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ABSTRACT

Russian olive (Elaeagnus angustifolia) is a non-native
riparian tree that has become common and con-
tinues to rapidly spread throughout the western
United States. Due to its dinitrogen (N,)-fixing
ability and proximity to streams, Russian olive has
the potential to subsidize stream ecosystems with
nitrogen (N), which may in turn alter nutrient
processing in these systems. We tested these po-
tential effects by comparing background N con-
centrations; nutrient limitation of biofilms; and
uptake of ammonium (NH4-N), nitrate (NO5-N),
and phosphate (PO4-P) in paired upstream-refer-
ence and downstream-invaded reaches in streams
in southeastern Idaho and central Wyoming. We
found that stream reaches invaded by Russian olive
had higher organic N concentrations and exhibited
reduced N limitation of biofilms compared to ref-

erence reaches. However, at low inorganic N back-
ground concentrations, reaches invaded by Russian
olive exhibited higher demand for both NH4-N and
NOs-N compared to their paired reference reaches,
suggesting these streams have the potential to re-
tain the N subsidy from Russian olive N, fixation
and diminish its downstream export and effects.
Our findings demonstrate the potential for a non-
native riparian plant to significantly alter biogeo-
chemical cycling in streams. Finally, we used our
results to develop a conceptual model that describes
predicted effects of Russian olive and other non-
native riparian N, fixers on in-stream N dynamics.

Key words: Elaeagnus angustifolia; Russian olive;
invasive species; nitrogen fixation; nutrient limi-
tation; nutrient spiraling; subsidy; DON.

INTRODUCTION

Streams and their adjacent riparian zones are clo-
sely linked. Riparian plants strongly affect the
ecological character of streams, especially through
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subsidies (for example, leaves, wood, nutrients,
invertebrates) that affect stream food webs and
aquatic ecosystem processes (Wallace and others
1997; Baxter and others 2005). Riparian zones also
modify the amount, form, and timing of nutrient
export from watersheds to streams (Gregory and
others 1991; Mulholland 1992; Naiman and
Décamps 1997; Groffman and others 2002). Direct
nutrient uptake by riparian vegetation can signifi-
cantly reduce nutrient loads entering waterways
from the terrestrial portion of the watershed
(Peterjohn and Correll 1984; Zhang and others
2010). Groundwater and hyporheic exchange with
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the stream channel can modify the forms and
fluxes of nutrients delivered to the stream (Triska
and others 1993; Dahm and others 1998; Dent and
others 2000); moreover, some of these nutrient
processes are mediated by riparian plants (Schade
and others 2001). However, if riparian vegetation is
dominated by plants associated with dinitrogen
(N,) fixation such as alder (Alnus sp.), the riparian
zone can become a source of additional nitrogen
(N) to streams, which may lead to elevated sur-
face water N concentrations (Goldman 1961) and
nitrate (NO3-N) and dissolved organic nitrogen
(DON) export (Compton and others 2003).

Nitrogen is often the nutrient limiting primary
production in terrestrial and aquatic systems (Elser
and others 2007), and alteration of N by anthro-
pogenic activity, including changing the abundance
of native N,-fixing plants or introducing N,-fixing
crops or invasive species, can have strong ecosystem
effects. For instance, Myrica faya, a N,-fixing plant
invading young volcanic soils in Hawaii, contributes
four times more available N than any other source
in the native system, and consequently alters N
cycling and terrestrial primary production (Vitousek
and Walker 1989). Altered resource availability
may occur when invasive species create additional
trophic or nutrient subsidies, or disrupt previously
existing subsidies to a system (Baxter and others
2004; Maron and others 2006). Globally, creation of
reactive N by biological N, fixation associated with
cultivated crops such as alfalfa and soybeans is
approximately 32-50 Tg N per year; the N,-fixation
rate by these crops is variable and ranges from 4 to
30gNm 2y ' (Galloway and others 2004).
Nutrient subsidies created by crops and abundant
N,-fixing plants have the potential to propagate
from land to nearby water bodies, especially if they
occur in riparian areas. Thus, increased abundance
of riparian plants that fix N, may strongly affect the
structure and function of stream ecosystems by
creating subsidies of nutrients or by altering their
availability and retention in the aquatic system.
This effect may be particularly strong in the Amer-
ican West, where stream primary producers are
commonly N limited (Fisher 2006).

Russian olive (Elaeagnus angustifolia) is a non-na-
tive tree that has spread along riparian corridors in
the western USA since its introduction from Eurasia
in the late 1800s (Olson and Knopf 1986; Katz and
Shafroth 2003). Friedman and others (2005) esti-
mated that, for the period from 1997 to 2002, Rus-
sian olive was the fourth-most frequently occurring
woody riparian plant species in this region. Estab-
lishment and spread of Russian olive appears to be
facilitated by altered stream flow regimes, such as

damming or irrigation water withdrawals (Howe
and Knopf 1991; Lesica and Miles 1999; Katz and
Shafroth 2003), which are common in the West
(Poff and others 1997). Other factors promoting the
establishment and spread of Russian olive are hor-
ticultural cultivation, its large seed size and long seed
longevity (Katz and Shafroth 2003), and tolerance to
mean annual minimum temperature (Friedman and
others 2005). A major difference between Russian
olive and the native vegetation it replaces is its high
capacity to fix N, (>18 gm ™y~ '; USDA 2010)
through an association with Actinomycetes (Miller
and Baker 1985). This capacity to fix N, is higher
than most native plants (<9.5to >18gm 2y %;
USDA 2010) and soil cyanobacteria (0.1-0.5 g m™>
y~'; Chapin and others 2002), and exceeds rates for
all other common woody riparian vegetation in the
region except for red alder (Follstad Shah and others
2010).

N, fixation by Russian olive and other closely
related species have been associated with elevated
soil and soil water N in riparian zones. Autumn
olive (Elaeagnus umbellata), a tree closely related to
Russian olive that is invading riparian areas in the
midwestern and eastern USA, has also been linked
to elevated soil water NO3-N compared to plots
dominated by grasses (Baer and others 2006). De-
Cant (2008) found that in a riparian zone along the
Rio Grande soils in areas under mixed Russian olive
and cottonwood (Populus sp.) had three times the
available N compared to those under cottonwood
alone, and though the mechanism was not clear the
authors attribute the pattern to Russian olive.
Where high N content of soils is associated with
Russian olive, it could be caused by root exudation
(Roggy and others 2004), or leaching and decom-
position of Russian olive leaves (Simons and Sea-
stedt 1999; Harner and others 2009). Follstad Shah
and others (2010) found that Russian olive leaf fall
explained 59% of variation in soil inorganic N
concentrations over multiple years in riparian areas
along the Rio Grande in New Mexico. Due to its
riparian habit and potential for N fertilization,
Russian olive may subsidize stream ecosystems with
N, and thus, alter nutrient availability, demand, and
retention in these systems. Here we present results
of one of the first studies to investigate the potential
in-stream effects of Russian olive invasion.

