UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Relationships among catchment land use and concentrations of nutrients, algae, and dissolved oxygen
in a southern California river

Permalink
https://escholarship.org/uc/item/9gs6g30y

Journal
Freshwater Science, 31(3)

ISSN
0887-3593

Authors

Klose, Kristie
Cooper, Scott D
Leydecker, Allen D

Publication Date
2012-09-01

DOI
10.1899/11-155.1

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, available at

bttgs:cheativecommons.orgglicenseséb¥44.04

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/9gs6g30v
https://escholarship.org/uc/item/9gs6g30v#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Freshwater Science, 2012, 31(3):000-000

© 2012 by The Society for Freshwater Science
DOI: 10.1899/11-155

Published online: 00 Month 2012

Relationships among catchment land use and concentrations of
nutrients, algae, and dissolved oxygen in a southern California river

Kristie Klose'?, Scott D. Cooperl’z's, Allen D. Leyde(:kerl’6
AND Jason Kreitler®”
! Marine Science Institute, University of California Santa Barbara, Santa Barbara,
California 93106-6150 USA
% Department of Ecology, Evolution, and Marine Biology, University of California Santa Barbara,
Santa Barbara, California 93106-6150 USA

3 Bren School of Environmental Science and Management, University of California Santa Barbara,
Santa Barbara, California 93106-6150 USA

Abstract. Rapid human population growth engenders landuse changes and alters nutrients, algal
biomass (as chlorophyll a [chl a]), and dissolved O, concentrations (DO) in streams, but quantitative
information on these relationships is limited in regions with a Mediterranean climate. We surveyed
macroalgal % cover and chl a and physicochemical factors in spring and summer at 15 stream and
estuarine sites in a catchment in southern California with a mosaic of undeveloped, agricultural, and urban
areas to examine relationships among land use, nutrients, algae, and DO. We used nutrient diffusing
substrata (NDS) at 12 sites to assess the nutrient(s) limiting algal growth. Algal chl 2 and pH often
exceeded suggested or mandated water-quality impairment thresholds at sites affected by human activity,
particularly those downstream from a wastewater treatment plant. Total N (TN) affected total and benthic
algal chl 2 in spring and summer, total P (TP) affected benthic algal chl 2 in summer, and light influenced
algae in summer. N was the sole or primary limiting nutrient at % of the sites and was colimiting with P at
another ' of the sites. Nutrient ratios (molar TN:TP) were poor predictors of algal responses to nutrient
enrichment. Diel changes in dissolved O, were related positively to discharge and negatively to algal chl 4,
particularly when floating macroalgae were present. In June, N and chl a and macroalgal % cover were
positively related to human landuse patterns at the subcatchment scale, whereas in September, P and chl a
were related to landuse patterns at more local scales (500 m, 1000 m). Mediterranean streams present a
variety of challenges for water-quality managers because of high seasonal and interannual variation in
discharge and nutrient flux, high accumulations of algae during the dry season, low nutrient thresholds
that generate nuisance algal blooms, and human population growth and associated changes in landuse
patterns.

Key words: nutrients, streams, land use, Mediterranean, algae, dissolved oxygen, nutrient diffusing
substrata.

Increasing human use of lands has been associated
with increased nutrient loads and freshwater and
marine eutrophication (Walsh et al. 2005, Kaushal
et al. 2008). In particular, nutrient enrichment caused
by N and P inputs from agricultural and urban runoff,
atmospheric deposition, industrial activity, and waste-
water discharge can increase algal biomass, reduce
nighttime O; levels, and alter invertebrate and vertebrate
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communities (Peterson et al. 1993, Borchardt 1996,
Dodds 2006). Other human-induced changes, such as
the removal of riparian vegetation, can increase light
levels and temperatures in streams, facilitating algal
growth and causing nighttime depressions in dis-
solved O, (DO) concentrations that can be deleterious
or fatal to fish, invertebrates, and other stream
organisms (Hill et al. 1995, DeNicola 1996, Stevenson
1996, Carpenter et al. 1998). The largest effects of eutro-
phication on stream animals probably are mediated
through altered dissolved O, (DO) concentrations, but
few investigators have examined the entire suite of
linkages from landuse change to increased nutrient
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loading to algal blooms to low nighttime DO concen-
trations (Mulholland et al. 2001, Bernot et al. 2010).

Many investigators have examined the effects of
landuse changes, such as agricultural or urban de-
velopment, on stream ecosystems (Paul and Meyer
2001, Allan 2004, Taylor et al. 2004, Black et al. 2011),
but knowledge of human impacts on stream systems
in Mediterranean climates (e.g., the Mediterranean
Basin, southwestern and southern Australia, tip of
South Africa, central Chile, and southern California/
Baja California) is limited (Marti et al. 2004, Busse
et al. 2006, Von Schiller et al. 2007, Merseburger et al.
2011). Rapid human population growth in coastal
regions of southern California has caused alterations to
many streams and riparian zones via landuse changes
(i.e., agricultural, industrial, residential, urban devel-
opment), water diversions, channelization, dams,
groundwater pumping, and pollution. For example,
recent expanded human development in the Ventura
River catchment of southern California has led to stream
and river eutrophication and growth of nuisance algae
(California EPA 2003).

We collected and analyzed landuse, physicochem-
ical, and algal data from 15 stream and estuarine sites,
including impaired and reference sites, in the Ventura
River catchment in late spring and late summer of
2008 (similar to Busse et al. 2006). We used multi-
ple regression techniques to examine relationships
among physical (e.g., light, current, substratum sizes),
chemical (nutrient concentrations), biological (algal
biomass as chlorophyll a [chl a], ash-free dry mass
[AFDM], % cover), and landuse variables. We used
nutrient diffusing substrata (NDS) to determine the
nature (N, P, both, or neither) and degree of nutrient
limitation of algal chl a because predictions of nutrient
limitation of algal chl a based on stream molar N:P
ratios do not forecast accurately algal responses to
nutrient enrichment in stream experiments (Francoeur
et al. 1999, Johnson et al. 2009). We hypothesized that
stream sites affected by human activity would have
high levels of N, P, and light that would stimulate
primary production, resulting in high algal chl a2 and
low nighttime DO. Land use and values of chemical
and biological variables can be correlated at small
(<100 m) (Sonoda et al. 2001), intermediate (300-
500 m) (Strayer et al. 2003, Busse et al. 2006), and
larger spatial scales (Carr et al. 2005). We analyzed
landuse patterns (proportion of drainage areas covered
by human land uses or impervious surfaces) at di-
fferent spatial scales (100 m, 250 m, 500 m, 1000 m, and
entire subcatchments). We predicted that the scale of
relationships between landuse patterns in upstream
catchment areas and nutrient or algal levels would
decrease during the summer dry season as runoff
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Fic. 1. Map of the Ventura River catchment and study
sites (inset shows location in California, USA). See Table 1
for site names.

and river discharge decreased, that observed molar
N:P ratios would accurately forecast the nutrient
limiting algal chl 4, and that the degree of nutrient
limitation of algal chl 4 would decrease as ambient
nutrient concentrations increased and light levels
decreased.

Methods
Catchment description and sites

The Ventura River drains a 590-km? catchment in
coastal southern California’s Transverse Range in
western Ventura County, California, USA (lat 34.27-
34.62°N, long 119.10-119.48°W; Fig. 1). Its headwaters
originate at 1850 m asl in the San Rafael, Topatopa,
Santa Ynez, and Sulphur Mountains and the river
flows south for 26.5 km to the Pacific Ocean. The
Ventura River catchment has a Mediterranean climate
with wet cool winters and dry warm summers. Average
annual rainfall ranges from 100 cm/y in the headwa-
ters to 40 cm/y at sea level. Native vegetation includes
chaparral, scrub, grassland, oak woodland, and conif-
erous forest, and streamside vegetation is dominated
by willow (Salix spp.), western sycamore (Platanus
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racemosa), coast live oak (Quercus agrifolia), and giant
reed (Arundo donax).

We selected sites along a gradient of % human land
use in the catchment for stream surveys and nutrient
diffusing substrata (NDS) experiments (Table 1). We
chose 15 sites for algal and nutrient surveys, 10 on the
main stem of the Ventura River (5T1-10), 3 reference
sites above most human influences in the upper
catchment (REF11-13), and 2 sites on downstream
tributaries (DT1-2). Six mainstem sites (ST1-6) were
below the Ojai Valley Wastewater Treatment Plant
(WWTP), and 4 mainstem sites (ST7-10) were above
the WWTP (Fig. 1, Table 1).

