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Pre- and post-flood retention efficiency of nitrogen in a
Sonoran Desert stream
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Abstract. The objectives of this study were 1) to compare Sonoran Desert streams with other
streams in terms of retention efficiency of nitrate; 2) to examine the effects of a flood on nitrate
retention and to determine which factors control nitrate retention in the surface stream subsystem in
Sycamore Creek, Arizona; and 3) to compare the short-term nutrient addition technique with com-
putations based upon natural nutrient gradients. From June to September 1995, we did 8 short-term
nitrate and chloride additions (4 additions before and 4 after a flood) in a 240-m reach to measure
nitrate uptake length as an index of surface stream retention efficiency of nitrate. We also calculated
nitrate uptake lengths based on a natural downstream decline in nitrate concentration, using data
from the addition dates and from previous studies.

Nitrate uptake lengths measured in Sycamore Creek were short (<120 m) compared to published
values from other streams, indicating a high retention efficiency of nitrate in this nitrogen-limited
stream. A midsummer flood caused a 2-fold decrease in retention efficiency of nitrate in the reach
(i.e, nitrate uptake length increased from 61 to 124 m); however, this change was within the range
of variation measured before the flood. Rapid algal recovery (23 d), the dramatic decrease in dis-
charge, and a large transient storage zone may account for the apparent high resilience of nutrient
retention efficiency to disturbance. Most of the temporal variation in nitrate uptake length during the
study period was attributed to changes in the algal assemblage. In particular, retention efficiency of
nitrate decreased when nitrogen fixers were abundant. Uptake lengths calculated from additions were
always shorter than those from natural nitrate declines, supporting our hypothesis that nutrient
uptake lengths from short-term nutrient additions reflect gross, rather than net, nutrient uptake.
Uptake rates from short-term additions and from natural declines of nitrate over post-flood succession
showed a similar temporal pattern, but the ratio between them increased late in succession. This
result suggests that, during late successional stages, nutrient release processes became more impor-
tant than nutrient uptake processes, a prediction that is consistent with the ecosystem succession and
nutrient retention hypothesis.

Key words: nitrate, nutrient uptake length, nutrient retention, disturbance, transient storage zone,
algae, resilience.

All ecosystems are open to some extent, ex-
changing materials and energy with their sur-
roundings. Streams and rivers are especially
open ecosystems dominated by downstream
transport. Yet streams also retain and transform
some of this transported material through var-
ious physical, chemical, and biological mecha-
nisms. Nutrients in transport may change dra-
matically in form and in concentration, depend-
ing on the hydrologic route followed (i.e, as re-
flected in water residence time) and on the
biologically mediated changes that occur within
different subsystems. The net effect of flow
path, heterogeneity, and biological processing
determines the extent to which the ecosystem
retains transported material. The spiraling con-
cept (Newbold et al. 1981) provides a theoretical
and mathematical framework to estimate the in-
fluence of biotic and abiotic instream processes

on surface-stream nutrient retention. Actual
measurements of spiraling length for stream
ecosystems are rare because of the difficulty of
quantifying inputs and outputs of all compart-
ments in the ecosystem; however, uptake length,
the average downstream distance traveled by a
dissolved molecule before removal from the wa-
ter column, has been proposed as an estimator
of retention efficiency of nutrients in the surface
stream (Stream Solute Workshop 1990). Short-
term nutrient additions have been used increas-
ingly over the past 16 y to measure nutrient up-
take length.

Most reports of uptake length are for small,
temperate forest streams. In such systems, het-
erotrophic processes dominate nutrient cycling
because the closed canopy causes light limita-
tion of primary production (Mulholland et al.
1985). Further, because phosphorus is believed
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to be the limiting nutrient in these streams,
most studies to date have focused on phospho-
rus uptake length (Mulholland et al. 1985, Munn
and Meyer 1990, D’Angelo and Webster 1991,
Marti and Sabater 1996). In contrast, desert
streams are limited by nitrogen, not light. The
stream channel is wide as a result of floods, the
riparian canopy does not cover the channel, and
thus light is not limiting to primary producers.
As a result, autotrophs play an important role
in nutrient dynamics. In this paper we report
nitrate uptake lengths for Sycamore Creek, a So-
noran Desert stream in central Arizona.

Nutrient uptake length varies as a function of
channel morphology (Marti and Sabater 1996),
organic matter standing stocks (D’Angelo and
Webster 1991) and inputs (Mulholland et al.
1985), degree of nutrient limitation (Munn and
Meyer 1990), season (Mulholland et al. 1985,
D’Angelo and Webster 1991, Marti and Sabater
1996, Valett et al. 1996), and hydraulic conduc-
tivity of stream-bed sediments (Valett et al.
1996). Despite intense interest in disturbance as
a force influencing stream communities and
stream ecosystem structure and function (e.g.,
Resh et al. 1988), the influence of disturbance
on nutrient uptake length has rarely been inves-
tigated (but see Aumen et al. 1990). Here we
compare nitrate uptake length for a single reach
of Sycamore Creek before and after a small
summer flash flood in 1995. We also examine
post-flood changes in nitrate uptake length cal-
culated from data in Fisher et al. (1982), and
compare these changes to the 1995 post-flood
successional sequence.