We investigated the effects of Russian olive on
in-stream nutrient availability, demand, and
retention to better understand the aquatic conse-
quences of the presence of a non-native N,-fixing
riparian plant. We hypothesized that stream N
concentrations would be higher in the presence
of Russian olive, and we predicted that nutrient
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limitation of streambed biofilms would be shifted
from N limitation typical in this region towards
phosphorus (P) limitation or co-limitation by N and
P. We also hypothesized that nutrient spiraling
would be altered, and predicted lower in-stream
demand (V;) for N where Russian olive was abun-
dant. To test these hypotheses, we conducted a
field study whereby we compared background
nutrient concentration, nutrient limitation of bio-
films and nutrient uptake in stream reaches where
riparian habitat was dominated by Russian olive
(invaded) and reference reaches where Russian
olive was absent. We conducted this study in the
Intermountain West region of the USA where
Russian olive invasion is widespread and may
potentially have important impacts on stream
ecosystems. Based on our findings, we also devel-
oped a conceptual model predicting effects of a
generalized, non-native riparian N, fixer on stream
ecosystem N dynamics.

METHODS
Study Design

Our study streams are located in the Intermountain
West region of the USA, in southeastern Idaho near
Pocatello (42.88°N 112.44°W, elevation 4549 ft)
and in central Wyoming near Lander (42.82°N
108.74°W, elevation 5396 ft). This region has a
semi-arid climate with annual mean precipitation
of approximately 25 cm (Barton 2004; Swanson
and others 2002). Mean air temperature in July is
22°C and —5°C in January. As is typical of water-
sheds where Russian olive invasion is most perva-
sive, land use in our study areas was dominated by
diffuse agriculture, mainly as pasture land, and
some sub-urban development. Streams in this re-
gion typically have nutrient concentrations with
low N:P and primary N limitation of biofilms
(Fisher 2006; Marcarelli and others 2009; Sander-
son and others 2009). Russian olive may have large
impacts on in-stream nutrient processing in this
typically N-limited region because it is increasingly
abundant (Friedman and others 2005) and can at-
tain high rates of N, fixation (USDA 2010).

We compared background nutrient concentra-
tions, nutrient limitation of biofilms, and nutrient
uptake in paired reference (upstream) and invaded
(downstream) reaches in the same streams. Refer-
ence sites were located in the nearest accessible
reach upstream from the invaded site that had no
Russian olive present in or upstream of the reach.
The riparian vegetation at the reference sites was
dominated by grasses and forbs but sometimes

included patches of native woody vegetation such
as sagebrush and small willows. The invaded
reaches all had dense corridors of Russian olive
along the stream which often formed a contiguous
canopy on each bank. Selected streams had acces-
sible reaches with invaded and reference conditions
ranging from 3 to 8 km apart. Paired reaches were
of the same geomorphic reach class and included
similar channel unit forms (Frissell and others
1986). They also had similar discharge, channel
morphometry (Table 1), and land use.

All measurements were made in reach pairs in 3
ID and 3 WY streams (6 streams and 12 reaches
total, Table 1). We used two additional invaded-
reference pairs in ID where, due to access and
methodological limitations, we only evaluated
nutrient limitation. These two streams had physical
characteristics and Russian olive density within the
range of conditions encompassed by the other
streams included in the study. At the 12 reaches
where all measurements were made, we measured
density and total basal area (TBA) of Russian olive.
For a representative section (50-100 m of stream
length) of each of these reaches, we counted and
measured the basal circumference of all Russian
olive trees larger than 20 cm in circumference and
within 10 m of the wetted edge of the stream.
These size and location criteria excluded very few
trees from being counted at the invaded reaches.
All measurements were scaled to TBA of Russian
olive per 100 m of stream length (Table 1).

Nutrient Limitation of Biofilms

We evaluated nutrient limitation of biofilms in
eight paired upstream-reference and downstream-
invaded reaches. Nutrient limitation status of
streambed biofilm was evaluated during summer
low flow (July-August) at all sites in 2009 using
nutrient diffusing substrate (NDS) bioassays (Gi-
beau and Miller 1989). We positioned the NDS
bioassays at the downstream end of all reaches that
were also used in nutrient uptake measurement to
minimize any possible interaction between the
two. At one stream, Deep Creek, we placed NDS
racks at four locations (200, 400, 900, and 1150 m
from upstream edge of Russian olive presence) in
the invaded reach, to test for a possible gradient of
accumulating impact of Russian olive on biofilm
nutrient limitation along the reach. These spatially
distributed measurements were conducted during
the summers of 2007 and 2008 and were not
included in the analysis with other paired sites.
Each NDS bioassay included four nutrient
treatments (control, NO5-N-enriched at 0.5 mol/l,
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phosphate (PO4-P)-enriched at 0.2 mol/l and NOs-
N + PO4-P -enriched). Six replicate vials, each
containing a 2% agar solution amended with one
of the nutrient treatments, were capped with por-
ous porcelain disks and distributed haphazardly on
an aluminum rack which was secured to the stream
bottom for a 14 day incubation period. After
incubation, vials were removed from the rack,
placed in plastic bags, and returned to the labora-
tory on ice where they were frozen until analysis.
The porous porcelain disks were separated from the
vials and analyzed for chlorophyll-a (chl-a) and
ash-free dry mass (AFDM) using standard methods
(American Public Health Association 2005). Nutri-
ent limitation effect was determined using the cri-
teria of Tank and Dodds (2003). To compare the
magnitude of response among treatments, we cal-
culated the coefficient of response to each treat-
ment, expressed as the log of (treatment/control)
such that the value for the control is zero, a positive
coefficient represents a stimulation effect of a
treatment, and a negative coefficient represents a
suppression effect (Tank and Dodds 2003).

Nutrient Spiraling

We measured nutrient uptake of NO5-N, ammo-
nium-N (NH4-N) and PO4-P using short-term
nutrient releases in 6 paired reaches. Due to
unforeseen difficulties in the field, we were unable
to measure NO3-N and PO4-P uptake at both Battle
Creek reaches as well as NO5-N, PO4-P and DON
background concentrations at the Battle Creek in-
vaded reach. Battle Creek was therefore eliminated
from this analysis. To evaluate the effect of Russian
olive invasion on stream nutrient demand, uptake
velocities (V;) of NO5-N, NH4-N, and PO4-P were
measured using short-term plateau additions (Tank
and others 2006). We made these measurements at
low flow conditions during July - August 2009. One
day before uptake measurements, discharge was
measured in a stream cross-section using either a
Flo-mate (Hach/Marsh-McBirney, Frederick, MD,
USA) or a Flow-Tracker Handheld (SonTek/YSI],
San Diego, CA, USA) flow meter. The length of each
experimental reach was set to achieve a 1 h water
travel time, estimated using average velocity from
the discharge estimate. Uptake measurements were
made in paired reaches on subsequent days. In each
reach, the NH4-N addition was conducted first, then
the reach was allowed to clear for at least 1 h before
a combined NO3-N and PO4-P addition was con-
ducted. A concentrated solution of NH,Cl or NaNOs
and KH,PO, mixed with a conservative tracer,
rhodamine WT, was pumped at a continuous rate