Land use

We compared our field assessments of land use
with published landuse data from the National Land
Cover Database (NLCD) generated from 2001 Landsat
satellite imagery. Land use changes from 2001 to the
time of the study were limited, but we updated NLCD
geographical information system (GIS) layers via
manual classification based on Google Earth® (2004)
images and direct observation. Correlations between
landuse patterns and stream nutrient concentrations
or biological characteristics vary with scale, so we
analyzed relationships between land use and nutrient
and algal variables over a range of spatial scales
(Sonoda et al. 2001, Strayer et al. 2003, Carr et al.
2005). We calculated % upstream catchment areas
affected by human development (% human land use),
including urban, residential, open space (parks, golf
courses, other human-maintained space), agricultural
(row crops, vineyards), and grazing lands (Busse et al.
2006). Wildlands consisted of wild grasslands; decid-
uous, evergreen, and mixed woodlands or forests;
shrub and scrub lands; and woody and emergent
wetlands. We used the ArcHydro routine in ArcGIS
(version 9.3; Environmental Systems Research Insti-
tute, Redlands, California) with a 30-m US Geograph-
ical Survey (USGS) digital elevation model (DEM;
from the Shuttle Radar Topography Mission) to
delineate subcatchment boundaries. We used GIS
landuse layers to estimate % catchment area in human
land uses and % cover by impermeable surfaces
draining to each site. We assessed human landuse
patterns at different scales by superimposing circles
with radii of 100, 250, 500, or 1000 m centered on each
site and delineating the upstream catchment areas
circumscribed by the radii for each site. We also
assessed landuse patterns at the scale of the entire
subcatchment area draining to each site. DEM, land-
use, and impervious surface data were downloaded
from USGS databases (seamless.usgs.gov).
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Sampling design

We sampled twice at each site (16 May-5 June
[June] and 31 August-6 September [September] 2008).
We established 10 equally spaced (10 m apart) cross-
stream transects at each site and measured macroalgal
% cover and chl a, water depth, substratum size, %
open canopy, and water velocity along each transect
(modified SWAMP Bioassessment Procedures 2007;
http:/ /www.swrcb.ca.gov/water_issues/programs/
swamp/docs/phab_sopr6.pdf).

Physical measurements

We measured water depth, maximum reach depth,
and transect width with a meter stick; water velocity
with a model 210D current meter (Marsh-McBirney,
Frederick, Maryland); % open canopy with a spherical
densiometer; DO, conductivity, pH, and water tem-
perature with YSI model 55 (Yellow Springs Instru-
ments, Yellow Springs, Ohio) and Oakton CON 410
DO/conductivity and pH meters (Oakton Instru-
ments, Vernon Hills, Illinois); and substratum size
visually at each site. We took depth, substratum size,
and water velocity measurements at 3 equally spaced
locations along each cross-stream transect at each site
(n = 30), canopy cover measurements in 4 directions
(upstream and downstream in the river center, facing
each bank at the river edges) along each transect, and
all other measurements once at the top of each study
reach. We measured DO, pH, and water temperature
at 12 study reaches before dawn and in the after-
noon 5 times (9 April, 15 May, 17 June, 25 July, 12
September).

Water chemistry

We collected water samples for NH4-N, NO,-N,
NOs-N, soluble reactive P (SRP), total N (TN), and
total P (TP) concentrations from each study reach.
TN and TP samples were unfiltered, and dissolved
inorganic nutrient samples were filtered through
0.45-um polycarbonate filters. We measured dissolved
nutrient concentrations spectrophotometrically on a
Lachat QuikChem 8000 flow injection analyzer (Lachat
Instruments, Milwaukee, Wisconsin) with standard
methods (SRP: reaction with ammonium molybdate
and ascorbic acid; NO, ~ and NOj3 ™ : reduction of NO; ™~
to NO,, diazotization of NO,  with sulfanilamide
coupled with ethylenediamine dihydrochloride; NH,":
QuickChem Gas Diffusion Method 31-107-06-5-A). We
measured TN by injection into a Skalar Formacs HT
TOC/TN Analyzer equipped with a ND20 Chemilu-
minescence Nitrogen Detector (Skalar Incorporated,
Buford, Georgia) and combustion at 850°C in the
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presence of an oxidative catalyst, converting all forms
of N to nitric oxide. We measured TP after digestion of
samples in nitric acid in a CEM MDS2000 microwave
(CEM, Matthews, North Carolina). We analyzed digested
samples at 185.9 nm with Inductively Coupled Plas-
ma Atomic Emission Spectrometry (ICP-AES) with a
vacuum spectrometer (Thermo Jarrell Ash Corpora-
tion, Franklin, Massachusetts).

Algal sampling and analysis

We assessed % cover of different algal types and
plant genera visually with the US Environmental
Protection Agency (EPA) rapid bioassessment proto-
col for use in streams and wadeable rivers (Barbour
et al. 1999). We identified macroalgae and vascular
plants to genus and classified diatom films as thin
(<0.5 mm in height), medium (0.5-2.0 mm), or thick
(>2.0 mm). We collected % cover data from 3 evenly
spaced points along 10 transects per site, and we used
methods described by Davies and Gee (1993) to collect
algal chl a samples from the same points. When
floating macroalgae were present, we used the outer
part of a 26-mm syringe to bore a hole through the
floating mat and sampled the algae on underlying
benthic substrata (Davies and Gee 1993). We froze
samples and stored them independently for analysis.
We collected benthic and floating algae from 3 points
along each transect then combined them to make 1
composite benthic sample and 1 composite floating
algae sample/transect. We collected planktonic algae
at the estuary site by taking 3 depth-integrated
samples from the surface to 2-m depth with a flexible
plastic tube. We filtered subsamples through GF/C
filters for measurement of chl a and ash-free dry mass
(AFDM). Filters for AFDM were precombusted at
500°C and preweighed, and we froze all filtered
subsamples for later analyses.

We extracted chl a in 90% acetone at —20°C for
24 h and measured solutions fluorometrically (USEPA
1992). We measured AFDM of subsamples collected
on GF/C filters by drying subsamples at 60°C for 24 h,
weighing, combusting for 2 h at 500°C, and reweigh-
ing them. We averaged AFDM and chl a concentra-
tions in benthic and floating algae samples across the
10 transects to provide estimates of floating, benthic,
and total algal (floating + benthic) chl a for each site.

Nutrient limitation experiment

We used nutrient diffusing substrata (NDS) to
study limitation of periphyton chl a by nutrients
(Tank et al. 2006, Johnson et al. 2009). We filled 30-mL
plastic containers with 3% agar, and covered them
with fritted glass disks (2.7-cm diameter) set on agar
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surfaces. The glass discs acted as a surface for algal
colonization and growth. We added N or P to the agar
to create 4 experimental treatments: N addition (+N)
treatments contained 0.5 M NaNOQOj;; P addition (+P)
treatments contained 0.5 M KH,PO,;; N and P
addition (N+P) treatments contained 0.5 M concen-
trations of NaNO3; and KH,PO,4; and controls (C)
contained no added nutrients. We protected NDS
containers from interference by benthic animals
by securing 20 diffusers (4 treatments X 5 NDS
replicates/treatment) to a Plexiglas® L-bar (5 cm on
a side), securing the L-bar to rebar stakes driven into
the stream bottom, and elevating the L-bar above
the stream bottom. We deployed NDS units at an
average depth of 9 cm below the water surface for
19 d to allow adequate time for algal accrual (Tank
et al. 2006).

When we collected the NDS containers, we
removed the fritted glass discs and froze them prior
to chl a analysis. At each site, we collected and
processed benthic algae from natural substrata and
water samples for nutrient concentrations with the
methods described above. In the laboratory, we
added 50 mL of 90% acetone to a test tube containing
a fritted glass disc and extracted and measured chl a
with the methods previously described. We tested
whether N and P were still diffusing from enriched
NDS units at the end of the experiment by placing 1
NDS unit fitted with a new, clean glass disc from
each treatment from each of 4 sites in a jar containing
double-deionized (DDI) water. Water containing
enriched NDS containers had targeted nutrient
concentrations that were 2 orders of magnitude
higher than those in water containing control NDS
units after 48 h.

Data analysis

We used chl a and macroalgal % cover as indices of
algal biomass because regression analyses showed
strong positive relationships between AFDM and chl
a for both benthic (r* = 0.69) and floating (r* = 0.96)
algae, between benthic algal chl a concentrations and
% cover by medium and thick diatom films (©* =
0.40), and between floating algal chl a2 and macroalgal
% cover (r* = 0.44) (for all regressions p < 0.001). We
ran regression analyses to examine relationships
between algal chl 4 and physicochemical variables,
among physicochemical and algal variables and land-
use patterns, and among predawn DO and ADO
(difference between predawn and afternoon DO) and
algal chl a2 and discharge. For relationships between
algal chl a4 and physicochemical variables, our initial
regression models included TN and TP concentrations
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(ug/L), water velocity (m/s), % open canopy, and
substratum size (¢ = —logy[substratum particle
diameter]) as independent variables. We removed
nonsignificant (p > 0.1) variables via backward,
stepwise elimination. We applied In(x)-transformations
to chl a, nutrient, and water velocity data (In[n + 1] or
In[#n + 0.1] where 0 values were present) and arcsin\//(x)-
transformations to proportionate open canopy and
landuse variables to normalize data.

We used 2-way analyses of variance (ANOVAs) to
test the main and interactive effects of N and P
additions on algal chl a in the NDS experiment.
When the ANOVA was significant, we used post
hoc Tukey-Kramer multiple comparison tests to
identify significant differences in chl a among all
pairs of treatments. We calculated log response
ratios (LRR) for algal chl a responses to nutrient
amendments at each site (LRR = In[chl 4 in nutrient
amendment treatment/chl a in control], calculated
separately for +N, +P, and N+P treatments) and
examined LRR relationships with environmental
variables (water velocity, % open canopy, nutrient
concentrations). We ran all statistical analyses in
JMP (version 7.0 for Windows™; SAS Institute,
Cary, North Carolina).

