts of
the three snail species. This diversity was digtad across 23 bacterial phyla with the
largest number of OTUs found in tReoteobacteria andBacteroidetes groups. A small
percentage of bacterial clones from every snaitisgenere related to opportunistic

pathogens that infect a range of hosts includirrgisand humans. Measuresfof
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diversity revealed minimal divergence among thengiarobial communities both within
and among the three planorbid species, with sandifiesing primarily in the abundance
of sequences within bacterial lineages and ndtempresence or absence of lineages.
These results suggest the presence of highly diaard relatively similar gut microbial
communities in the three snail species in spiteanying levels of phylogenetic and
geographic separation, and highlight the needddit@mnal study to determine the roles
gut microbes play in the physiology of these imaottintermediate hosts for digenetic
trematodes of medical and veterinary significance.
Introduction

Microbes outnumber the cells of their eukaryotistmrganisms by a factor of ten
(Savage 1977, Turnbaugh et al. 2007). The readizdahiat microbes are not just
pathogens but are important symbiotic partnergfidaryotes has resulted in new
paradigms and research programs. Recently thenteenobiome was coined, which
refers to the genomes of all the microbes assatwsiith an organism (Turnbaugh et al.
2007), and a major effort to sequence the humaroimm@me (Turnbaugh et al. 2007) has
begun in recognition that a complete understandfrany organism includes knowledge
of its microbiome. Additionally, recent theoriesedMolution consider organisms along
with their associated microorganisms as discretis of selection (Zilber-Rosenberg and
Rosenberg 2008).

The gut has long been recognized as one of the agnastse and important sites
of microbe/host interactions and as a result, gatahiota have been investigated in a
variety of organisms ranging from earthworms (Kemstnd Drake 1995) to humans

(Collins and Gibson 1999). These investigationseh&vealed an initial microbial
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colonization of the host gut that begins duringfter birth or hatching. This colonization
is followed by succession of the microbial commyiais microbes capable of inhabiting
physical and chemical niches in the gut environnestdblish viable populations. The
sources of these microbes include the generaldmstonment, food sources, and
excrement of other members of same species (DaltmhDillon 2004). Communities of
these populations stabilize, forming an indigenmugautochthonous gut microbial
community for an individual (Savage 1977). The destthat affect the habitability of host
guts for microbes include: diet, gut structure, lagure of the gut lining, and the physical
and chemical conditions inside the gut (Harris 1993

A stabilized indigenous gut microbial communityaracts with host organisms in
a variety of ways. A primary mutualistic functiohgut microbes is to assist the host
organism in obtaining nutrients from food sourddss can take several forms including:
an improved ability to survive on suboptimal dietsproved digestion efficiency, and
acquisition of digestive enzymes and vitamins @iland Dillon 2004). Gut microbes
also assist their hosts by metabolizing and degmdfsecondary compounds found in
food sources (Bhat et al. 1998, Dillon and Dilld@02). The extent to which gut
microbes provide nutritional aid depends on thalfsource of the host and the residence
time and microenvironments in the gut. If food s@srare rich in lignin or other
indigestible compounds, as in termites and rumgjatemplex gut structures and long
residence times provide microbes with conditionsessary to process these recalcitrant
materials.

Autochthonous gut flora also protect their hostsrfiinvasion by pathogenic

exogenous microbes, a service termed colonizaéisistance (Rolfe 1997b, Dillon and
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Dillon 2004). Indirect and direct antagonism areduby indigenous bacteria to prevent
settlement by foreign microbes. Indirect mechanisrakide modification of bile salts,
induction of immunological processes and stimutabb peristalsis. Direct antagonism
includes depletion of essential substrates, cneatioestrictive physiologic
environments, and production of antibiotic-like st#mces (Rolfe 1997a).

The structure and functions of gut microbial comitias discussed above have
been elucidated primarily for mammals and insesgiscifically humans, ruminates and
termites. Currently little is known about the compion and function of gut flora in
mollusks in general. There is very little infornmatispecifically about gut microbes from
the gastropod familf?lanorbidae (Planorbidae, Pulmonata, Gastropoda, Mollusca), a
group of snails that is of particular interest hesgait includes the geneBeomphalaria
andBulinus that serve as intermediate hosts of digeneticatedes of the genus
Schistosoma (Morgan et al. 2002). According to the World Healirganization, these
parasites infect ~200 million people worldwide (Ggis et al. 2006). These and other
planorbid snails also support the larval developmeémany other digeneans that are
pathogenic as adults in vertebrates of veteringnjifecance, or that are of concern to
conservation biologists.