into a well mixed section of stream until the tracer
reached steady-state concentration throughout the
reach (=90 min). Target enrichment was 50%
above background concentrations for all nutrients
or 5 pg/l if background was less than 10 pg/l
(Appendix 1 in Supplemental Materials). For rho-
damine, target enrichment was 10 pg/1 for all sites.
Each experimental reach was divided into five
sampling transects, where triplicate water samples
were taken before and after enrichment. Water
samples were immediately filtered (0.45 pm Milli-
pore membrane) and placed on ice until analyzed
for ammonium or frozen for later analysis. NH4-N
samples were analyzed using the fluorometric
method (Holmes and others 1999; Taylor and others
2007) the same day that samples were collected.
Both rhodamine and NH4-N were measured using
an Aquafluor handheld fluorometer (Turner
Designs Company, Sunnyvale, CA, USA). NO5s-N
and PO4-P samples were analyzed at Utah State
University using an Astoria-Pacific auto analyzer
(Astoria-Pacific, Clackamas, Oregon, USA). NO5-N
was measured using the cadmium reduction tech-
nique (Nydahl 1976) and PO4-P was measured using
the ascorbic acid reduction colorimetric method
(APHA 2005). At each reach, total dissolved nitrogen
(TDN) was also analyzed for a single background
sample, as NOs-N following a potassium persulfate
digestion (Valderama 1981). We inferred DON
concentration by subtracting NO5-N and NH4-N
concentrations from TDN concentrations. After
nutrient additions, reach length, transect locations,
water depth, and wetted width were measured for
use in uptake calculations. We made a minimum of
ten wetted width measurements at haphazard loca-
tions along each reach and at each of these, ten water
depth measurements were made across the channel.

We used data collected during the nutrient up-
take measurements to calculate mean background
concentration and load of NO5-N, NH,4-N, and
PO4-P. We used the mean of all background sam-
ples (n = 15) taken prior to uptake measurements
at each reach to determine the reach concentration
of NO3-N, NH4-N, and PO4-P. We also calculated
the daily loads of these nutrients at each reach for
the day we measured nutrient uptake by multi-
plying the reach background concentration by the
discharge and scaling to a 24 h period.

Data Analysis

First, we tested all of our response variables for a
geographic area (ID vs. WY) effect using a two-way
ANOVA (factors = treatment and region). We found
no significant treatment by region interaction (all
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P >20.1) and therefore did not consider region as a
factor in our subsequent analyses. To determine
nutrient limitation status in each individual reach,
we used a two-factor ANOVA (factors N and P) to test
for a significant effect of N enrichment or P enrich-
ment on chl-a and AFDM (Tank and Dodds 2003)
with P < 0.05 as criteria to determine significance.
Both the chl-a and AFDM values were log trans-
formed prior to analysis. To determine if there was a
Russian olive effect on nutrient limitation, we first
used a full factorial three-factor ANOVA (factors N,
P, and Russian olive) to determine if there were
interactions among N, P, and Russian olive presence
on chl-a and AFDM responses across all reaches.
Because this three-way ANOVA did not show any
significant Russian olive effects or interactions, we
subsequently used a two-factor ANOVA (factors N
and P) run separately for reference versus Russian
olive reaches to determine if Russian olive presence
or absence caused different nutrient limitation re-
sponses of chl-a and AFDM. In the case of the in-
vaded reach at Deep Creek, the effect of distance
downstream on the strength of biofilm response to
NDS treatments was tested using a two-way ANOVA
(factors = nutrient treatment and distance down-
stream) using chl-a as the dependent variable. We
evaluated the possible influence of background
NOs-N and NH4-N on differences observed in V;
between paired invaded and reference reaches (in-
vaded V; — reference V}) using linear regression. For
this regression analysis, we used the N concentration
at the reference site because we took it to represent
the ambient (pre-invasion) condition for each
stream. We used paired ¢-tests to assess differences in
background nutrient concentrations, spiraling
measures and NDS coefficient of response between
reference and invaded reaches. In these cases, be-
cause of small sample size and the potential for small
differences in these measures to be biologically
important, we used a significance criteria of P = 0.1.
All analyses were conducted using SAS (SAS Insti-
tute Inc., Cary NC, version 9.1).

REsuLTs
Background Nutrient Concentrations

We observed a trend of higher TDN concentrations
in reaches invaded by Russian olive (0.275 mg 17 ")
compared to their paired reference reaches (0.245
mg 17"). Though this difference was not statistically
significant (paired #-test t4, = 1.48, P = 0.11), it was
driven by a significant difference in DON between
invaded and reference reaches. Reaches invaded

by Russian olive had, on average, 0.05 mg 1~ more
DON than their paired reference reach (Table 1).
Some reaches invaded by Russian olive also had
higher dissolved inorganic N (DIN = NH4-N + NOs-
N) than their paired reference reach; however, this
pattern was not consistent (Table 1). In contrast to
DON, there were no significant differences in
average background concentrations of NOs-N,
NH4-N, or PO,4-P between the reference and Rus-
sian olive invaded reaches (Table 1). Though dif-
ferences in concentrations were small, the
difference in mean load indicates that Russian olive
reaches export on average 334 g day_1 more NOs-
N and 51 g day”' more NH4-N than their paired
reference reaches.

Nutrient Limitation of Biofilms

Significant limitation of either chl-a or AFDM was
rare in our bioassay experiments when examined
at each reach individually (Appendix 1 in Supple-
mental Material). However, based on the average
coefficient of response, chl-a response to N addition
was negligible at sites invaded by Russian olive
(Figure 1). Chl-a at the reference sites exhibited a
strong N stimulation effect (mean coefficient =
0.11) whereas it was weakly suppressed by N
addition at sites invaded by Russian olive (mean
coefficient = —0.003; Figure 1). In concurrence
with these differences in chl-a coefficients of re-
sponse, N enrichment had a significant stimulation
effect on chl-a at reference reaches (Fs g3 = 4.92,
P = 0.03) but not at Russian olive invaded reaches
(F5,165 = 0.16, P =0.57). However, we found no
significant interaction between N and Russian olive

0.2

0.154

—

0.1

0.05 1 l

[
| H

-0.154

-0.2
-0.251

-0.3

Mean coefficient of response

+N +P +NP

Figure 1. Average chlorophyll-a coefficients of response
(log [treatment/control]) for three nutrient diffusing
substrate bioassay treatments (+N, +P, and +NP) in ref-
erence reaches (n = 8; white bars) and those invaded by
Russian olive (n =8; gray bars). Error bars represent
+1SE.
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when tested together for all reaches (F; 350 = 0.48,
P = 0.49). In contrast to chl-a, AFDM response to N
enrichment was similar in reference and invaded
reaches (F5 135 = 34.44, P < 0.001 and Fs 47 =
37.44, P < 0.001). AFDM response coefficients for
the N, P, and NP treatments were not significantly
different in reference and invaded reaches.