Results
Physicochemical variables

Mean water velocity ranged from ~0 to 0.23 m/s,
pH from ~7.3 to 8.9, and conductivity from 832 to
10,920 uS/cm with highest values (4390-10,920 uS/cm)
at the brackish, estuarine site (ST1). Conductivity
generally was higher at sites with human activity,
and 2 lower Ventura River tributaries (DT1, DT2)
with extensive upstream development had the
highest values (3220 and 1279 uS/cm, respectively)
among nonestuarine sites (Table 1). Percent open
canopy ranged from 10.1% at REF12 to 100% at ST1.
In June, DO during the day was lowest at reference
sites (REF11-13) and highest at developed sites (e.g.,
ST5) (means = 8.5 and 16.2 mg/L, respectively). In
September, daytime DO was lowest (minimum
value = ~9.8 mg/L) at ST6, which was just below
the WWTP, and highest at ST2 (maximum =
~17.5 mg/L).

Diel changes in temperature, DO, and pH

Diel measurements of water temperature, pH, and
DO over 5 dates in the spring and summer yielded
temperatures ranging from 11.5 to 29.5°C, pH from
7.1t0 8.9, and DO from 4.9 to 17.6 mg/L (Fig. 2A-C).
Water temperatures tended to show the greatest diel
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Fic. 2. Diel (24-h) changes in stream temperature (A), pH
(B), and dissolved O, (DO) (C) at sites in the Ventura River.
For most sites, data were collected on 9 April, 15 May, 17
June, 25 July, and 12 September 2008 (shown from left to
right). Measurement gaps are shown as blanks. In panel C,
the line indicates the minimum DO threshold (5 mg/L) set
by the Los Angeles Regional Water Quality Control Board
(1994) for this region.

variation in smaller tributaries, and the maximum
diel temperature changes occurred at DT1 (12°C on
May 15) and REF13 (10°C on July 25) (Fig. 2A). Diel
changes in pH and DO were greatest at sites affected
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by development and lowest at reference sites. The
maximum diel change in pH was 1.6 units at ST5
(May 15) (Fig. 2B), and the maximum diel ADOs
were at estuarine site ST1 (11-12 mg/L change),
lower Ventura River sites (up to 10 mg/L change),
and DT2 (12 mg/L change) in May (Fig. 2C).
Nighttime DO concentrations approached or fell
below the recommended 5 mg/L minimum thresh-
old for this basin (see Discussion) at sites ST1-5 in
May and June.

Nutrient concentrations

Concentrations of most forms of N (TN, dissolved
inorganic N [DIN], NO3-N, NO,-N) were much
higher at sites affected by human activity than at
reference sites (Fig. 3A-E). TN concentrations were
highest at the site below the WWTP (ST6) (mean =
1.54 mg/L), then declined downstream to the mouth
(Fig. 3A). Differences in NH4-N concentrations be-
tween reference and developed sites were less
pronounced and NH4-N contributed an average of
19% to TN concentrations at reference sites, but only
4% at all other sites (Fig. 3E). NO3-N contributed an
average of 92% to DIN concentrations at developed
sites but only 31% at reference sites. DIN concentra-
tions averaged 59% of TN concentrations at devel-
oped sites but only 30% of TN concentrations at
REF11-13 through time.

Average TP and SRP concentrations over time were
lowest at reference sites (0.029 and 0.005 mg/L,
respectively), and ranged from 0.029 to 0.207 and
0.006 to 0.073 mg/L, respectively, at sites below the
WWTP (Fig. 3F, G). SRP contributed 21% to TP
concentrations at reference sites and 32% at all other
sites, and SRP concentrations declined from peak
levels below the WWTP (ST6) downstream to site ST3
(Fig. 3G).

In June and September, NO3;-N, DIN, and TN
concentrations were tightly correlated (all » > 0.96,
p < 0.001) across sites, whereas SRP and TP concen-
trations were positively correlated only in September
(r=0.72, p = 0.004). Concentrations of N and P species
were not correlated across sites in June. However, N
and P concentrations were correlated in September (all
r > 0.58, p = 0.03—0.004 for correlations between all
combinations of SRP and TP concentrations vs NO3-N,
DIN, and TN concentrations).

Molar TN:TP was consistently high in intermediate
sections (ST7-10) of the mainstem Ventura River and
ranged from 31 to 159 in June, 44 to 116 in July, and 22
to 162 in September. In general, sites REF11-13 had
lower molar TN:TP (average = 14, range = 1.4-28)
during spring and summer, whereas molar TN:TP at
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sites ST3-6 ranged from 7 to 28 in June, 10 to 13 in
July, and 15 to 47 in September (Fig. 3H).

Algal cover and composition

In June, benthic algae assemblages were composed
mainly of Cladophora, and the representation of dia-
toms and a variety of other filamentous algae increased
in September (Fig. 4A, B). In June, % diatom cover was
higher at REF11-13 than at other sites (t-test, t = 2.70,
p = 0.009), but % diatom cover did not differ between
reference and developed sites by September. Reference
sites were dominated by diatoms and Cladophora in
June, but the algal community shifted to greater
dominance by diatoms at REF11-12 and to dominance
by Mougeotia and diatoms at REF13 in September.
Lower mainstem sites (ST3-6) were dominated by
Cladophora and brackish sites (5T2) by Enteromorpha in
June, but % diatom cover at both sites increased in
September. ST7-10 were dominated by Cladophora in
June, but by diatoms, Cladophora, and other macro-
algae species (Spirogyra, Enteromorpha) in September.
Over all sites, macroalgal % cover decreased signifi-
cantly from spring to late summer (from 23-99% June
to 1-70% in September; paired t-test, t = 4.77, p <
0.001). Aquatic vascular plants were absent from all
sites in June and from REF11-13 in September, but
covered substantial amounts of space at ST3-5 below
the WWTP in September (Fig. 4A, B). In general,
macroalgae were found at all stream sites, but macro-
algal % cover tended to be greater at sites affected by
development than at reference sites, particularly in

spring.

Chl a concentrations and relationships to diel changes
in DO

In June and September, total and benthic chl a at
REF11-13 (<58 mg/ m?) were below the maximum chl
a concentrations suggested by the USEPA (2007) for
Ecoregion I to avoid impairment (43.9 mg chl a/m?)
and by Dodds et al. (1998) (150 mg chl a/m?). How-
ever, these thresholds were often exceeded at ST2-6
in spring and summer and at ST7-10, particularly in
spring (Fig. 5A-C). REF11-13 contained little or no
floating algae during spring and summer, but other
sites (ST3-10) had substantial floating algal chl a (180-
746 mg/ m?), particularly in spring (Fig. 5B). Concor-
dant with nutrient concentrations, total, benthic, and
floating algal chl a increased from ST7 to ST6 (above
to below the WWTP, respectively). However, chl a
declined or remained relatively constant downstream
to ST5 before increasing to peak levels at ST3 (June)
and ST4 (September) (Fig. 5A-C). Total and floating
algal chl a concentrations also tended to be high at
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Fic. 3. Total N (TN) (A), total dissolved inorganic N (DIN) (B), NOs-N (C), NO,-N (D), NH4-N (E), total P (TP) (F), soluble
reactive P (SRP) (G), and molar TN:TP (H) at sites in the Ventura River in June, July, and September 2008. In A and F, solid lines
show the USEPA (2000) maximum TN (0.5 mg TN/L) or TP (0.03 mg TP/L) to avoid impairment for rivers and streams
in Ecoregion III subecoregion VI, and broken lines show the USEPA (2007) Malibu Creek total maximum daily load for TN
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Fic. 4. Mean % cover of macroalgae and aquatic plant types or genera at sites in the Ventura River catchment in June (A) and
September (B) 2008. Macroalgal and plant % cover were averaged over all transects at a site. DT1 was dry during September.

ST7-10 in June, but declined in September (Fig. 5B,
C). Mean benthic algal chl a did not differ across all
sites between spring and summer (Fig. 5A), but mean
floating chl a was greater in June than in September
across all sites (paired t-test, + = 2.39, p = 0.03;
Fig. 5B).

Predawn DO was related to both chl a and
discharge (Q, m®/s) (log[DOpin] = 1.08 + 0.11 log[Q]
— 0.09 log[chl a]; R* = 0.38, p = 0.02). A regression
model including both chl a and Q as independent
variables accounted for 81% of the variation in
observed diel ADO (log[ADO] = —0.65 + 0.54log[chl a]
— 0.21log[Q]; R* = 0.81, p < 0.001).

Relationships between algal chl a, and nutrient
concentrations and light

Total and floating chl a in both months and benthic
chl a and macroalgal % cover in June were positively
related to TN (Table 2; r* = 0.65, p < 0.001 for
macroalgal % cover vs TN in June). Backward stepwise
elimination of nonsignificant environmental variables
during regression analysis indicated the primacy of N
concentrations as a driver of chl a concentrations, with
the exception that benthic chl a2 was positively related
to TP in September (Table 2). Floating chl a was
positively related to current velocity in the spring,

«—

(1.0 mg TN/L) or TP (0.1 mg/L TP) to avoid impairment (Stevenson et al. 2006). In H, the reference lines indicate molar TN:TP
threshold ratios for N vs P limitation in streams and rivers (<10 = N limitation, >30 = P limitation, 10-30 = colimitation or no

limitation; Schanz and Juon 1983, Francoeur et al. 1999).