The existing information about snail gut microbg$ocused on terrestrial
phytophagous and saprophagous species that fdeghomrich food sources. These
studies have found a range of pH, oxygen and hydrdégvels and distinct
microenvironments in helicid snails feeding ondstrial plants and detritus. High
oxygen uptake rates near the gut epithelium magla¢ed to bacterial degradation of

plant compounds such as lignin and phenols (Chand Brune 2003a). These findings
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indicate a specialized gut community may be foumbdalicid snails due to their reliance
on recalcitrant food sources and their specialq@#dnorphology.

Planorbid snails, which live primarily in freshwatnvironments and feed
primarily on detritus, decaying macrophytes, amghel may have significantly different
gut flora than the terrestrial snails discussedralzue to the phylogenetic distance
between these organisms, differences in the envieots they inhabit, and the
composition and lability of their food sources. Taw studies that have investigated the
microbial community in planorbid snails used whotganism tissue samples and culture
dependent methods to characterize the microbiataKlow et al. 1979, Ducklow et al.
1981). These data provided limited information dlgpu microbes due to the inability of
culture dependent methods to recover more thared farction of the entire microbial
community (Amann et al. 1995) and because wholarosgn samples were used.

The goals of this study were to: 1) gain a more @ete understanding of
planorbid snails by investigating the microbiomenfrthe guts of three species of
Planorbidae (Biomphalaria pfeifferi, Bulinus africanus, andHelisoma duryi), 2) compare
intestinal bacterial communities between individsrails, and 3) compare gut microbe
community similarities and differences between ssec
Materials and Methods
Collection and Identification of Shails

Adult specimens from snail species representirggtijenera dPlanorbidae were
obtained from natural aquatic environmeiitslisoma duryi were collected from Shady
Lakes, a recreational fishing and aquatic plansemyrfacility in Albuquerque, New

Mexico, USA (35° 12.99'N, 106° 35.91'\Biomphalaria pfeifferi andBul. africanus
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snails were collected in the Tala/Kangundo ard&eriya, from the seasonal stream
Kakulutuine (1° 12.54'S, 37° 20.38'E) and neadiseikioni Dam ( 1° 13.50'S, 37°
16.90'E ), respectively.

Preliminary field identification of the snails wasrified by analyzing the 28S
rRNA gene. Briefly, DNA was extracted from wholssiie samples using a CTAB
extraction method (modified from Winnepenninckxakt1993). Extracted DNA was
amplified using PCR forward 5'-GTAACGGCGAGTGAAGHE#Id reverse 5'-
GTACAATCTGAGGAACCAG-3' primers constructed to yiedanplicons 773 bp in
length. Using AmpliTaq Gold (Applied Biosystems .ln¢he PCR thermal cycling (ABI
GeneAmp 2700, Applied Biosystems Inc.) consistetiomin 95°C, 30 cycles of 1 min
95°C, 30 s 52°C, 1 min 72°C, and 7 min 72°C. Theldrad 28S rRNA gene was
sequenced directly on an ABI 3100 Capillary DNA &encer (Applied Biosystems Inc.).
Sequences were analyzed using CodonCode AligneNé@ii BLAST (McGinnis and
Madden 2004) searches to verify the species ideaiibn.

Bacterial Gut Flora 16SrRNA Gene Amplification and Sequencing

Snails were fasted for at least 24 hours priongeattion to empty their guts of
partially digested foodBjomphalaria glabrata snails have been shown to have food
transit times of ~ 3 hours, Florschutz and Beck&9)9This ensured that any bacterial
16S rRNA genes isolated were from autochthonoutehacalosely associated with the
gut and not associated with a transient food soliasted snails were stored at -70°C
until processing. The intestine, the portion of digeestive tract distal to the stomach to
the anus, was obtained by thawing each snail, gipgshell with ethanol, and removing

the digestive tract using sterile instruments aathhiques. The intestine was dissected
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and processed from thr&som. pfeifferi andH. duryi specimens (samples Biol — Bio3,
and Hell — Hel3 respectively), and tBal. africanus specimens (samples Bull and
Bul2). After dissection, the intestinal tissues &bomogenized using sterile pestles and
DNA was extracted using the CTAB extraction techeiglescribed above. Bacterial 16S
rRNA gene sequences were amplified using the bhaedpecific forward primer 8F 5'-
AGAGTTTGATCCTGGCTCAG-3' and the reverse primer 1R%-
GTTTACCTTGTTACGACTT-3' in 5Qul reactions containing pl 10X buffer (Promega
Buffer B w/ 1.5 mM MgC}), a 12.5 mM concentration of each dNTP (BioLineAUS
Inc.), 20 pmol each of 8F and 1492R primers, 2:bag polymerase (Promega US), and
approximately 50 ng of DNA. The PCR thermal cycl{A®l GeneAmp 2700, Applied
Biosystems Inc.) consisted of 30 cycles of 30%4aC, 30 s at 50°C, and 90 s at 72°C.
The amplified 16S rRNA genes were spin-purifiechgsa DNA Purification Kit (MoBio
Laboratories) and cloned using a TOPO TA Cloning(Kivitrogen). Clones were
sequenced using 8F primers, and a representatime élom each major phylogenetic
clade was fully sequenced using bacteria-spedaifiernal primers with the BigDye
terminator cycle sequencing kit (PE Applied Biosyss).
Satistical Analysis