When we evaluated biofilm nutrient limitation
at multiple locations along the invaded reach of
Deep Creek, the response coefficient of chl-a for the
P treatments alone and N + P in combination in-
creased 13- and 4-fold, respectively, with distance
downstream (two-way ANOVA had significant
nutrient treatment x distance interaction Fis ;s =
2.93, P =0.005; Figure 2), and the greatest re-
sponse coefficients for P and N + P treatments were
observed 900 and 1100 m from the upstream edge
of Russian olive occurrence (Figure 2).

Nutrient Spiraling

Contrary to our hypothesis, uptake velocities of
NH4-N and NO;5-N were significantly higher in in-
vaded reaches than in associated reference reaches
(Table 2). Mean NH,-N V; was 0.68 mm min "
faster in Russian olive invaded compared to refer-
ence reaches. Mean NO5-N V; was 1.33 mm min~*
faster in Russian olive invaded reaches, and was
almost double the velocity for reference reaches.
We observed the opposite pattern in only one set of
paired reaches (Battle Creek), which had by far the
highest background concentrations of DIN among
all streams sampled (Table 1). Though there were
significant differences in V;, mean per area uptake
(U) of NH4-N was almost identical at Russian olive

0.8
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Figure 2. Coefficient of response (log [treatment/con-
trol]) in relation to distance downstream from spring
(upstream end of the invasion) at the Deep Creek in-
vaded site. Control values are represented by the zero
line. Data are from 2008 nutrient diffusing substrate
experiment except at 900 m which are from 2007.

invaded reaches and reference reaches (0.057 and
0.058 mg m ™ min~'; Appendix 1 in Supplemental
Material). Mean U for NO5-N was higher in Russian
olive invaded reaches than in paired reference
reaches, though not significantly so (0.172 and
0.116 mg m ™~ min~ ', respectively; Appendix 1 in
Supplemental Material). Uptake length (S,) for
both NH4-N and NO3-N were not significantly dif-
ferent but tended to be shorter in Russian olive
reaches than the reference reaches, indicating that
the invaded reaches may be more retentive of these
nutrients (Appendix 1). We observed a negative
relationship between the difference in V; between
reaches (invaded V; — reference V;) and the back-
ground concentration of N at the reference sites
(Figure 3). This linear decline in V; difference was
significant for NO;-N (r* = 0.86, F; 4= 18.57,
P = 0.02) but not for NH,-N (* = 0.38, F, 5 = 2.44,
P = 0.19). PO4-P uptake velocities did not differ in
any consistent manner between invaded and ref-
erence reaches (Table 2).

DiscussioN

Our results support the hypothesis that the pres-
ence of Russian olive is associated with changes in
stream water N concentrations, nutrient limitation
of biofilms and nutrient uptake. Though nutrient
uptake was different in the presence of abundant
Russian olive, we observed a pattern opposite of
that which we had hypothesized. Nonetheless,
these findings support the broader hypothesis that
N, fixation by Russian olive in riparian zones alters
in-stream nutrient processing. If the effect we ob-
served with Russian olive is common for other
non-native N, fixers, the impact of biological N,
fixation by these species, particularly when added
to other anthropogenic N sources, may have a
significant impact on water quality and nutrient
processing where these invasions are occurring.
Russian olive decreased the degree of N limita-
tion in invaded streams, and in some cases even
changed the primary limiting nutrient from N to P.
In the absence of Russian olive, undisturbed
streams in our study region are typically N limited
(Tank and Dodds 2003; Fisher 2006; Marcarelli and
others 2009). In most of our reference reaches,
neither chl-a nor AFDM were significantly N lim-
ited, but when averaged across sites, mean chl-a
and AFDM coefficients of response showed a strong
stimulation effect to the N addition treatment,
suggesting some degree of N limitation. For reaches
invaded by Russian olive, the average response of
chl-a did not exhibit any N stimulation effects,
which suggests that the autotrophic component of
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Table 2. Uptake Velocities of NH4-N, NO5-N, and PO,4-P
Stream Reach NH,4-N V¢ NOs-N V¢ PO4-P V;
Baldwin Reference 5.81 3.40 5.38
Invaded 6.04 5.75 4.05
Squaw Reference 5.07 1.70 NSU
Invaded 6.54 1.74 NSU
Willow Reference 3.04 0.13 1.69
Invaded 4.06 1.62 9.32
City Reference 1.02 0.65 0.24
Invaded 2.56 NSU 0.37
Deep 09 Reference 3.35 0.81 0.69
Invaded 4.01 3.69 2.75
Deep 08 Reference NM 0.14 NM
Invaded NM 0.05 NM
Battle Reference 2.74 NM NM
Invaded 1.91 NM NM
Mean Reference 3.51 1.24 2.00
Invaded 4.19 2.57 4.12
t-test (dhT (5)1.88 (4)2.23 (3)1.08
P value 0.06 0.04 0.18

Vyis in mm/min. NSU is no significant uptake (hence, Vy calculation not possible), NM is not measured. NOs-N means exclude City Creek due to NSU at invaded reach. Some
background measurements for the invaded reach of Battle Creek were not made due to sampling failure. Both Battle Creek reaches were removed from the analysis if data for

either reach were missing.
Bold values designate statistically significant differences

the biofilm was released from N limitation in these
stream reaches. These results further support the
hypothesis that in reaches invaded by Russian olive
nutrient limitation of biofilms may be shifted from
N limitation towards co-limitation or P limitation.
At Deep Creek in 2007 and 2008, we observed
significant P limitation in the Russian olive invaded
reach (Figure 2; Appendix 1). Furthermore, the
significant increase in chl-a response coefficient to
P and N + P treatments along the invaded reach of
Deep Creek suggests that concentrations of N from
Russian olive may increase as one moves down-
stream from the upstream extent of Russian olive
distribution.

As we expected, we observed a trend of elevated
TDN in reaches with Russian compared to their
reference reaches; however, this increase was dri-
ven by increased DON, not DIN. The mechanism
causing the increase in DON is uncertain. Though
we did not explicitly measure in-stream N, fixation
as a potential N source confounding our results, it
was likely a small input compared to Russian olive
N, fixation. For example, annual inputs of N via in-
stream N, fixation in a desert stream with very
large populations of cyanobacteria were 8-12.5
g m ?y ! (Grimm and Petrone 1997), which is 44—
69% of Russian olive N, fixation (18 gm %y %;
USDA 2010). Although the literature reporting N,-
fixation rates in streams is very limited, is it prob-

able that annual N,-fixation rates in most streams
are 1-2 orders of magnitude lower than this, as in-
stream N, fixation is often limited by environ-
mental conditions and/or suppressed by high
availability of DIN (Marcarelli and others 2008). It
is unknown what proportion or in what form N,
fixed by Russian olive or in-stream N, fixers may
ultimately be added to stream water. There is evi-
dence that Russian olive has a poor ability to retain
N and that it may contribute large amounts of the N
it fixes to soils and neighboring plants via root
exudates which are likely dominated by organic N
(Roggy and others 2004). Furthermore, 69% of N
contained in Russian olive leaf litter is water solu-
ble N (Roggy and others 2004). Combined, root
exudates and litter leaching from Russian olive
could be direct sources of organic N to streams
assuming transport is conservative.