15/6/12 16:11:24 9
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Fic. 5. Mean (+1 SE) biomass (as chlorophyll a [chl a]) of
benthic (A), floating (B), and total algae (C) at sites in the
Ventura River catchment in June and September 2008. Solid
lines show the recommended USEPA (2007) maximum chl a
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and total and benthic chl 2 were positively related to %
open canopy in September (univariate regressions of
total and benthic chl a vs % open canopy: = = 0.45,p =
0.01; 7* = 0.41, p = 0.02, respectively; Table 2).

Nutrient diffusion experiment

Algal chl a responded positively to N additions at
ST2-4, DT2, and REF12-13, whereas P enrichment had a
negative effect on chl a concentrations at ST2—4 (Fig. 6).
Algal chl a responded positively to I’ and secondarily to
N enrichment at ST8, but the reverse was observed at
REF12-13. In contrast, only N and P together resulted
in algal chl a increases at ST7, ST9, ST10, and REF11
(Fig. 6). Nutrients were not limiting at ST5, our nearest
NDS site downstream from the WWTP, and algal chl a
on control treatments and averaged across all nutrient-
addition treatments were significantly greater at ST5
than at all other sites (controls: ST5 mean = 393 vs
78 mg/ m? [mean across all other sites]; all nutrient
addition treatments: ST5 mean = 373 vs 111 mg/ m?
[mean across all other sites]; t-tests, t = 13.2 and 9.7,
respectively, both p < 0.001; Fig. 6).

LRR,x was not related to ambient TN, but LRR,p
was negatively related to ambient TP (r = —0.64, p =
0.02), and LRRyn.p was negatively related to both TN
and TP concentrations (r = —0.64 and —0.81, p =
~0.02 and 0.001, respectively). LRRs were not related
to current velocity or % open canopy.

Initial multiple regression models for NDS data from
this study and Busse et al. (2006, Malibu Creek basin,
southern California) combined included LRRs as the
dependent variables and log(TP), log(TN), log(current
velocity), and arcsin,/(x)-transformed % open canopy
as the independent variables. Final models showed
that LRR,y (Fig. 7A) and LRRynyp (Fig. 7C) were
negatively related to log(TN) and log(TP), respectively
(equations in Fig. 7A, C). The final model for LRR,p
was LRR,p = 1.19 — 0.59og(TP) + 0.56log(current
velocity) (Pintercept < 0.001, prp = 0.0002, peyrrent < 0.05;
R* = 0.66). There was a significant negative univariate
relationship between LRR,p and log(TP) (Fig. 7B).

Land use and physicochemical and biological variables

In June and September, values of physical, chem-
ical, and algal variables were not related to landuse

<«

(439 mg chl a/m? to avoid impairment for rivers and
streams in Ecoregion III. Broken lines show the USEPA
(2007) Malibu Creek total maximum daily load for chl a
(150 mg chl a/m?) and maximum chl a levels to avoid
impairment (Dodds et al. 1998).
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TaBLE 2. Results of multiple regression analyses with stepwise backward elimination of nonsignificant variables (see text) for
relationships between total, benthic, and floating algal chlorophyll a concentrations (dependent variables; mg/m? and
physicochemical variables (independent variables; in ug/L for nutrients, m/s for current velocity, % for open canopy, and ¢ =
—log,[substratum particle diameter] for substratum size). p = probability value for t-test examining the difference of the slope

from 0, RSE = residual standard error. TN = total N, TP = total P.

Algal Physicochemical Partial Model Error Multiple
Month type variable coefficient p overall p RSE df R?
June 2008 Total TN 1.01 <0.001 <0.001 0.82 12 0.71
Benthic TN 0.57 0.031 0.031 1.02 12 0.33
Floating N 1.82 <0.001 <0.001 1.27 10 0.80
Current velocity 1.01 0.038
September 2008 Total TN 0.85 0.020 0.003 0.84 10 0.63
% open canopy 2.55 0.092
Benthic TP 0.86 0.013 0.003 0.81 10 0.64
% open canopy 3.89 0.007
Floating TN 1.12 0.101 0.101 1.99 11 0.23

patterns at the 100-m and 250-m scales, and % open
canopy, water velocity, and temperature were not
related to landuse indices at any scale. N species (TN,
DIN, NO3-N, NO,-N, NH4-N, molar TN:TP), chl a
variables (total, benthic, floating), and macroalgal %
cover were positively related to % impervious surface
at the subcatchment scale in June (r = 0.54-091, p <
0.05 to < 0.0001; Fig. 8B, C ). In September, TN
(Fig. 8E), molar TN:TP ratio, floating algae chl a, and
macroalgal % cover were not related to indices of
human land use at any scale, but DIN and TP
(Fig. 8D) were related to % impervious surface at
the subcatchment scale (r = 0.56 and 0.64, respective-
ly, both p < 0.05). NO,-N, total chl a (Fig. 8F), and
benthic chl a were related to landuse indices at much
smaller scales in September than in June, with all 3
variables being related to % impervious surface at the
500-m, 1000-m, and subcatchment scales (r = 0.62—
0.82, p < 0.02 to < 0.005). Percent human land use
was most strongly related to total and benthic chl a
concentrations at the 1000-m scale (total chl a: 500-m:
r = 056, p < 0.05 1000-m: r = 0.76, p < 0.005;
subcatchment: ¥ = 0.63, p < 0.05; benthic chl a: 500-m:
r = 0.59, p < 0.001; 1000-m: r = 0.81, p < 0.001;
subcatchment: ¥ = 0.11, p > 0.10). TP and SRP were
not related to landuse indices at any scale in June
(Fig. 8A), but in September, TP was correlated with %
impervious surface at the 500-m scale (Fig. 8D), and
SRP was correlated with % human land use at the
500-m (r = 0.72, p < 0.005), 1000-m (r = 0.60, p < 0.05),
and subcatchment (r = 0.60, p < 0.05) scales.

Discussion
Nutrient concentrations

Nutrient concentrations increased along a gradient
from sites in undeveloped to developed areas as
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described by Paul and Meyer (2001), Allan (2004), and
Johnson et al. (2009) and were highest below a
WWTP. In general, DIN and SRP at REF11-13 (DIN:
0.011-0.033 mg/L, SRP: 0.004-0.006 mg/L) were
comparable to or lower than those reported from
streams in other undeveloped catchments (DIN: 0.01-
0.03 mg/L, SRP: 0-0.05 mg/L), whereas DIN and SRP
concentrations at agricultural and urban sites were
much higher (DIN: 0.017-1.36 mg/L, SRP: 0.004—
0.074 mg/L) than those at reference sites and similar
to or lower than those reported from streams draining
developed catchments in other parts of the world
(DIN: 0.022-5.06 mg/L, SRP 0.004-0.32 mg/L) (Royer
et al. 2004, Taylor et al. 2004, Grimm et al. 2005, Meyer
et al. 2005, Busse et al. 2006, Stein and Yoon 2007, Von
Schiller et al. 2007, Arango et al. 2008). Mean NO;-N
concentrations at REF11-13 were low relative to those
at developed sites (means: 0.007 vs 0.336 mg/L) and
had concentrations 1 to 2 orders of magnitude lower
than those reported from streams draining undevel-
oped lands in other Mediterranean areas (0.05-
0.23 mg/L) (Stein and Yoon 2007, Von Schiller et al.
2007). Molar DIN:SRP at REF11-13 (5-13) were low
relative to ratios in undeveloped stream sites in Spain
(21-24). However, developed sites in the Ventura
River catchment had ratios (2-500) comparable to
or greater than agricultural and urbanized sites in
Spain (36-124) (Marti and Sabater 1996, Von Schiller
et al. 2007).

Algal data

In spring, algal chl 2 and macroalgal % cover were
dominated by the filamentous green alga Cladophora at
most sites. However, in late summer, diatoms, other
macroalgal genera, and, in the lower river, macro-
phytes were prominent. These results are similar to
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Fic. 6. Mean (*+1 SE) chlorophyll a (chl a) concentrations on nutrient diffusing substrata assigned to different experimental
treatments (Control = no nutrients added, N = N added, P = P added, N+P = N and P added) and deployed at 12 sites in the
Ventura River catchment from 3-21 July 2008. Bars with the same letter are not significantly different (Tukey-Kramer multiple
comparisons tests, p > 0.05). Interpretations are shown in parentheses next to site names. 1° = primary, 2° = secondary.
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Fic. 7. Relationships between In(chlorophyll a [chl a])
response ratios (LRR) to N addition (A), P addition (B), and
N + P addition (C) vs log;o-transformed total N (TN) or total
P (TP) (ug/L) in nutrient diffusing substrate experiments in
the Ventura River (our study; n = 12, circles) and Malibu
Creek (Busse et al. 2006; n = 6, triangles).

those obtained by Simpson (2006) for the lower
Ventura River. Cladophora often is associated with
nutrient-rich rivers, but it can form spring blooms at
sites with low average nutrient concentrations, as we
observed at our reference sites (Dodds and Gudder
1992). Authors of studies done in southern California,
Spain, and New Zealand have reported high % cover
of filamentous algae in unshaded, enriched stream
sites with low flows (Sabater et al. 2000, Suren et al.
2003, Busse et al. 2006). Most of our sites in June

Freshwater Science jnbs-31-03-18.3d 15/6/12 16:11:55 13

and half of our sites in September had % cover of
filamentous macroalgae >20 to 30%. These values
have been suggested as maximum threshold values to
avoid problems associated with low DO, impaired
habitat for invertebrates and fish, and limited recrea-
tional and aesthetic uses of streams (Welch et al. 1988,
Biggs 2000b).