Bacterial intestinal flora 16S rRNA gene sequereta evas checked for quality
using CodonCode Aligner (CodonCode CorporationghHjuality sequences greater than
500 bp were exported to Greengenes (http://gre@sgéhgov) for alignment (NAST
Alignment Tool, DeSantis et al. 2006a) to identifg most closely related 16S rRNA
gene sequences previously characterized from edltaind uncultured bacteria (DeSantis

et al. 2006b). A distance matrix of the aligneduseges was generated in ARB (Ludwig

122



et al. 2004). This matrix was analyzed in DOTURN8ss and Handelsman 2005)
(http://schloss.micro.umass.edu/software/dotur htmdivide sequences into operational
taxonomic units (OTUs) within each snail specidagis. 98% DNA sequence similarity
cutoff, and to generate rarefaction curves for eadividual snail using both a 98% and
95% DNA sequence similarity cutoff. The generatrihsition of bacterial phyla in the
three snail species was assessed by adding aesfatge from each identified OTU to a
backbone phylogenetic tree of 6634 bacterial 18%4ene sequences (Hugenholtz
2002). Each OTU representative was then assignggk tphylum to which it grouped in
the backbone tree. A representative from each O&blsubmitted to a NCBI BLAST
search (McGinnis and Madden 2004). The bactergueeces representing the ten
closest matches for each sequence were recoraded, &ith the environments from
which these bacteria were isolated. All clones BHAST hits to potential pathogens
were included in an initial phylogenetic analysigpathogens, and redundant sequences
were later removed.

Sequence data for the uniqgue OTUs defined in DOWAR used in Arlequin
(Schneider et al. 2000) to perform analysis of rmaler variance (AMOVA). AMOVA
estimates variance components and F-statisgf) @nalogs defined here dsstatistics
(Ds7) (Excoffier et al. 1992). These parameters desdhle correlation of molecular
diversity at different levels of hierarchical suladion (Excoffier et al. 1992). Arlequin
also generated traditional fixation indd{) values for pairwise comparisons between
all samples. Th&st parameter is a measure of population differetabiased on

variance in genetic diversity within and among dapans. Pairwise comparisons among
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organisms generatgst values ranging from 0 to 1, with O indicating rengtic
differentiation. Values greater than 0.15 indicgigmificant divergence (Wright 1978).

The phylogeny of the bacterial 16S rRNA genes ftbheneight snail samples was
also analyzed using UniFrac (Lozupone and Knigl52Qozupone et al. 2006). Briefly,
all sequences were added using the parsimony adthop ARB (Ludwig et al. 2004) to
the large backbone phylogenetic tree of bactefi8l IRNA gene sequences described
above. This tree was imported into UniFrac to dakeuthe UniFrac metric, which is
defined as the phylogenetic distance between $¢égs@in a tree calculated as the
percentage of branch length that leads to descé&nttam only one of a pair of
environments represented in a single phylogenegtec {UniFrac metric) (Lozupone and
Knight 2005). This UniFrac metric was then usegadorm a variety of tests. The
UniFrac significance test was used to determiisamples were statistically different
from each other (Lozupone et al. 2006). Environntgstance matrices (EDM) were
calculated to measure distances between all sgmapkein a tree (Lozupone et al. 2006).
These EDMs were then used to hierarchically clustenples using an un-weighted pair
group method with arithmetic mean (UPGMA) algoritflimmzupone et al. 2006).
Jackknife analysis was used to assess confideribe modes of the UPGMA tree
(Lozupone et al. 2006). Finally, the environmerstaince matrices were also used to
perform a principal coordinate analysis (PCoA) (lyoane et al. 2006).