DON is typically the dominant form of N present
in stream water in undisturbed watersheds (Perakis
and Hedin 2002), and in streams included in this
study, though most of these watersheds were at
least moderately impacted by anthropogenic land
use. Most streams in this study had low background
DIN concentrations (three pairs mean NHy-
N < 10 pg/l and four pairs mean NO53-N < 20 pg/
1), and DON was the dominant form of N in these
streams. It may be that the N subsidy from Russian
olive is delivered to streams as DON. Leaf litter and
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Figure 3. Uptake velocity (Vf) difference (Invaded Vi —
Reference V) as a function of background concentration
at the reference site for NH4-N (fop) and NO5-N (bottom).
In bottom, uptake measurements at Deep Creek from
summer 2008 as well as 2009 are included and City
Creek was omitted because significant uptake was not
detected at the invaded reach, which precluded calcula-
tion of V;.

root leaching from Russian olive may add carbon to
riparian soils and contribute to DON loss from soils
to streams (Brookshire and others 2007; Harner
and others 2009). In addition, Russian olive leaf
litter has a low carbon (C) to N ratio (Royer and
others 1999; Harner and others 2009; Follstad Shah
and others 2010); thus, N-rich litter inputs may
alter soil stoichiometry, which can also lead to loss
of DON from riparian soils and increased input to
streams (Brookshire and others 2007). Both of
these mechanisms may be acting so that invaded
riparian zones deliver more DON to streams than
reference sites with native vegetation that has
higher C:N ratio. Neff and others (2003) suggest
that DON leaching from terrestrial systems repre-
sents a significant leak of N because plants and
microbes cannot prevent these losses even if N
demand is high. Some DON may also be produced
in-stream due to biological processing of DIN by
stream biota (Brookshire and others 2005). Hall
and others (2009) suggest that export as DON is a
probable ultimate fate for assimilated NOs-N in

streams. We suspect that the elevated DON we
observed at sites invaded by Russian olive is most
likely due to a combination of input from the ter-
restrial system via Russian olive root exudates and
litter leaching and increased in-stream processing
and assimilation of DIN as indicated by our spiral-
ing measures.

The increase in biological demand measured as V;
for DIN in reaches with Russian olive may be due to
coupled C and N inputs from this riparian invader.
Denitrification in riparian soils and at the soil-
stream boundary is often limited by the availability
of oxidizable C and is significantly increased when
C is added either by vegetation (Schade and others
2001) or experimentally (Hedin and others 1998).
Russian olive may increase C availability for soil
and stream heterotrophs by the same pathways by
which it is provides the N subsidy, via leaf litter and
root exudates. Allochthonous litter input is likely
much greater at reaches invaded by Russian olive
compared to the reference reaches. For example, at
Deep Creek, the annual allochthonous litter input
was 300.5g AFDM m 2y ' (SE 41.2) at the
invaded reach compared to only 21.6 g AFDM m™*
y~! (SE 8.8) at the reference site (Mineau 2010).
On or in riparian soils, Russian olive litter report-
edly decomposes faster than that of native cotton-
wood (Simons and Seastedt 1999; Harner and
others 2009). If this were generally the case, it
might be a mechanism for increases in total input
or input rate of DOC and DON to riparian soils and
adjacent streams. However, the fate of Russian ol-
ive litter delivered into streams is uncertain. Results
of additional studies at Deep Creek (Mineau 2010)
suggest this material may decompose more slowly
than litter from native trees, but Royer and others
(1999) showed this may depend on species and
environmental context. Because stream water DON
and DOC concentrations are typically coupled
(Goodale and others 2000; Perakis and Hedin 2002)
it is reasonable to hypothesize that the increased
DON concentrations we observed in stream water
were accompanied by proportional increases in
DOC. Bernhardt and Likens (2002) found that DOC
addition in a New Hampshire stream resulted in
increased uptake of NH4-N and NOs5-N; however,
this increase was due to assimilative bacterial up-
take and not denitrification. Johnson and others
(2009) found that NH4-N uptake was significantly
higher with experimental release of labile DOC,
indicating that NH4-N demand is limited by labile
DOC availability. Increased uptake of DIN in
reaches invaded by Russian olive with low back-
ground DIN is likely caused by a combination of
denitrification, assimilatory uptake by N-limited
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autotrophs, and assimilatory uptake by N- and C-
limited heterotrophs. Both denitrification and het-
erotrophic uptake could be stimulated by allevia-
tion of C limitation, whereas autotrophic uptake
would not be expected to increase due to increased
C supply. Autotrophic uptake may have been
stimulated due to increased algal growth caused by
the reduction of N limitation. However, without
knowledge of which pathway is dominant, it is
impossible to determine if DIN is temporarily re-
tained and transformed (assimilation) or perma-
nently removed (denitrification).

Streams with low background DIN may have the
capacity for increased biological demand that might
reduce the effects of any N subsidy derived from
Russian olive through increased assimilation, and
subsequently N export may not be affected. We
observed a significant increase in biological
demand for N in all reaches invaded by Russian
olive except for Battle Creek. Correspondingly, and
in contrast to the other streams, Battle Creek had
exceptionally high background DIN. We also
observed a negative relationship between the V;
difference between reaches (invaded V; — refer-
ence V;) and background NO5-N concentration. As
suggested by the differences we observed for Deep
Creek across two years, the status of a stream may
shift along this line (for example, with changes in
background NO;-N); however, the relationship
deserves investigation across a broader spatio-
temporal context to evaluate its generality. Under
low background DIN conditions, it may be that an
N subsidy from Russian olive may cause increases
in biofilm accrual and subsequent N demand and
assimilation. However, such increased demand
may not be possible under conditions of elevated
background DIN such as we observed in Battle
Creek. Like many agricultural streams, Battle Creek
is also affected by high suspended sediment loads,
which may constrain the capacity of autotrophic
stream biota to assimilate additional N. Also, if
streams receiving additional N from Russian olive
N, fixation are P limited, increased assimilation of
N to moderate N export may not be possible (see
Costello and Lamberti 2008).

Because it was introduced for use as shelterbelt
and ornamental planting, Russian olive is common
in agricultural and urban—suburban areas, where it
may be one among many sources of anthropogenic
N. The N subsidy from Russian olive to riparian
zones, in addition to existing anthropogenic N
loading, may result in conditions approaching N
saturation. N saturation can occur at the watershed
scale (Stoddard 1994) or at smaller scales such as a
stream reach due to localized N inputs. In systems

already stressed, additional N loading may contrib-
ute to nutrient enrichment and lead to increased
export from reaches invaded by Russian olive. For
instance, decreased demand and processing of NH,
in the Battle Creek reach invaded by Russian olive
may be due to conditions that exceed biotic nutrient
processing capacity, or nutrient saturation (Bernot
and Dodds 2005; Earl and others 2006). As a result,
additional DON contributed from Russian olive may
be exported from this and other highly impacted
watersheds to downstream rivers, lakes, and reser-
voirs, which might exacerbate problems of eutro-
phication and oxygen deficiencies in those systems.
However, actual measurements of DIN and DON
uptake across multiple seasons and a larger range of
N background are required to actually verify that
Russian olive is contributing to saturation condi-
tions.