Mean algal chl a was higher at sites below the
WWTP (mean = 475 mg chla/ m?) than at sites above
the WWTP (ST7-10) (mean = 226 mg chl a/m?),
which were higher than the mean algal chl a at
REF11-13 (23 mg chl a/m?). Busse et al. (2006)
reported mean total chl a values of 218 to 322
mg/m? from urban sites with no WWTP inputs and
2 to 26 mg/m? from reference and rural sites in the
Malibu Creek basin of southern California. In our
study, algal chl a2 at most developed sites exceeded
the highest impairment thresholds recommended
in the literature, whereas reference-site chl a was
similar to that reported from other undisturbed
sites throughout the world (Nordin 1985, Welch
et al. 1989, Dodds et al. 1998, Biggs 2000b, Busse
et al. 2006).

Chl a levels as high as those observed at our
developed sites have rarely been reported in the
literature and typically were associated with float-
ing filamentous algae, which can reach levels
>1000 mg chl a/m* (Biggs 2000b, Taylor et al.
2004, Busse et al. 2006). Large floating algal mats
made up an average of 62 and 19% of total algal chl
a at sites affected by human activity during June and
September, respectively, but were consistently ab-
sent at reference sites. Busse et al. (2006) reported
that floating algae made significant contributions to
total algal biomass in southern California streams
during the summer months, and Biggs and Price
(1987) found that the biomass of floating algae
was substantial at some New Zealand sites during
prolonged periods of low flow and was positively
correlated with conductivity.

Relationships between algal chl a and
physicochemical factors

In June, total, benthic, and floating algal chl a were
strongly related to TN. In September, total algal chl a
was strongly and floating algal chl a was weakly
related to TN. In September, lower reaches of the
Ventura River had substantial stands of aquatic
vascular plants (Ludwigia), which may have con-
founded or obscured relationships between algal
and nutrient levels if plants and benthic algae were
competing for space, light, or nutrients (Simpson
2006). However, algal chl 2 samples were taken from
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Fic. 8. Pearson’s correlations (r) between total P (TP) (A, D), total N (TN) (B, E), and total chlorophyll a (chl a) (C, F)
concentrations vs arcsin,(x)-transformed % catchment area covered by impervious surface at different scales of analysis (in m)
including the subcatchment (Sub) scale during June (A, B, C) and September (D, E, F). Units for TP and TN were pg/L and for chl
a were mg/ m?. Asterisks denote significant correlations as follows: * = p < 0.05, ** = p < 0.01, ** = p < 0.001, and **** =

p < 0.0001.

points unshaded by vascular plants, and plants
occupied river margins, whereas mainstream areas
were dominated by algae in September.

Analyses of the survey data suggested that N was
the primary driver of algal chl 4 in the Ventura River
system, but benthic chl a4 concentration was more
tightly related to TP than to TN in September, a result
suggesting that the relative importance of N vs P
limitation of benthic algal chl 2 may have shifted
between late spring and late summer. These relation-
ships are difficult to disentangle because TN and TP
were correlated in September (r* = 0.62, p < 0.02) and
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benthic algal chl 2 and TN were significantly related
in September (r2 = 0.58, p = 0.002). Based on the
results of NDS experiments, Grimm et al. (2005)
reported that algal chl 2 was limited by N in spring
but not summer or autumn in a suburban stream in
New Mexico. The results of our NDS experiments
indicated that N or N and P together limited benthic
algal chl a in early summer, whereas the relationship
between benthic algal chl 2 and P in late summer was
consistent with relationships between algal chl 2 and
P in another southern California catchment in late
summer and autumn (Busse et al. 2006). Thus, our
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results suggest that the identity of the limiting
nutrient may depend on the time of year and inputs
from different anthropogenic sources (Johnson et al.
2009, Sanderson et al. 2009).

Our regression analyses indicated that factors other
than nutrients, such as current velocity and light
levels, affected algal chl a. Winter floods, which are
common in southern California, scour and remove
algae but may ultimately benefit algae during the
early dry season by increasing nutrient delivery rates
(Biggs and Close 1989, Biggs 2000a). Mean current
velocities were higher in June than in September (0.15
vs 0.10 m/s, respectively; t-test, p = 0.006), but mean
total chl a did not differ between June and September
(314 vs 217 mg chl a/m?, respectively), and total and
benthic chl a were not related to current velocity in
June or September. In contrast, floating chl a was
related positively to current velocity during spring,
but not summer, apparently because floating algal
mats were intercepted and retained by protruding
rocks in fast-flowing areas in spring. Perennial rivers
in Mediterranean areas undergo long periods of low
flow during the dry season, which allow succession
and accumulation of algae undisturbed by floods.
Dry-season current velocities probably are not suffi-
cient to scour substrata or dislodge benthic algae, but
may transport and distribute detached mats.

Total and benthic chl a were positively related to %
open canopy in September. Percent open canopy was
associated with growth of riparian vegetation, which
increased from June to September across sites. Thus,
light might have been more limiting in September
than in June. In other Mediterranean streams with
land uses similar to those in the Ventura River catch-
ment, light was more important than nutrients in
controlling algal chl a (Von Schiller et al. 2008).

Nutrient limitation of algal chl a

Based on the NDS results, we predicted a relation-
ship between the identity and magnitude of nutrient
limitation of chl a and molar N:P ratios measured in
the field (Schanz and Juon 1983, Francoeur et al. 1999).
However, algal responses were not related to N or P
enrichment, molar TN:TP, water velocity, or % open
canopy. Excluding ST5 (below the WWTP) where
ambient nutrient concentrations and control NDS
algal chl 2 were high and algal chl a did not respond
to nutrient enrichment, molar TN:TP correctly pre-
dicted the identity of the limiting nutrient at only 3
(ST3: N-limited, ST8: P-limited, REF11: co-limited) of
the 11 remaining NDS sites. These results corroborate
other studies showing that molar N:P is an inadequate
predictor of algal response to enrichment (Francoeur
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et al. 1999, Dodds 2003, Tank and Dodds 2003, Busse
et al. 2006). Concentrations of dissolved inorganic
nutrients may be poor indicators of the nutrients
available to primary producers (including emergent
or floating plants, such as Ludwigia) because of high
levels of nutrient uptake (including luxury uptake
and storage) and water-column depression by prima-
ry producers (Francoeur et al. 1999, Dodds 2003). In
enriched Mediterranean rivers, algae accumulate to
high levels during the dry season, resulting in high
nutrient uptake and reduction of nutrients at low
flows, as indicated by the decline in nutrient concen-
trations from the WWTP downstream (Fig. 3A-H)
(Gasith and Resh 1999).

Early studies identified P as the primary nutrient
driving eutrophication in freshwater systems, but
more recent experimental work has shown that algal
chl a can respond as strongly to N as to P additions
and that adding both N and P often results in the
highest response (Elser et al. 2007). In a meta-analysis
of NDS results from lotic systems, 43% of the
experiments showed no benthic algal response, 16%
indicated that N was the primary or sole limiting
nutrient, 18% indicated that P was the primary or sole
limiting nutrient, and 23% showed algal responses
only to the joint addition of N and P (n = 237;
Francoeur 2001). In other studies of results from
multiple lotic NDS experiments (n = 10-72), the
percentages of no, N, P, and colimitation were 32 to
75%, 14 to 30%, 0 to 3%, and 8 to 39%, respectively
(Tank and Dodds 2003, Johnson et al. 2009, Sanderson
et al. 2009). In our study, the percentages were 8%,
50%, 8%, and 33%, respectively. These collective
results indicate that P is very rarely the sole or
primary limiting nutrient in streams and that colim-
itation by N and P may be common.

Light can account for variation in algal responses to
nutrient amendments (Tank and Dodds 2003, Johnson
et al. 2009, Sanderson et al. 2009), but we and Busse
et al. (2006) found no relationship between algal
response ratios and % open canopy, perhaps because
most sites were open (78% in our study, >50% in
Busse et al. 2006). Our results and those of Busse et al.
(2006) showed negative relationships between algal
LRRs and ambient nutrient concentrations, results
indicating that the degree of nutrient limitation was
inversely related to ambient nutrient concentrations
and that nutrients become saturating for algal growth
at high nutrient levels (Fig. 7A-C; Sanderson et al.
2009). Thus, the absence of algal responses to nutrient
amendments at sites in the Malibu Creek catchment
and at the site below the WWTP in the Ventura River
probably can be attributed to saturating nutrient
levels. We also observed that P additions sometimes
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led to decreases in algal chl a relative to unenriched
controls, particularly at sites with high nutrient
concentrations (Fig. 7B), but explanations for this
phenomenon are elusive (Francoeur 2001, Tank and
Dodds 2003, Sanderson et al. 2009). Last, our NDS
results indicating N or colimitation at most sites in the
Ventura River catchment were generally congruent
with survey results showing relationships between
algal chl 2 and TN.