Each of the above tests was performed using betwéighted and un-weighted
analysis option available in UniFrac (LozuponeleR@07). The un-weighted analysis
provides a qualitative measurefodliversity that disregards the relative abundarice o

lineages and focuses on the presence or absebegtefial lineages within a community.
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This measure is useful for determining whetheredéhces in environmental factors
between sample environments are large enough tqgteothe growth of different
microbial lineages (Lozupone et al. 2007). The Widd analysis provides a quantitative
measure of diversity that takes into account the relativeratance of lineages. This
analysis is useful for investigating how transienvironmental factors affect microbial
community structure (Lozupone et al. 2007).
Phylogenetic Analysis

A general phylogenic tree of the snail intestipatteria was created using a
subset of the total 616 partial sequences fouradl iof the samples. These sequences
were chosen by building a tree of all of the padegjuences and then collapsing the
branches into a tractable number of clades. A sgmtative sample was then chosen from
each clade for complete sequencing (see above)eSegs were assembled using
PHRAP in CodonCode Aligner and edited by hand. ifilteal forward sequence reads
(with the 8F primer) were used in phylogenetic gsialfor seven OTUs that did not have
a fully sequenced representative due to plasmetimgss. Phylogenetic analysis was
performed in ARB (Ludwig et al. 2004). Topology waglored using neighbor joining,
parsimony, and maximum likelihood analyses withoas masks based on nucleotide
frequency at each alignment position. The finadrevere made in ARB by creating a
parsimony tree with full-length sequences and agithie shorter sequences with
parsimony quick-add. The full-length trees weretbtvapped before the shorter
sequences were added using 1000 replicates. ekl tvere rooted with

Methanocal dococcus jannaschii.
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Accession Numbers

The snail 28S and bacterial 16S rRNA gene seqsenee: deposited in the
GenBank nucleotide sequence database under actessipers: EF15257@i{om.
africanus), EF152571Bul. pfeifferi), FJ423081H. duryi), and FJ228740 through
FJ229355 (bacteria).
Results
Snail Identification and Phylogeny

The 28S rRNA gene sequences from the three srexilespconfirmed the field
identifications of the North American specieggluryi, and the African species 8sll.
africanus, andBiom. pfeifferi. Helisoma. duryi, andBiom. pfeifferi are phylogenetically
close, considered to be sister genera irPtaaorbinae sub-family whileBul. africanus

belongs to a separate sub-fanBlylininae (Morgan et al. 2002) (Fig. 1) .

126



Family Planorbidae
: Subfamily Planorbinae
Biomphalaria

Helisoma  |H-clade™
Planorbini
Segmentinini
Drepanotrimini

Ancylidae**

Subfamily Bulininae
Buinus  JBulinini

outgroup

Figure 1: Simplified phylogeny of the familyPlanorbidae (Gastropoda, Mollusca),
based on 28S rDNA genes and exon 2 of a cytoplasrattin gene, using a physid
snail (family Physidae, Mollusca) to represent the outgroup (Morgan et al. 2002).
The term H-clade designates a tribe-level group fowhich no previous formal name
existed (Morgan et al. 2002). Several species ofcgtid snails, previously considered
as members of the related basommatophoran familfncylidae, cluster within the
Planorbidae. The relative phylogenetic position of thesAncylidae remains equivocal
(also see Jgrgensen et al. 2004; Albrecht et al.Q2).
General Distribution of Bacterial 16SrRNA Sequences and OTUs

A total of 616 high quality partial 16S rRNA geregsences were obtained.
These sequences were distributed among the seaiespwith 150 from the twBul.
africanus samples, 215 from the thrBeom. pfeifferi samples, and 251 from the thige
duryi samples. A total of 314 OTUs (cut-off 98% simit@riwere recovered from the
entire 616 sequence data set. When the commufrtiesthe snail species were

considered individually, 99 OTUs were recoveredrfiBul. africanus, 74 fromBiom.

pfeifferi, and 156 fronH. duryi.
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Rarefaction curves from the eight samples demaestthat a significant portion
of the genus level diversity (95% DNA sequence lsinty) was successfully described
for all samples, with the exception of the Hell pn{Fig. 2). Additionally, a smaller
but still substantial portion of the species ledgkrsity (98% DNA sequence similarity)
was successfully described for five of the eigimgkes, with some evidence of under
sampling for the Biol, Bul2 and Hell samples (Rijg.While many microbial
communities are too complex to be sampled compli¢tighes et al. 2001), the
rarefaction curves from this study indicate thatsuecessfully described a significant

portion of the gut microbial diversity from the dessampled.
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Figure 2: Rarefaction curves create in Dotur (<98%similarity cut-off) for the gut
microbial communities from the eight snail sample®btained by analysis of a
distance matrix created from sequence data in ARB.
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The bacterial sequences from the snail species dvardbuted among 23

bacterial phyla (Figs. 3a and 3b).