To generalize our results, we developed a con-
ceptual model regarding the effects of N, fixation,
by Russian olive and other riparian invasive spe-
cies, on stream N pools and DIN retention. Con-
trary to most anthropogenic impacts to N loading
in rivers, Russian olive appears to increase DON
and not DIN, which alters the proportional
importance of DON in the invaded system. Be-
cause of the increased stream water DON con-
centrations we observed in the presence of Russian
olive, we hypothesized that invasion by a similar
riparian N, fixer would increase the proportion of
the TDN pool in streams that is DON (Figure 4A).
This would cause DON to remain the dominant
form of N (DON:NO3-N > 1) at higher than ex-
pected stream water DIN concentrations (Fig-
ure 4A). DON:NOs-N would also be higher overall
compared to streams without a high abundance of
riparian N, fixers (Figure 4A). It is possible that
Russian olive and other N, fixers would reduce
their N, fixation if soil N becomes more abundant
because of their high rates of N, fixation over
time, which could diminish the N subsidy to
streams at high riparian soil DIN concentrations
(Allos and Bartholomew 1959). However, riparian
vegetation may remain N limited and be associated
with active N, fixation even if N concentrations in
stream water are high, if the N in stream water is
due to inputs from elsewhere in the watershed.
We further hypothesize that DIN demand and
retention as V; at low background DIN would be
increased by C inputs from the invasive tree,
which could increase denitrification, assimilation,
or both (Figure 4B). However, at higher back-
ground DIN levels, the total N load, including DON
from Russian olive, may cause N saturation and
decrease efficiency of DIN uptake (Bernot and
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Figure 4. Hypothesized effects of Russian olive or other
non-native, riparian N, fixer on stream N pools and
retention. Stream water DON:NO5-N is higher with
Russian olive and DON remains the dominant form of N
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shows that in the presence of Russian olive, DIN demand
and retention as V; increases at low background DIN due
to carbon stimulation (C inputs from the invasive tree,
which could increase denitrification, assimilation, or
both) and decreases at higher background DIN due to N
saturation.

Dodds 2005; Earl and others 2006; Figure 4B).
This decreased uptake efficiency could, in turn,
increase N export from invaded watersheds. We
observed sustained elevated DIN V; across a range
of low background DIN, which leads us to con-
clude that the relationship between DIN V; and
background concentration, in the presence of
riparian N, fixers, is sigmoidal instead of nega-
tive exponential (Figure 4B). Further research is
needed to test these hypotheses.

N, fixation from agricultural crops and invasive
plants represents a very large input of reactive N to
ecosystems and may be altering stream nutrient
processing on a large scale. N, fixation in crop land
has been recognized as a major source of reactive

N in global (Galloway and others 2004) and
regional (Howarth and others 1996) N budgets.
Boyer and others (2002) found that N, fixation by
crops represented 24% of N sources to the com-
bined area of 16 catchments in the Northeastern
USA. In addition to N, fixation from crops,
anthropogenic introduction of N,-fixing invasive
species to new environments could also be a large
source of N. Invasive species with a medium to
high capacity to fix N, are common and wide-
spread, and include Russian olive in the western
USA (USDA 2010), Autumn olive in the mid-
western and eastern USA (USDA 2010), kudzu in
the southeastern USA (Forseth and Innis 2004),
Mpyrica faya in Hawaii (Vitousek and Walker 1989),
acacia in the Mediterranean (Marchante and oth-
ers 2003) and Africa (Stock and others 1995), and
Mimosa pigra in Australia (Lonsdale 1993). Many
of these invasions are occurring in areas where
stream biofilms are typically P limited, and addi-
tional riparian N inputs may be predominantly
exported from these systems with little effect on
in-stream processing. Considering the large num-
ber and wide range of distribution of N,-fixing
invasive plants, as well as our findings regarding
the apparent effect of Russian olive invasion on
stream N processing in N-limited streams, these
invasions may have an important effect on either
in-stream nutrient processing and/or N export at
the reach scale. Alteration of these processes at the
reach scale in streams and rivers has important
implications for the management of water quality
in rivers.

ACKNOWLEDGMENTS

We would like to thank all private land owners
who granted us access to many of our study sites as
well as the U.S. Forest Service, Bureau of Recla-
mation, and Shoshone-Bannock Tribe of Fort Hall
for additional site access. We sincerely thank The
Nature Conservancy of Wyoming for providing
housing while we were conducting research in WY.
We thank Teresa Tibbets who was instrumental in
site selection in WY and reviewed an earlier draft of
this manuscript for her help and encouragement.
Thanks to Richard Inouye, G. Wayne Minshall and
two anonymous reviewers for helpful reviews of
this manuscript. We thank Jessica Lueders-Du-
mont, Hannah Harris, Jennifer Cornell, Tiffany
Cook, Tyler Auck, J. Ryan Bellmore, Rebecca
Martin, and Amanda Rugenski for their assistance
in the field and laboratory. Ian Washbourne at USU
performed laboratory chemistry analyses. Funding
for this research was provided by NSF EPSCoR in



364 M. M. Mineau and others

Idaho (EPS-0447689 and EPS-08-14387) and NSF
DDIG (Grant # 0910367).

REFERENCES

Allos HF, Bartholomew WV. 1959. Replacement of symbiotic
fixation by available nitrogen. Soil Sci 87:61-6.

American Public Health Association. 2005. Standard methods for
the examination of water and wastewater. Washington DC:
American Public Health Association.

Baer SG, Church JM, Williard KWJ, Groninger JW. 2006.
Changes in intrasystem N cycling from N,-fixing shrub
encroachment in grassland: multiple positive feedbacks. Agric
Ecosyst Environ 115:174-82.

Barton BJ. 2004. Surface- and ground-water relations on the
Portneuf River, and temporal changes in ground-water levels
in the Portneuf Valley, Caribou and Bannock counties, Idaho,
2001-02. USGS Report 2004-5170.

Baxter CV, Fausch KD, Murakami M, Chapman PL. 2004. Fish
invasion restructures stream and forest food webs by inter-
rupting reciprocal prey subsidies. Ecology 85:2656—63.

Baxter CV, Fausch KD, Saunders WC. 2005. Tangled webs: re-
ciprocal flows of invertebrate prey link streams and riparian
zones. Freshw Biol 50:201-20.

Bernhardt ES, Likens GE. 2002. Dissolved organic carbon
enrichment alters nitrogen dynamics in a forest stream.
Ecology 83:1689-700.

Bernot MJ, Dodds WK. 2005. Nitrogen retention, removal, and
saturation in lotic ecosystems. Ecosystems 8:442-53.