Diel changes in pH, DO, and temperature

During summer low-flow periods, rivers and
streams in Mediterranean climates have elevated
temperatures, high rates of photosynthesis during
the day and respiration at night, and increased algal
and microbial production (Gasith and Resh 1999).
Many stream organisms are sensitive to high temper-
atures, low DO, and large changes in pH, so the effect
of high nutrient concentrations on algal chl a and, in
turn, diel changes in DO, temperature, and pH should
be evaluated. As expected, levels of DO, temperature,
and pH were lowest just before dawn and highest in
the afternoon at Ventura River sites. Temperatures
at most sites were >21 to 25°C during the day,
exceeding the maximum threshold recommended for
survival of steelhead (Oncorhynchus mykiss) (USEPA
1999), which were common at some Ventura River
sites. Steelhead show considerable behavioral flexi-
bility and seek sites that have lower temperatures,
such as groundwater springs or seeps (Matthews and
Berg 1997, Richter and Kolmes 2005). Diel pH changes
in the lower Ventura River (pH 7.5 [night] to 8.8 [day])
exceeded those at reference sites (pH 7.7 [night] to 8.0
[day]) by ~0.5 to 1 pH unit. However, how diel pH
changes within the range of 6 to 9 pH units affect
riverine organisms is not known. The Los Angeles
Regional Water Quality Control Board (LARWQCB
1994) recommends that stream pH should not be <6.5
or >85 and should not deviate >0.5 units from
natural conditions as a result of wastewater discharge,
but pH at ST1-6 often exceeded recommended upper
pH limits.

Nighttime DO concentrations approached or were
<5 mg/L at sites ST1-5 in May and June. DO
concentrations that cause physiological impairment
or death for aquatic species are relatively well known,
but they vary considerably across species and life-
history stages (Pollock et al. 2007). Embryos and
larvae of steelhead or rainbow trout require >8 mg
DO/L for high survivorship, whereas adults and
juveniles show high mortality at <3 mg DO/L with
diminished feeding and growth rates at <6 to 8 mg
DO/L (Carter 2005). The impairment threshold for
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mean annual DO in the Ventura River catchment is
7 mg/L, with no values <5 mg DO/L (LARWQCB
1994). Thus, some of the Ventura River sites affected
by human activity approached nighttime minimum
DO thresholds. In contrast, reference sites always had
predawn DO > 7 mg/L.

ADO was greatest at ST1-6 (10-12 mg/L) and lowest
at REF11-13 sites (0.4 to 5 mg/L). Minimum DO and
ADO are influenced by many factors, including flow
rates or volumes, temperature, turbulence, the decom-
position of organic material, algal photosynthesis, and
community respiration (Cox 2003). We found that 38%
of the variation in predawn DO and 81% of the varia-
tion in ADO could be attributed to chl 2 and Q.

Landuse patterns

Landuse changes, particularly urban and agricul-
tural development, strongly affect stream ecosystems
by altering hydrographs and geomorphology, and
increasing nutrients, other contaminants, fine sedi-
ment, light, and water temperature, with many
repercussions for the stream biota (Carpenter et al.
1998, Paul and Meyer 2001, Allan 2004, Pan et al. 2004,
Walsh et al. 2005, Johnson and Host 2010). As
expected, TN, TP, molar TN:TP, macroalgal % cover,
and total, benthic, and floating chl a increased with
development in our study, similar to results of others
(Busse et al. 2006, Merseburger et al. 2011).

In June, values of all N and chl a variables in the
Ventura River catchment were related to indices of
human land use at the subcatchment scale. High
levels of N delivery and availability caused by high
runoff and Q during spring strongly affected algal chl
a and macroalgal % cover at sites draining areas with
substantial development. Our results agree with those
of other studies of relationships among urban and
agricultural land uses, N concentrations, and algal chl
a. During spring runoff, high-flow conditions flush
accumulated N from soils and groundwater in the
entire catchment (Strayer et al. 2003, Carr et al. 2005,
Kaushal et al. 2008).

In contrast, in September, total and benthic chl
a levels were positively associated with indices of
human land use at scales from 500 m to subcatchments.
However, the strongest relationships were observed at
500-m and 1000-m scales. TP was significantly posi-
tively related to % human land use at the 500-m and
1000-m scales and to % impervious surface at the
500-m scale, whereas SRP concentrations were most
strongly related to % human land use at the 500-m
scale. These results suggest that the local effect of
human activity on P and algal chl a is greater when
runoff and river flows are low and inputs from point
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sources (WWTP, agricultural operations) dominate
flows (i.e., in late summer). Relationships between
algal and nutrient variables vs landuse indices were
observed at much smaller scales in September than in
June, but some of these variables also were signifi-
cantly correlated at the subcatchment scale in Septem-
ber, as might be expected when nutrients from point
sources move downstream. Algal biomass was most
strongly influenced by residential and urban landuse
patterns in the Malibu Creek catchment of southern
California at intermediate scales (500 m) in summer
(Busse et al. 2006).

Concluding remarks

Streams and rivers in Mediterranean regions have
distinctive hydrographic signatures characterized by
intense flashy winter floods and low or nonexistent
dry-season flows and are prone to erosion, debris
flows, and mud slides in steep terrain (Gasith and
Resh 1999). Mediterranean climates are relatively
benign, so they attract human settlement and trigger
population growth which modify natural hydrologic,
biogeochemical, and geomorphologic cycles by re-
placing native vegetation with impervious surfaces
and introduced species that often require fertilizer
inputs (Underwood et al. 2009). High annual and
interannual variation in precipitation and the steep
terrains of many Mediterranean regions combined
with landuse change engender increased flows, sedi-
ment erosion and transport, and nutrient inputs during
winter storms and reduced flows and enhanced
nutrient inputs, temperature, algal levels and produc-
tion, and community respiration during the dry season
(Gasith and Resh 1999, Paul and Meyer 2001, Allan
2004, Wenger et al. 2009, Johnson and Host 2010).
Natural Mediterranean streams have distinctive abiotic
and biotic characteristics, but the effects of human
population growth and associated landuse changes on
Mediterranean stream ecosystems are similar to their
effects on streams in other regions, contributing to the
global homogenization of ecosystem characteristics.
The unique characteristics of Mediterranean streams,
such as prolonged low flows in the dry season, may
exacerbate the impacts of increased nutrient loading by
reducing contaminant dilution, increasing tempera-
tures, and allowing the extended accumulation of algal
and plant biomass, which, in turn, engenders pro-
nounced diel ADO, sometimes below lethal thresholds.
Much of the dry-season discharge in Mediterranean
streams and rivers surrounded by developed land
comes from WWTPs, which contribute high nutrient
loads (Marti et al. 2004) and foster nuisance algal
blooms (Klose et al. 2009).

Freshwater Science jnbs-31-03-18.3d 15/6/12 16:12:12 17

Acknowledgements

We thank Ron Sheets of the Ojai Valley Sanitation
District for allowing us access to the Ventura River
site above the WWTP. We are grateful to Jessica
Altstatt, Leigh Ann Grabowsky, Ben Pitterle, and
Penny Owens from Santa Barbara Channelkeeper,
Paul Jenkins of Ventura Surfrider, and many volun-
teers who collected and shared Ventura River data on
diel changes in physicochemical variables. We thank
Georges Paradis and Bill Clinton from the University
of California Santa Barbara (UCSB), Marine Science
Institute’s Analytical Laboratory for dissolved nutri-
ent analyses, Dirk Holstege with the University of
California Davis Agricultural and Natural Resources
Analytical Laboratory for analyses of total nutrient
concentrations, and Danuta Bennett, UCSB, for
identifying algae samples. We are grateful to many
people who assisted us in the field and laboratory in
2008, including John Gil, Nancy Lackey-Shaffer,
Matthew Meyerhof, Jan Wiklund, Sheila Wiseman,
and Jiayang You. We thank ]J. Melack, S. Francoeur,
and 2 anonymous referees for helpful comments that
improved the quality of this manuscript. This study
was supported by funds from the California State
Water Resources Control Board and the Santa Barbara
Coastal Long Term Ecological Research Program
(OCE99-82105).

Literature Cited

ArLaN, J. D. 2004. Landscapes and riverscapes: the influence
of land use on stream ecosystems. Annual Review of
Ecology, Evolution, and Systematics 35:257-284.

ARrANGO, C. P., J. L. Tank, L. T. JounsoN, aND S. K. HAMILTON.
2008. Assimilatory uptake rather than nitrification and
denitrification determines nitrogen removal patterns in
streams of varying land use. Limnology and Oceanog-
raphy 53:2558-2572.

BarBour, M. T., J. GERRITSEN, B. D. SNYDER, AND J. B. STRIBLING.
1999. Rapid bioassessment protocols for use in streams
and wadeable rivers: periphyton, benthic macroinver-
tebrates and fish. EPA 841-B-99-002. 2" edition. Office
of Water, US Environmental Protection Agency, Wash-
ington, DC.

BernoT, M. ]., D. J. SoBota, R. O. HaLL, P. J. MULHOLLAND,
W. K. Dopps, J. R. WEBSTER, J. L. Tank, L. R. ASHKENAS,
L. W. Coorer, C. N. Danm, S. V. GReGory, N. B. Grimy,
S. K. Hamitton, S. L. Jounson, W. H. McDoweLt, J. L.
MEYER, B. PETERSON, G. C. PooLg, H. M. VALETT, C. ARANGO,
J. J. BEauLey, A. J. BurciN, C. CrReENsHAW, A. M. HELTON,
L. JouNsoN, J. MERrIAM, B. R. NIEDERLEHNER, J. M. O’BRIEN,
J. D. PorTER, R. W. SHEIBLEY, S. M. THOMAS, AND K. WILSON.
2010. Inter-regional comparison of land-use effects on
stream metabolism. Freshwater Biology 55:1874-1890.