Figure 3a: Parsimony phylogram of planorbid gut baterial 16S rRNA genes for
representatives from the major bacterial clades exading Proteobacteria. Percent
bootstrap values of 1000 iterations are shown at éhnodes. Clones from this study

are highlighted with bold typeset.
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Figure 3b: Parsimony phylogram of planorbid gut baderial 16S rRNA genes for
representatives from the phylumProteobacteria. Percent bootstrap values of 1000
iterations are shown at the nodes. Clones from thistudy are highlighted with bold

typeset.
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In all snail species, greater than 50% of the tOfBUs were found in three or four
dominant phyla (Fig. 4). Thid. duryi samples contained the most diverse flora, with 21
phyla represented. Members of #h@dobacteria were most common, accounting for ~
24% of the total OTUs found in th& duryi samples, followed by thgeta- and
Gammaproteobacteria with ~17% and 12% respectively of the total OTBglinus
africanus samples yielded OTUs from 17 phyla, 20% of whiclierfeom Bacter oi detes,
while Actinobacteria, Deinococcus-Thermus, andVerrucomicrobia represented ~16%,
10% and 10%, respectively, of the total (Fig. 4)eBiom. pfeifferi samples were the
least diverse with 10 phyla represented. Sixtyehrercent of th8iom. pfeifferi OTUs
grouped in th&ammaproteobacteria with theBacteroidetes containing ~15% of the

total OTUs (Fig. 4).

Figure 4: The general distribution of bacterial phya in the three planorbid snalil
species. The data was generated by adding a reprasaive from each identified
OTU to a backbone phylogenetic tree of 6634 bactali16S rRNA gene sequences
and assigning OTUs to the phyla they grouped withnithe backbone tree.
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BLAST searches of the 314 bacterial OTUs revediatithe most closely related
bacterial species, based on sequence similaritg feeind in a wide variety of habitats.
Forty-four percent of the related sequences wearedan terrestrial habitats of which the
majority, 74%, were found in soil, followed by 10&6rhizospheres. Twenty-nine percent
of the total related sequences were found in agjeatrironments. Of these samples 46%
were found in non-specific aquatic environment$03@2 sediment samples, 12% in
water column samples, and 11% in marine environsn&dven percent of the related
sequences were found in other gut environmentshaghs including antlions, moths,
fish, chickens, and humans. Six percent of relaggfiences were isolated from highly
impacted environments such as mine tailings anidigeol soil. The remaining 14% of
related samples came from a variety of uncommomrabdnd manmade environments,
such as naturally occurring tar pits, glaciersfilooreactors, and indoor environments.
Some clones from each snail species were identifiedigh phylogenetic analysis as
close relatives of potential snail and human pathegn theGamma- and
Betaproteobacteria, Tenericutes, Firmicutes, andCytophaga-Flavobacterium-

Bacteroidetes phyla. Aeromonas species were found in every snail species anduated
for the highest percentage of pathogen-relatedeslamevery snail in which they were
detected. Overall, potential pathogens accountefl.i@o, 14.7%, and 29.8% of the total
clones forBul. africanus, H. duryi, andBiom. pfeifferi samples, respectively (Fig. 5).
Interestingly, common invertebrate symbionts, sasRickettsia andWolbachia, were

absent from all of the 16S rRNA gene clone libsrie
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Figure 5: Parsimony phylogram of planorbid gut bacerial 16S rRNA genes for
sequences identified by BLAST searches as potentdthogens. Percent bootstrap
values of 1000 iterations are shown at the nodeslades from this study are
highlighted with bold typeset.
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Bacterial Community Comparison between Individual Shails and Shail Species

The AMOVA on the OTUs from each snail sample produced estsrt
variance components akdstatistic analogs at three levels of hierarcharailsion: 1)
within populations @s7), 2) among populations within groupB<), and 3) among
groups {c7). Ninety five percent of the total molecular véina was due to differences
within the populations found in individual snailve percent was found among
populations within groups (within snail species)d ao appreciable percentage of the
total variation was found among groups (among Spaties). Thést value was 0.055,
the ®sc value was 0.056, and tide:r value was -0.001. The ‘within populations’ and
‘among population within groups’ variance composeamtd®sr and®sc values were
statistically significant® < 0.001) while the ‘among groups’ variance comparaand the
®ct value were not statistically significami® & 0.6). The=st values for pairwise
comparisons between all samples were all signififadr< 0.001) and relatively low,
ranging from 0.007 to 0.126 (Table 1), indicatingpimal to moderate divergencEg =
0 indicates 100% similaritygsr = 1 indicates 0% similaritfsst > 0.15 indicates
significant divergence, Wright 1978).