Boyer EW, Goodale CL, Jaworski NA, Howorth RW. 2002.
Anthropogenic sources and relationships to riverine nitrogen
export in the northeastern U.S.A. Biogeochemistry 57(58):
137-69.

Brookshire ENJ, Valett HM, Thomas SA, Webster JR. 2005.
Coupled cycling of dissolved organic nitrogen and carbon in a
forest stream. Ecology 86:2487-96.

Brookshire ENJ, Valett HM, Thomas SA, Webster JR. 2007.
Atmospheric N deposition increases organic N loss from tem-
perate forests. Ecosystems 10:252-62.

Chapin FS, Mooney HA, Chapin MC, Matson P. 2002. Principles
of terrestrial ecosystem ecology. New York, NY: Springer.

Compton JE, Church MR, Larned ST, Hogsett WE. 2003.
Nitrogen export from forested watersheds in the Oregon Coast
Range: the role of N,-fixing red alder. Ecosystems 6:773-85.

Costello DM, Lamberti GA. 2008. Non-native earthworms in
riparian soils increase nitrogen flux into adjacent aquatic
ecosystems. Oecologia 158:499-510.

Dahm CN, Grimm NB, Marmonier P, Valett HM, Vervier P. 1998.
Nutrient dynamics at the interface between surface waters
and groundwaters. Freshw Biol 40:427-51.

DeCant JP. 2008. Russian olive, Elaeagnus angustifolia, alters
patterns in soil nitrogen pools along the Rio Grande River,
New Mexico, USA. Wetlands 28:896-904.

Dent CL, Grimm NB, Fisher SG. 2000. Multiscale effects of
surface—subsurface exchange on stream water nutrient con-
centrations. J N Am Benthol Soc 20:162-81.

Earl SR, Valett HM, Webster JR. 2006. Nitrogen saturation in
stream ecosystems. Ecology 87:3140-51.

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS,
Hillebrand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE.
2007. Global analysis of nitrogen and phosphorus limitation of

primary producers in freshwater, marine and terrestrial eco-
systems. Ecol Lett 10:1135-42.

Fisher SG. 2006. Stream ecosystems of the western United
States. In: Cushing CE, Cummins KW, Minshall GW, Eds.
River and stream ecosystems of the world. Berkley, California:
University of California Press. p 61-87.

Follstad Shah JJ, Harner MJ, Tibbets TM. 2010. Elaeagnus an-
gustifolia elevates soil inorganic nitrogen pools in riparian
ecosytems. Ecosystems 13:46-61.

Forseth IN, Innis AF. 2004. Kudzu (Pueraria montana): history,
physiology and ecology combine to make a major ecosystem
threat. Crit Rev Plant Sci 23:401-13.

Friedman JM, Auble GT, Shafroth PB, Scott ML, Merigliano MF,
Preehling MD, Griffin EK. 2005. Dominance of non-native
riparian trees in western USA. Biol Invasions 7:747-51.

Frissell CA, Liss WJ, Warren CE, Hurley MD. 1986. A hierar-
chical framework for stream habitat classification: Viewing
streams in a watershed context. Environ Manag 10:199-214.

Galloway JN, Dentener FJ, Capone DG, Boyer EW, Howorth
RW, Seitzinger SP, Asner GP, Cleveland CC, Green PA, Hol-
land EA, Karl DM, Micheals AF, Porter JH, Townsend AR,
Vorosmarty CJ. 2004. Nitrogen cycles: past, present and fu-
ture. Biogeochemistry 70:153-226.

Gibeau GG, Miller MC. 1989. Micro-bioassay for epilithon using
nutrient-diffusing artificial substrata. J Freshw Ecol 5:171-6.

Goldman CR. 1961. The contribution of alder trees (Alnus ten-
uifolia) to the primary production of Castle Lake. Calif Ecol
42:282-8.

Goodale CL, Aber JD, McDowell WH. 2000. The long-term ef-
fects of disturbance on organic and inorganic nitrogen export
in the White Mountains, New Hampshire. Ecosystems 3:433—
50.

Gregory SV, Sawanson FJ, McKee WA, Cummins KW. 1991. An
ecosystem perspective of riparian zones. Bioscience 41:540-51.

Grimm NB, Petrone KC. 1997. Nitrogen fixation in a desert
stream ecosystem. Biogeochemistry 37:33-61.

Groffman PM, Boulware NJ, Zipperer WC, Pouyat RV, Band LE,
Colosimo MF. 2002. Soil nitrogen cycle processes in urban
riparian zones. Environ Sci Technol 36:4547-52.

Hall RO, Tank JL, Sobota DJ, Mulholland PJ, O’Brien JM, Dodds
WK, Webster JR, Valett HM, Poole GC, Peterson BJ, Meyer JL,
McDowell WH, Johnson SL, Hamilton SK, Grimm NB, Greg-
ory SV, Dahm CN, Cooper LW, Ashkenas LR, Thomas SM,
Sheibley RW, Potter JD, Niederlehner BR, Johnson LT, Helton
AM, Crenshaw CM, Burgin AJ, Bernot MJ, Beaulieu JJ,
Arango CP. 2009. Nitrate removal in stream ecosystems
measured by '°N addition experiments: total uptake. Limnol
Oceanogr 54:653-65.

Harner MJ, Crenshaw CL, Abelho M, Stursova M, Follstad Shah
JJ, Sinsabaugh RL. 2009. Decomposition of leaf litter from a
native tree and an actinorhizal invasive across riparian habi-
tats. Ecol Appl 19:1135-46.

Hedin LO, Von Fischer JC, Ostrom NE, Kennedy BP, Brown MG,
Robertson GP. 1998. Thermoynamic constraints on nitrogen
transformations and other biogeochemical processes at soil-
stream interfaces. Ecology 79:684-703.

Holmes RM, Aminot A, Kerouel R, Hooker BA, Peterson BJ.
1999. A simple and precise method for measuring ammonium
in marine and freshwater ecosystems. Can J Fish Aquat Sci
56:1801-8.

Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N,
Lajtha K, Downing JA, Elmgren R, Caraco N, Jordan T, Ber-



E. angustifolia Changes Nutrient Dynamics in Streams 365

endse F, Freney J, Kudeyarov V, Murdoch P, Zhao-Liang Z.
1996. Regional nitrogen budgets and riverine N & P fluxes for
the drainages to the North Atlantic Ocean: natural and human
influences. Biogeochemistry 35:75-139.

Howe WH, Knopf FL. 1991. On the imminent decline of Rio
Grande cottonwoods in central New Mexico. Southwest Nat
36:218-24.

Johnson LT, Tank JL, Arango CP. 2009. The effect of land use on
dissolved organic carbon and nitrogen uptake in streams.
Freshw Biol 54:2335-50.

Katz GL, Shafroth PB. 2003. Biology, ecology and management
of Elaeagnus angustifolia L. (Russian olive) in western North
America. Wetlands 23:763-77.