Bices, B. J. F. 2000a. Eutrophication of streams and rivers:
dissolved nutrient-chlorophyll relationships for benthic

Cust # 11-155R



0 K. KLOSE ET AL.

algae. Journal of the North American Benthological
Society 19:17-31.

Bices, B. J. F. 2000b. New Zealand periphyton guidelines:
detecting, monitoring and managing the enrichment
of streams. Background and guidelines. Ministry for
the Environment, Wellington, New Zealand. (Available
from: http://www.mfe.govt.nz/publications/water/
nz-periphyton-guide-jun00.pdf)

Bicas, B. J. F., anD M. E. CLost. 1989. Periphyton biomass
dynamics in gravel bed rivers — the relative effects of
flows and nutrients. Freshwater Biology 22:209-231.

Bices, B. J. F., aND G. M. Price. 1987. A survey of filamentous
algal proliferations in New Zealand rivers. New
Zealand Journal of Marine and Freshwater Research
21:175-191.

Brack, R. W., P. W. MoraN, aND J. D. FRANKFORTER. 2011.
Response of algal metrics to nutrients and physical
factors and identification of nutrient thresholds in
agricultural streams. Environmental Monitoring and
Assessment 175:397-417.

BorcHARDT, M. A. 1996. Factors affecting benthic algae:
nutrients. Pages 184-217 in R. ]. Stevenson, M. L.
Bothwell, and R. L. Lowe (editors). Algal ecology:
freshwater benthic ecosystems. Academic Press, San
Diego, California.

Busse, L. B., J. C. SmpsoN, anD S. D. Cooper. 2006.
Relationships among nutrients, algae, and land use in
urbanized southern California streams. Canadian Jour-
nal of Fisheries and Aquatic Sciences 63:2621-2638.

CaLIFORNIA  EPA  (CALIFORNIA  ENVIRONMENTAL PROTECTION
AGENCY). 2003. 303(d) list. State Water Resources Control
Board, Sacramento, California. (Available from: http://
www.waterboards.ca.gov/water_issues/programs/tmdl/
docs/2002cwa303d_listof_wqls072003.pdf)

CARrRPENTER, S. R., N. F. Caraco, D. L. CorrerL, R. W.
HowartH, A. N. SHARPLEY, aNnD V. H. SmitH. 1998.
Nonpoint pollution of surface waters with phosphorus
and nitrogen. Ecological Applications 8:559-568.

Carr, G. M., P. A. CHAMBERS, AND A. Morm. 2005.
Periphyton, water quality, and land use at multiple
spatial scales in Alberta rivers. Canadian Journal of
Fisheries and Aquatic Sciences 62:1309-1319.

CarTer, K. 2005. The effects of dissolved oxygen on
steelhead trout, coho salmon, and chinook salmon
biology and function by life stage. North Coast Region,
California Regional Water Quality Control Board, Santa
Rosa, California. (Available from: http://www.swrcb.
ca.gov/northcoast/water_issues/programs/tmdls/shasta_
river /060707 /29appendixbetheeffectsofdissolvedoxygen
onsteelheadtroutcohosalmonandchinooksalmonbiology
andfunction.pdf)

Cox, B. A. 2003. A review of dissolved oxygen modeling
techniques for lowland rivers. Science of the Total
Environment 314-316:303-334.

Davies, A. L., anp J. H. R. GEe. 1993. A simple periphyton
sampler for algal biomass estimates in streams. Fresh-
water Biology 30:47-51.

DeNIcora, D. M. 1996. Periphyton responses to temperature
at different ecological levels. Pages 149-181 in R. ].

Freshwater Science jnbs-31-03-18.3d 15/6/12 16:12:12 18

[Volume 31

Stevenson, M. L. Bothwell, and R. L. Lowe (editors).
Algal ecology: freshwater benthic ecosystems. Academ-
ic Press, San Diego, California.

Dopps, W. K. 2003. Misuse of inorganic N and soluble
reactive P concentrations to indicate nutrient status of
surface waters. Journal of the North American Bentho-
logical Society 22:171-181.

Dopps, W. K. 2006. Eutrophication and trophic state in rivers
and streams. Limnology and Oceanography 51:671-680.

Dopps, W. K., anp D. A. GuUDDER. 1992. The ecology of
Cladophora. Journal of Phycology 28:415-427.

Dopps, W. K., J. R. Jongs, aND E. B. WELcH. 1998. Suggested
classification of stream trophic state: distributions of
temperate stream types by chlorophyll, total nitrogen,
and phosphorus. Water Research 32:1455-1462.

ELsER, J. J., M. E. S. BrackeN, E. E. CLELAND, D. S. BRUNER,
W. S. HarroLg, H. HiLLEBRAND, J. T. NGal, E. W. SEABLOOM,
J. B. SHurIN, AND J. E. SmitH. 2007. Global analysis of
nitrogen and phosphorus limitation of primary produc-
ers in freshwater, marine and terrestrial ecosystems.
Ecology Letters 10:1135-1142.

FRANCOEUR, S. N. 2001. Meta-analysis of lotic nutrient
amendment experiments: detecting and quantifying
subtle responses. Journal of the North American
Benthological Society 20:358-368.

FrRANCOEUR, S. N., B. J. F. Biccs, R. A. SmitH, AND R. L. LOwE.
1999. Nutrient limitation of algal biomass accrual in
streams: seasonal patterns and a comparison of meth-
ods. Journal of the North American Benthological
Society 18:242-260.

GasiTH, A., AND V. H. ResH. 1999. Streams in Mediterranean
climate regions: abiotic influences and biotic responses
to predictable seasonal events. Annual Review of
Ecology and Systematics 30:51-81.

GrimM, N. B.,, R. W. SuEeBLEY, C. L. CrensHAw, C. N. Danm,
W. J. RoacH, anp L. H. ZeGLIN. 2005. N retention and
transformation in urban streams. Journal of the North
American Benthological Society 24:626-642.

Hmr, W. R.,, M. G. Ryon, anp E. M. ScHILLING. 1995. Light
limitation in a stream ecosystem: responses by primary
producers and consumers. Ecology 76:1297-1309.

JonnsoN, L. B., Anp G. E. Hosr. 2010. Recent developments in
landscape approaches for the study of aquatic ecosys-
tems. Journal of the North American Benthological
Society 29:41-66.

Jonunson, L. T., J. L. Tank, ano W. K. Dobps. 2009. The
influence of land use on stream biofilm nutrient
limitation across eight North American ecoregions.
Canadian Journal of Fisheries and Aquatic Sciences 66:
1081-1094.

KausHaL, S. J., P. M. GrRorrmaN, L. E. BanD, C. A. SHIELDS, R. P.
MoraGaN, M. A. PaLMer, K. E. BeLt, C. M. Swan, S. E. G.
Finpray, anp G. T. Fisuer. 2008. Interaction between
urbanization and climate variability amplifies water-
shed nitrate export in Maryland. Environmental Science
and Technology 42:5872-5878.

Krosg, K., S. D. Coorer, AND A. LEYDECKER. 2009. An
assessment of numeric targets for Ventura River
watershed nutrient TMDLs. Los Angeles Regional

Cust # 11-155R


bholley
Highlight
please fix spacing


2012] River RespoNsEs TO LaND Usk 0

Water Quality Control Board, Los Angeles, Califor-
nia. (Available from: http://www.waterboards.ca.gov/
rwqcb4/water_issues/programs/tmdl/tmdl_list.shtml)

LARWQCB (Los ANGELEs REGIONAL WATER QuALITY CONTROL
Boarp). 1994. Water quality control plan, Los Angeles
region. Basin plan for the coastal watersheds of Los
Angeles and Ventura Counties. Los Angeles Regional
Water Quality Control Board, Los Angeles, California.
(Available from: http://www.waterboards.ca.gov/
rwqcb4/water_issues/programs/basin_plan/basin_plan_
documentation.shtml)

MarTi, E., J. AumaTELL, L. GopE, M. PocH, AND F. SABATER.
2004. Nutrient retention efficiency in streams receiving
inputs from wastewater treatment plants. Journal of
Environmental Quality 33:285-293.

Marri, E., AND F. SABATER. 1996. High variability in temporal
and spatial nutrient retention in Mediterranean streams.
Ecology 77:854-869.

MattaEws, K. R., aND N. H. Berc. 1997. Rainbow trout
responses to water temperature and dissolved oxygen
stress in two southern California stream pools. Journal
of Fish Biology 50:50-67.

MERSEBURGER, G., E. MARTI, F. SABATER, AND J. D. OrTiz. 2011.
Point-source effects on N and P uptake in a forested and
an agricultural Mediterranean streams. Science of the
Total Environment 409:957-967.

MEYER, J. L., M. J. PauL, anD W. K. TauLBEE. 2005. Stream
ecosystem function in urbanizing landscapes. Journal of
the North American Benthological Society 24:602-612.