Table 1. Divergence of bacterial populations of indidual snails, Arlequin Fst values

for bacterial OTUs from the eight snail samples.
Bio1? Bio2 Bio3 Bull Bul2 Hell Hel2 Hel3

Biol 0

Bio2 0.056 0

Bio3 0.091 0.126 0

Bull 0.034 0.070 0.104 0

Bul2 0.016 0.052 0.086 0.030 0

Hell 0.010 0.047 0.082 0.025 0.007 0

Hel2 0.020 0.056 0.090 0.034 0.016 0.011 0

Hel3  0.048 0.084 0.117 0.062 0.044 0.039 0.048 0
 Abbreviated species names are followed by a saitgfification number.
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The highesEsr value of any of the pairwise comparisons was betwe/oBiom.

pfeifferi samplesKst = 0.126) indicating these samples were the mdfgrdnt samples

in the data set. The ranges @f Falues between samples from the same species were
0.011 — 0.048 for thel. duryi samples, 0.056 — 0.126 for tBeom. pfeifferi samples, and
0.03 for theBul. africanus samples. The ranges Bér values between samples from
different species were similar to those found withpecies. Comparisons betwétn
duryi andBiom. pfeifferi samples producdgst values ranging from 0.010 — 0.117.
Helisoma duryi andBul. africanus comparison values ranged from 0.007 — 0.062 and
Biom. pfeifferi andBul. africanus samples ranged from 0.016 — 0.104.

Pairwise comparisons of the individual snail sampheUniFrac (1000
Permutations, non-normalized) indicated all samplee significantly different
(Bonferroni Corrected? < 0.028 for all samples) regardless of whetheataysis was
weighted or un-weighted for the abundance of liesayPGMA clustering of the
weighted data (1000 permutations, non-normalizedaled six sample groupings that
were well supported by jackknife analysis: 1) BBib2 (97%), 2) Bio2-Bio3 (81%), 3)
Bull-Bul2 (80%), 4) Hell-Hel2 (99%), 5) Hel3-Bio3(00%), and 6) Hel2- Bul2 (95%)
(Fig. 6a). Four of these groups represent witheces groupings and two represent
between species clusters, with the most strongipatted and closely related being the
Hel3 and Bio3 samples. UPGMA clustering of the wrighited data (1000 permutations,
Non-Normalized) revealed five sample groupings tirate well supported by jackknife
analysis; within species groupings were much lésar @and samples from the same snail
species were less closely related than they had ingbe weighted analysis (Fig. 6e).

The strong jackknife support for the UPGMA clustgrdescribed above also indicates
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that the sequencing effort adequately describednibé gut microbial communities
(Lozupone et al. 2007). Weighted PCoA resultslieraight snail samples show loose
grouping of the samples from the three snail sggétey. 6b-6d). These results also show
the Hel3 sample appears to cluster withBram. pfeifferi samples (Fig. 6b-6d), while the
Bul. africanus samples appear the most dissimilar from the rfetsteosamples (Fig. 6¢

and 6d). Un-weighted PCoA results were similah®weighted results. Samples from
the same species, however, did not appear to chogfether as tightly, and tligail.

africanus samples were less clearly separated from thefeélse samples (Fig. 6f-6h).
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Figure 6: UPGMA dendrograms (6a, 6e) and PCoA plot§b — 6d and 6f — 6h) for
principal coordinates 1 — 3 (P1 — P3) created in URrac for the gut bacterial
communities in eight planorbid snail samples fromliree speciesBiomphalaria
pfeifferi (m), Bulinus africanus (0 ), and Helisoma duryi (A). Figures 6a — 6d were
created using the weighted option in UniFrac whiclprovides a quantitative measure
of B diversity, taking into account the relative abundace of lineages in a
phylogenetic tree containing the sequence data. kiges 6e — 6h were created using
the UniFrac un-weighted analysis option which proudes a qualitative measure of
diversity, disregarding the relative abundance ofiheages in the sample tree and
focusing on the presence/absence of bacterial lirgggs within a community
Discussion
Gut Microbial Community Composition in Planorbid Snails

This is the first study to investigate the gut mlial community composition in
three snail species from the famiflanorbidae. The finding of more than 300 OTUs
shows that the overall bacterial diversity in pldnd guts is high. Furthermore, this
diversity is widely distributed across the bactegpiaylogenetic tree with 23 phyla
represented. In addition to the large number of ®Tduind, rarefaction curves from
several of the samples indicate a portion of therdity was not sampled, providing
further evidence of the diversity of these commanit