Lesica P, Miles S. 1999. Russian olive invasion into cottonwood
forests along a regulated river in north-central Montana. Can
J Bot 77:1077-83.

Lonsdale WM. 1993. Rates of spread of an invading spe-
cies—Mimosa pigra in northern Australia. J Ecol 81:513-
21.

Marcarelli AM, Baker MA, Wurtsbaugh WA. 2008. Is in-stream
N, fixation an important N source for benthic communities
and stream ecosystems? J N Am Benthol Soc 27:186-211.

Marcarelli AM, Bechtold HA, Rugenski AT, Inouye RS. 2009.
Nutrient limitation of biofilm biomass and metabolism in the
Upper Snake River basin, southeast Idaho, USA. Hydrobiolo-
gia 620:63-76.

Marchante H, Marchante E, Freitas H. 2003. Invasion of the
Portuguese dune ecosystems by the exotic species Acacia lon-
gifolia (Andrews) Willd.: effects at the community level. In:
Child LE, Brock JH, Brundu G, Prach K, Pysek P, Wade PM,
Williamson M, Eds. Plant invasions: ecological threats and
management solutions. Leiden, The Netherlands: Backhuys
Publishers. p 75-85.

Maron JL, Estes JA, Croll DA, Danner EM, Elmendorf SC,
Buckelew SL. 2006. An introduced predator alters Aleutian
Island plant communities by thwarting nutrient subsidies.
Ecol Monogr 76:3-24.

Miller IM, Baker DD. 1985. The initiation, development and
structure of root nodules in Elaeagnus angustifolia L. (Ela-
eagnaceae). Protoplasma 128:107-19.

Mineau MM. 2010. The effects of Russian olive (Elaeagnus an-
gustifolia) invasion on stream nitrogen cycling, organic matter
dynamics, and food webs. Doctoral dissertation, Idaho State
University.

Mulholland PJ. 1992. Regulation of nutrient concentrations in a
temperate forest stream: roles of upland, riparian, and in-
stream processes. Limnol Oceanogr 37:1512-26.

Naiman RJ, Décamps H. 1997. The ecology of interfaces: riparian
zones. Annu Rev Ecol Syst 28:621-58.

Neff JC, Chapin FS, Vitousek PM. 2003. Breaks in the cycle:
dissolved organic nitrogen in terrestrial ecosystems. Front Ecol
Environ 1:205-11.

Nydahl F. 1976. On the optimum conditions for the reduction of
nitrate by cadmium. Talanta 23:349.

Olson TE, Knopf FL. 1986. Naturalization of Russian-olive in the
western United States. West J Appl For 1:65-9.

Perakis SS, Hedin LS. 2002. Nitrogen loss from unpolluted South
American forests mainly via dissolved organic compounds.
Nature 415:416-19.

Peterjohn WT, Correll DL. 1984. Nutrient dynamics in an agri-
cultural watershed: observations on the role of a riparian
forest. Ecology 65:1466-75.

Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Richter
BD, Sparks RE, Stromberg JC. 1997. The natural flow regime:
a paradigm for river conservation and restoration. Bioscience
11:769-84.

Roggy JC, Moiroud A, Lensi A, Domenach AM. 2004. Estimating
N transfers between N,-fixing actinorhizal species and the
non-N,-fixing Prunus avium under partially controlled condi-
tions. Biol Fertil Soils 39:312-19.

Royer TV, Monaghan MT, Minshall GW. 1999. Processing of
native and exotic leaf litter in two Idaho (USA) streams.
Hydrobiologia 400:123-8.

Sanderson BL, Coe HJ, Tran CD, Macneale KH, Harstad DL,
Goodwin AB. 2009. Nutrient limitation of periphyton in Idaho
streams: results from nutrient diffusing substrate experiments.
J N Am Benthol Soc 28:832-45.

Schade JD, Fisher SG, Grimm NB, Seddon JA. 2001. The influ-
ence of a riparian shrub on nitrogen cycling in a Sonoran
desert stream. Ecology 82:3363-76.

Simons SB, Seastedt TR. 1999. Decomposition and nitrogen re-
lease from foliage of cottonwood (Populus deltoides) and Rus-
sian-olive (Elaeagnus angustifolia) in a riparian ecosystem.
Southwest Nat 44:256—-60.

Stock WD, Wienand KT, Baker AC. 1995. Impacts of invading
N,-fixing Acacia species on patterns of nutrient cycling in two
Cape ecosystems: evidence from soil incubation studies and
>N natural abundance values. Oecologia 101:375-82.

Stoddard JL. 1994. Long-term changes in watershed retention of
nitrogen: its causes and aquatic consequences. Adv Chem Ser
237:223-84.

Swanson RB, Miller KA, Woodruff RE, Laidlaw GA, Watson KR,
Clark ML. 2002. Water resources data Wyoming water year
2002. USGS report WY-02-1.

Tank JL, Bernot MJ, Rosi-Marshall EJ. 2006. Nitrogen limitation
and uptake. In: Hauer FR, Lamberti GA, Eds. Methods in
stream ecology. San Diego, California: Academic Press. p 213—
38.

Tank JL, Dodds WK. 2003. Nutrient limitation of epilithic and
epixylic biofilms in ten North American streams. Freshw Biol
48:1031-49.

Taylor BW, Keep CF, Hall RO, Koch BJ, Tronstad LM, Flecker
AS, Ulseth AJ. 2007. Improving the fluorometric ammonium
method: matrix effects, background fluorescence, and stan-
dard additions. J N Am Benthol Soc 26:167-177.

Triska FJ, Duff JH, Avanzino RJ. 1993. The role of water ex-
change between a stream channel and its hyporheic zone in
nitrogen cycling at the terrestrial-aquatic interface. Hydrobi-
ologia 251:167-84.

USDA. 2010. Plants database. U.S. Department of Agriculture
Natural Resources Conservation Service. http://plants.usda.-
gov/.

Valderama JC. 1981. The simultaneous analysis of total nitrogen
and total phosphorus in natural waters. Mar Chem 10:109-22.

Vitousek PM, Walker LR. 1989. Biological invasion by Myrica
Faya in Hawai’i: plant demography, nitrogen fixation, eco-
system effects. Ecol Monogr 59:247-65.

Wallace JB, Eggert SL, Meyer JL, Webster JR. 1997. Multiple
trophic levels of a forest stream linked to terrestrial litter
inputs. Science 277:102—4.

Zhang X, Liu X, Zhang M, Dalhgren RA, Eitzel M. 2010. A
review of vegetated butfers and a meta-analysis of their mit-
igation efficiency in reducing nonpoint source pollution.
J Environ Qual 39:76-84.


http://plants.usda.-gov/
http://plants.usda.-gov/

	A Non-Native Riparian Tree (Elaeagnus angustifolia) Changes Nutrient Dynamics in Streams
	Abstract
	Introduction
	Methods
	Study Design
	Nutrient Limitation of Biofilms
	Nutrient Spiraling
	Data Analysis

	Results
	Background Nutrient Concentrations
	Nutrient Limitation of Biofilms
	Nutrient Spiraling

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