MurHOLLAND, P. J., C. S. FELLows, J. L. TANK, N. B. Grimy, J. R.
WEBSTER, S. K. HamiLtoN, E. MarTi, L. AsHkenas, W. B.
BowbpeNn, W. K. Dobps, W. H. McDoweLL, M. J. PauL, AND
B. J. PetersoN. 2001. Inter-biome comparison of factors
controlling stream metabolism. Freshwater Biology 46:
1503-1517.

NorpiN, R. H. 1985. Water quality criteria for nutrients and
algae (technical appendix). Water Quality Unit, Re-
source Quality Section, Water Management Branch,
British Columbia Ministry of Environment, Victoria,
British Columbia. (Available from: http://www.env.
gov.bc.ca)

PaN, Y. D., A. HeruiHY, P. KAUFMANN, J. WIGINGTON, J. VAN
SIckLE, AND T. Moser. 2004. Linkages among land-use,
water quality, physical habitat conditions and lotic
diatom assemblages: a multi-spatial scale assessment.
Hydrobiologia 515:59-73.

Paur, M. J., anp J. L. MEyer. 2001. Streams in the urban
landscape. Annual Review of Ecology and Systematics
32:333-365.

PeTERSON, B. J., L. DEeecaN, J. HevrricH, J. E. Hossi, M.
HuLLAR, B. MoLLER, T. E. Forp, A. HersHEY, A. HILTNER, G.
KierHut, M. A. Lock, D. M. FiesiG, V. McKinLEy, M. C.
MILLER, J. R. VEstaL, R. VEnTULLO, AND G. Vork. 1993.
Biological responses of a tundra river to fertilization.
Ecology 74:653-672.

Porrock, M. S., L. M. J. CLARKE, AND M. G. Dust. 2007. The
effects of hypoxia on fishes: from ecological relevance to
physiological effects. Environmental Reviews 15:1-14.

Freshwater Science jnbs-31-03-18.3d 15/6/12 16:12:12 19

RicHTER, A., AND S. A. KorMmes. 2005. Maximum temperature
limits for chinook, coho, and chum salmon, and
steelhead trout in the Pacific Northwest. Reviews in
Fisheries Science 13:23-49.

Rover, T. V., J. L. TaNk, AND M. B. Davip. 2004. Transport and
fate of nitrate in headwater agricultural streams in
linois. Journal of Environmental Quality 33:1296-1304.

SABATER, F., A. ButtriNi, E. MARTi, I. MuNoOz, A. Romani, J.
WRAY, AND S. SaBATER. 2000. Effects of riparian vegeta-
tion removal on nutrient retention in a Mediterranean
stream. Journal of the North American Benthological
Society 19:609-620.

SANDERSON, B. L., H. J. Cog, C. D. TraN, K. H. MacNEALE, D. L.
HarstaDp, AND A. B. GoobwiN. 2009. Nutrient limitation of
periphyton in Idaho streams: results from nutrient
diffusing substrate experiments. Journal of the North
American Benthological Society 28:832-845.

ScHanz, F., aND H. JuoN. 1983. Two different methods of
evaluating nutrient limitations of periphyton bioassays,
using water from the River Rhine and eight of its
tributaries. Hydrobiologia 102:187-195.

SmvpsoN, J. C. 2006. The effects of natural and anthropogenic
perturbations on stream primary producer communities
in southern California. PhD Thesis, University of
California, Santa Barbara, Santa Barbara, California.

Sonopa, K., J. A. YEakLEY, aAND C. E. WaLKER. 2001. Near-
stream land wuse effects on streamwater nutrient
distribution in an urbanizing watershed. Journal of the
American Water Resources Association 37:1517-1532.

StelN, E. D., aND V. K. Yoon. 2007. Assessment of water
quality concentrations and loads from natural land-
scapes. Southern California Coastal Water Research
Project. Technical Report 500, Costa Mesa, California.
(Available from: http://www.sawpa.org/documents/
SCCWRP500_natural_loading.pdf)

STEVENSON, R. J. 1996. Patterns of benthic algae in aquatic
ecosystems. Pages 3-30 in R. ]. Stevenson, M. L.
Bothwell, and R. L. Lowe (editors). Algal ecology:
freshwater benthic ecosystems. Academic Press, San
Diego, California.

STEVENSON, R. J., S. T. Rier, C. M. RisENG, AND R. E. ScHULTZ.
2006. Comparing effects of nutrients on algal biomass in
streams in two regions with different disturbance
regimes and with applications for developing nutrient
criteria. Hydrobiologia 561:149-165.

STrRAYER, D. L., R. E. BriGHLEY, L. C. THOMPSON, S. Brooks, C.
NiLssoN, G. PINAY, aND R. J. NamaAN. 2003. Effects of land
cover on stream ecosystems: roles of empirical models
and scaling issues. Ecosystems 6:407—423.

SUREN, A. M., B. ]J. F. Bicas, C. KiLroy, AND L. BErGEY. 2003.
Benthic community dynamics during summer low-
flows in two rivers of contrasting enrichment 1.
Periphyton. New Zealand Journal of Marine and
Freshwater Research 37:53-70.

Tank, J. L., M. J. Bernotr, AND E. J. Rosi-MARSHALL. 2006.
Nitrogen limitation and uptake. Pages 213-238 in F. R.
Hauer and G. A. Lamberti (editors). Methods in stream
ecology. Academic Press, Amsterdam, The Netherlands.

Cust # 11-155R



0 K. KLOSE ET AL.

Tank, J. L., anp W. K. Dopps. 2003. Nutrient limitation of
epilithic and epixylic biofilms in ten North American
streams. Freshwater Biology 48:1031-1049.

TAYLOR, S. L., S. C. RoBerTs, C. J. WaALsH, aND B. E. HATT. 2004.
Catchment urbanisation and increased benthic algal
biomass in streams: linking mechanisms to manage-
ment. Freshwater Biology 49:835-851.

UnperwooD, E. C., J. H. Vigrs, K. R. KLausMmEYER, R. L. Cox,
AND M. R. SHAw. 2009. Threats and biodiversity in the
Mediterranean biome. Diversity and Distributions 15:
188-197.

USEPA (US ENVIRONMENTAL PROTECTION AGENCY). 1992.
Framework for ecological risk assessment. EPA/630/
R-92/001. US Environmental Protection Agency, Wash-
ington, DC.

USEPA (US ENVIRONMENTAL PROTECTION AGENCY). 1999.
A review and synthesis of effects of alteration to the
water temperature regime on freshwater life stages of
salmonids, with special reference to Chinook salmon.
EPA/910/R-99/010. US Environmental Protection
Agency, Washington, DC.

USEPA (US ENVIRONMENTAL PROTECTION AGENCY). 2000.
Ambient water quality criteria recommendations. Infor-
mation supporting the development of state and tribal
nutrient criteria for rivers and streams in nutrient
Ecoregion III. EPA 822-B-00-016. US Environmental
Protection Agency, Washington, DC. (Available from:
http:/ /water.epa.gov/scitech/swguidance/standards/
upload /2007_09_27_criteria_nutrient_ecoregions_rivers_
rivers_3.pdf)

USEPA (US ENVIRONMENTAL PROTECTION AGENCY). 2007. Total
maximum daily loads for nutrients in Malibu Creek
watershed. Region 9, US Environmental Protection

Freshwater Science jnbs-31-03-18.3d 15/6/12 16:12:13 20

[Volume 31

Agency, San Francisco, California. (Available from:
http:/ /www.epa.gov/region9/water/tmdl/malibu/final
nutrients.pdf)

VON ScHILLER, D., E. MARTi, J. L. RiEra, M. RiBoT, J. C. MARKS,
AND F. SABATER. 2008. Influence of land use on stream
ecosystem function in a Mediterranean catchment.
Freshwater Biology 53:2600-2612.

VON ScHILLER, D., E. MaRTi, J. L. RiErA, AND F. SABATER. 2007.
Effects of nutrients and light on periphyton biomass and
nitrogen uptake in Mediterranean streams with con-
trasting land uses. Freshwater Biology 52:891-906.

WatsH, C. J., A. L. Roy, J. W. FEMINELLA, P. D. COTTINGHAM,
P. M. GroreMAN, AND R. P. MorGaNn. 2005. The urban
stream syndrome: current knowledge and the search for
a cure. Journal of the North American Benthological
Society 24:706-723.

WEeLcH, E. B.,, R. R. HornEr, AND C. R. PatMoNT. 1989.
Prediction of nuisance periphytic biomass — a manage-
ment approach. Water Research 23:401-405.

WELcH, E. B., J. M. JacoBy, R. R. HORNER, AND M. R. SEELEY.
1988. Nuisance biomass levels of periphytic algae in
streams. Hydrobiologia 157:161-168.

WENGER, S. J., A. H. Roy, C. R. JacksoN, E. S. BErnHARDT, T. L.
CARTER, S. Froso, C. A. Gmson, W. C. HgsssioN, S. S.
KausHaL, E. MaRrTi, J. L. MEYER, M. A. PALMER, M. ]. Paut,
A. H. PurceLr, A. Ramirez, A. D. Rosemonp, K. A.
SchorieLp, E. B. Subbuth, AND C. J. WaLsH. 2009. Twenty-
six key research questions in urban stream ecology: an
assessment of the state of the science. Journal of the
North American Benthological Society 28:1080-1098.

Received: 15 November 2011
Accepted: 7 May 2012

Cust # 11-155R