Previous studies have shown that host diet idexméing factor for the
diversity and structure of gut microbial commurst{&ramada et al. 2007, Ley et al.
2008). In general, host organisms that ingest ceécaht or complex food sources rely on
complex gut microbial communities to extract nuitgefrom these materials (Harris
1993). For example, analysis of mammal gut micrabesaled that herbivores, which
ingest complex carbohydrates from plants, had itiedst genus level gut microbe

richness followed by omnivores and carnivores (&egl. 2008). Similarly, individual

soil (Schmitt-Wagner et al. 2003) and wood (Yangle2005) feeding termites harbor
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100-200 gut microbe OTUs. This high diversity hasiiattributed to the complexity of
microbial communities necessary to break down ¢lealcitrant food sources upon which
these termites subsist. Previous feeding studiedumed with planorbid snails have
shown thaHelisoma trivolvis (Smith 1989) andH. duryi (Madsen 1992)Biomphalaria
peregrina (Estebenet et al. 200Bjom. glabrata (Cedefio-Ledn and Thomas 1982,
Thomas 1982, Thomas et al. 1988pm. pfeifferi (Madsen 1992), anBulinus

africanus, Bul. truncatus andBul. forskalii (Madsen 1992) all feed primarily on detritus,
followed by decaying macrophytes, diatoms and fdatous algae. Furthermore,
Schmolder and Becker (1990) fouBmbm. glabrata actively and selectively fed on sand
grains which aid mechanical digestion of recalaitraaterials. These mineral ingestions
provide a slight growth and reproductive advani@age snails that had no mineral
particles available for ingestion. Thus planorbidits rely on recalcitrant food sources
and complex diets, both of which may require a lyiglverse gut microbial community
for digestion, consistent with the observationthis study.

A second factor that affects the diversity anddtre of gut microbial
communities is host phylogeny (Yamada et al. 20@y,et al. 2008). While there are no
available data of gut microbial diversity and stuase for other planorbid snails for
comparison, a few studies have investigated theotii@l communities in
phylogenetically more distant gastropods. A stgbddéentially mutualistic gut microbial
community is present in the phytophagous terrdgitiBmonateHelix aspersa (Charrier
et al. 1998) fielicidae, Pulmonata). Gut microenvironment conditions in several other
phytophagous and saprophagous helicids also irdibat these snails may harbor an

autochthonous gut community (Charrier and Brune8BROT his evidence of stable
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symbiotic gut microbial communities in closely tteld species suggests that the diverse
intestinal bacterial community we observed repriessan endogenous and potentially
mutualistic community specific to planorbid snails.

Several studies have investigated the structurdiaradion of gut microbes in
other gastropods. A study of abalohtalotis discus hannai) investigated the structure of
gut microbial communities in these marine gastrepaging culture independent methods
(Tanaka et al. 2004). This study, which sequendedited number of clones from
abalone fed a variety of diets, found a total ofaIBJs (98% identity). These clones were
affiliated with five bacterial phylaHirmicutes, Fusobacteriaceae, andAlpha-, Gamma-,
andEpsilonproteobacteria (Tanaka et al. 2004)), four of which were représeém the
planorbid snails from this study. Gut microbes hals® been shown to play a role in
meeting the nutritional demands of several gasttgpcies. Gut microbes from adult
abalone, which feed on brown, red and green alggtecbntain complex carbohydrates
resistant to digestion, have been shown to exeretgmes that break down a variety of
these compounds when grown outside the abalonstdigdract (Sawabe et al. 1995,
Erasmus et al. 1997). These microbes are alsonssfgoto changes in host diet (Tanaka
et al. 2003, Tanaka et al. 2004) and form a stadeconsistent community in multiple
samples from the same species of abalone (Sawahel®95). Gut microbes from two
other gastropod species, the sea hapbgsia dactylomela andAplysia juliana, are also
capable of degrading plant constituents in seawatdre medium. When antibiotics
were used to depopulate the intestines of thesgastyopods, the growth rates of
juveniles were significantly reduced. The abovelissi indicate that representatives from

most of the bacterial phyla found in other gastdspaere present in the planorbid snails
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investigated in this study. These studies alsoaledethat several other members of the
class Gastropoda have stable gut microbial commegritat are capable of processing
recalcitrant food items and have been linked td health. This is further evidence that
the diverse intestinal bacterial communities reedroh this study may represent an
autochthonous community specific to planorbids thanportant for processing the
refractory and complex diet on which these snaisetd.

The nearest genetic neighbors to the snail guebadbund utilized many
metabolic pathways and were isolated from a widetsaof habitats, but most
commonly from varied terrestrial soil environmentkese soil microbes are likely
introduced to the planorbid digestive system thiotlgg movement of eroded soil with
attached microbes into aquatic environments wherg ére ingested by the snaltgs
likely that some of the microbes from this pookofl bacteria are capable of filling
niches in the planorbid digestive tract and becparé of the autochthonous gut flora
(Dillon and Dillon 2004). The second most commohits in which the nearest
neighbors to the planorbid gut microbes were fowad aquatic environments, with
sediment being the most common subcategory. Thertaupce of detritus in planorbid
diets (Madsen 1992) may help explain how sedimssb@ated microbes established in
the guts of these snails. Only seven percent dbéateria related to the planorbid flora
were isolated from the guts of other organismss Tinbdest presence of gut microbes is
surprising but may be due to the relatively smathber of studies that have used culture
independent methods to survey the gut flora imfreater aquatic organisms.