Several assumptions are involved in the use
of short-term nutrient additions to measure up-
take length (Stream Solute Workshop 1990).
First, characteristics of the channel and of flow
are assumed to be uniform for the study reach.
Second, assumptions associated with the nutri-
ent uptake length calculations are: 1) additions
of nutrient should elevate concentration only
within the range where the nutrient uptake-
concentration relationship is linear; and 2) re-
lease of nutrients to the stream water does not
significantly affect nutrient concentration dur-
ing the experiment. The latter assumption sug-
gests that nutrient uptake rates calculated from
uptake lengths based on solute additions are
closer to gross uptake than to net uptake (i.e,
uptake minus release); however, this has not
been demonstrated conclusively (but see Mul-
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holland et al. 1990). In Sycamore Creek and in
many other Sonoran Desert streams, dramatic
downstream declines in nitrate are common,
particularly below in-channel springs (Grimm
et al. 1981) or hyporheic discharge zones (i.e,
points where subsurface water enters the sur-
face stream; Valett et al. 1990, 1994). In this
study, we also calculated nitrate uptake length
from natural, longitudinal declines in nitrate
concentration. This decline reflects the net result
of uptake and release processes occurring in the
surface stream. We compared these values with
those from short-term nutrient addition experi-
ments. We hope this comparison will provide a
better understanding of the meaning of these
concepts.

The objectives of this research were to answer
three major questions. First, how does retention
efficiency of nitrate in Sycamore Creek in par-
ticular and desert streams in general compare
with other streams? To answer this question, we
measured uptake length in Sycamore Creek us-
ing short-term nutrient addition experiments
and calculated uptake length for a variety of
streams using data from Grimm et al. (1981).
Second, how do floods affect nitrate uptake
length? We used data from nutrient addition ex-
periments done before and after a flood and
published data on post-flood nutrient retention
to address this question. A secondary objective
of this part of the study was to determine
whether hydrologic or biotic factors were dom-
inant in determining changes in uptake length
over successional time. Third, we asked, what is
measured by the short-term nutrient addition
method? We hypothesized that nutrient addi-
tions reflect gross uptake, and predicted that
uptake length calculated from natural declines
in nutrient concentration would be longer than
uptake length measured using nutrient addi-
tions.

Study Site

Sycamore Creek is a Sonoran Desert stream
arising in the Mazatzal Mountains northeast of
Phoenix, Arizona. Elevation ranges from 2164 m
in the headwaters to 427 m at the confluence of
Sycamore Creek with the Verde River. Catch-
ment area is 505 km? and stream length is ~65
km. Annual precipitation means are 50 and 30
cm/y at higher and lower elevations, respective-
ly (Thomsen and Schumann 1968). Peaks of pre-
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cipitation mostly occur in winter and summer;
however, rain events are irregularly distributed
among different years. Heavy storms may cause
the stream to flood. Flash floods during sum-
mer recede much faster than those in winter,
and discharge can return to baseflow in <1 d.
The intensity and frequency of floods greatly in-
fluence the morphology of the stream channel,
the temporal variation in nutrient concentration,
and the stream community’s structure and func-
tion (Fisher et al. 1982). Evapotranspiration is
high (>300 cm/y), especially in summer. High
evapotranspiration and low precipitation (or in-
tense and short rain events) during summer
cause intermittency in surface stream flow along
some reaches of this stream (Stanley et al. 1997).

The study site was a 240-m run located at an
elevation of ~700 m in the middle reaches of
Sycamore Creek. During this study, runs con-
stituted 40 % of the mainstem (C. L. Dent, Ar-
izona State University, personal communica-
tion); however, this percentage can vary among
years (Fisher et al. 1997). Stream substrata in the
study reach consisted primarily of sand and fine
gravel, and depth of alluvial sediments aver-
aged >1.5 m (Holmes et al. 1994). Surface flow
occurs during most of the year; however, at
baseflow the surface stream typically occupies
<25% of the active channel with the remainder
being dominated by extensive gravel bars. Dur-
ing the study period, the reach had a side chan-
nel that flowed parallel to the main channel
from its origin 140 m downstream from the
head of the reach to 200 m, where it joined the
main channel. In late successional stages at
baseflow, the surface stream in runs is usually
covered by a well developed algal community.
This community can be totally removed by
floods because of the high mobility of the
stream bed. However, recovery of the algal com-
munity after such floods occurs rapidly (Fisher
et al. 1982). A small flash flood in which dis-
charge increased from 22 L/s to 600 L/s at its
peak, occurred on day 59 of the study (20 Au-
gust 1995).