Some of the clones recovered had 16S rRNA genesgsegs similar to

pathogenic bacteria indicating that planorbid snaihy be a reservoir for snail, human
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and other wildlife pathogens. The closest relatfasiost of these clones are gut bacteria
from a variety of hosts. Phylogenetic analysis @ththese clones in clades with
opportunistic pathogens associated with either carstal or community-acquired
infection in humans and/or stress-induced disaasguatic organisms (Kirby et al. 2004,
Dijkshoorn et al. 2005, Kiebre-Toe et al. 2005, ®etl et al. 2006, Dworkin 2007, Lau
et al. 2009). Though disease associated with thag®gens is rare in humans, the
implication of Acinetobacter andChryseobacterium in antibiotic resistance makes
identification of environmental sources importartie closest relatives of most of these
clones are gut bacteria from a variety of hosts aliof the cultured members of these
clades, except thEenericutes, are either common freshwater inhabitants or piasaef
freshwater amoeba (Santos et al. 2003). It isylikebse bacteria were allochthonous and
colonized the snails’ gut through food consumptibims possibility was strengthened by
the clone related t8piroplasma, a phyto-pathogenic species that can be foundhimt p
phloem (Bove 1997), and the clones relatedaiococcus, which had 99% similarity to
strains isolated from broccoli and radishes acogytthh NCBI matches. The only close
relative known to cause disease in snailsa®monas hydrophila. Aeromonads are
present in the guts of a wide range of healthy &gjoaganisms, but are also associated
with diseases of fish, frogs, zebra mussels (Guhaitchell 2002), and snails. Kiebre-
Toeet. al. (2005) foundAeromonas species associated with both healthy and diseased
helicid snails, thougieromonas hydrophila was almost exclusively isolated from
diseased snails. Given the placement and numbxoés in thederomonas clade, we

probably detected both normal gut flora and poadigtpathogenic strains.
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Gut Microbial Community Smilarities between Samples and Shail Species

Additional goals of this study were to assess titengicrobial community
similarities and differences between the individsrail samples and between the three
snail species. The AMOVA results indicate that@dtall of the molecular variance in
the entire gut microbe data set collected is dukfferences within individual snails and
almost none is due to differences among individuatisin snail species or among snalil
species. While this divergence is statisticallyhgigant, the lowdst and®sc values
indicate minimal divergence within the gut micrdipapulations of individual snails or
among populations within groups and almost no dieece between gut microbial
communities from different species. This resukupported by the lowsr values for all
pairwise comparisons and the similar rangeBsifvalues for between and within species
comparisons. These statistical comparisons amangdimples combine to suggest
planorbid snails from different sub-families anaevyrom different continents host
relatively similar gut microbial communities, altihgh we recognize that an exhaustive
sequencing effort would be needed to uncover theiftersity of the planorbid snail gut
microbiome.lnvestigations of the gut microbial communitiesottier gastropods
(Sawabe et al. 1995) as well as more phylogenstidedtant organisms (Ley et al. 2008)
have revealed relatively stable communities betweeividuals of the same species and
similar communities between species that are glasédted phylogenetically. These
results suggest that planorbid snails follow tlattgrn, with relatively stable and similar
autochthonous gut microbial communities found witspecies and between closely
related organisms that have similar diets, evenmwthese species are found on different

continents (North America versus Africa).
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The data for all of the samples were analyzed usatly the weighted and un-
weighted options in UniFrac. This allowed us toedetine whether differences between
samples or groups of samples were a result of dreailg different environmental
conditions in the different host species (un-weaght or whether the differences between
host environments were small, affecting the abucéanf lineages but not their presence
(weighted) (Lozupone et al. 2007). The more distapecies grouping found in the PCoA
plots and UPGMA dendrograms from the weighted sesas compared to the un-
weighted samples suggests that the differenceselatapecies has less to do with the
presence or absence of lineages and more to ddheithbundance of similar OTUs
within lineages. This result was expected due ¢osthmilar diets, physiology, and
environments these snail species share and tlesie phylogenetic relationship.
Conclusions

The microbiology of the guts of planorbid snails haceived very little attention
to date, even though members of this family areoirtgmt intermediate hosts for the
transmission of human pathogens. This study desittie microbial community in the
guts of three planorbid species as comprised ofenans and phylogenetically diverse
OTUs, and relatively similar between individualslapecies. These results highlight the
need for additional study to determine the roleséhgut microbial communities play in
host health.
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