Methods

Field experiments

We conducted 8 short-term solute addition ex-
periments in the 240-m reach from June to Sep-
tember 1995. Four experiments were conducted
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before the 20 August flash flood and 4 after. The
duration of each addition depended on dis-
charge, but was usually <2 h (between 0830 and
1100 h). The solute solution, containing NaNO,
as a nitrogen source and NaCl as a conservative
tracer (Cl) source, was added at constant flow
rate using a metering pump (Fluid Metering
Systems®) placed at the head of the reach. We
used the conservative tracer to correct changes
in nitrate concentration for dilution within the
reach; chloride concentration was increased an
average of 6 mg/L above background. Nitrate
concentration in the solution was adjusted for
each experiment to result in a target stream con-
centration that was below levels of saturation for
these algal communities (<55 pg/L; Grimm
and Fisher 1986a) or within the natural concen-
tration range. Nitrate concentration never ex-
ceeded 2.3 X background concentration and the
average increase was 1.8 = 0.1 X background.

We collected water samples (3 replicates per
station), in acid-cleaned polyethylene bottles,
before and during the addition at 6 sampling
stations located 20, 50, 90, 120, 190, and 240 m
downstream from the injection site (0 m). Dur-
ing the addition, samples were collected when
tracer concentration reached a plateau at the far-
thest downstream station, as determined by
continuous measurement of conductivity at the
240-m station. This procedure ensured that add-
ed solutes were well mixed along the entire
reach (Stream Solute Workshop 1990). Water
samples were analyzed for nitrate and chloride.
On each date, nitrate uptake lengths were cal-
culated from a decline in background concen-
tration along the reach, using samples collected
before the addition, and also from concentra-
tions in samples collected at plateau (corrected
for background values). We also did an inten-
sive sampling at stations 20 and 240 m. At the
start of the addition, we collected water samples
every 1-5 min depending on the location of the
station, and continued this schedule for 1 h after
the addition was terminated. These samples
were analyzed for chloride and occasionally for
nitrate. Chloride data over time from these 2
sampling stations were used to estimate the
cross-sectional area of the transient storage zone
(A,) and the transient storage zone exchange co-
efficient (a) for the reach.

On each nutrient addition date we estimated
the morphometry of the surface stream and the
areal coverage of different algal patch types in
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the reach using a line intercept method (Lewis
and Taylor 1967) applied at 13 cross-stream
transects evenly distributed along the reach. Al-
gal biomass (chlorophyll a) for the reach was cal-
culated as the sum of the area-weighted chlo-
rophyll a for each algal patch type. Patch-specific
chlorophyll a for filamentous green algae (Cla-
dophora glomerata and Hydrodictyon reticulatum)
was the average of a long-term data set (~200
samples taken from 1985 to 1994) for this patch
type in Sycamore Creek. Values of chlorophyll a
for the other patch types were obtained by col-
lecting 5 replicate cores of each patch type along
the reach on each addition date. Cores were ex-
tracted in methanol followed by spectrophoto-
metric determination of chlorophyll a (Tett et al.
1975).

Hydrologic linkages between the surface
stream and adjacent subsystems can influence
material retention of the whole stream-riparian
ecosystem (Fisher et al. 1998); in particular, they
may affect retention efficiency of nutrients in the
surface stream. To characterize the reach in
terms of vertical hydrologic interactions be-
tween the surface stream and the hyporheic
zone, we measured vertical hydraulic gradient
(VHG, Valett et al. 1994) every 10 m along the
reach on a single date (4 September 1995). Mea-
sures of VHG show direction and magnitude of
the potential for advective exchange between
these 2 subsystems. Negative values indicate
that the stream is losing water to the hyporheic
zone (downwelling), whereas positive values in-
dicate that hyporheic water is discharging to the
surface stream (upwelling), accounting for sig-
nificant dilution.

Laboratory analyses

Water samples were transported to the labo-
ratory on ice, filtered (Whatman GF/F® fiber fil-
ters, 0.7um nominal pore size), and analyzed
for nitrate-nitrogen and chloride. Samples for ni-
trate and chloride were analyzed on a Bran and
Luebbe TRAACS® 800 autoanalyzer, using the
cadmium reduction technique with a modified
version of the Technicon Industrial Method #
818-87T for nitrate, and the Technicon Industrial
Method # 783-86T for chloride. All nutrient
analyses were completed within 24 h of collec-
tion.
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Data analysis

Nitrate uptake length—Nitrate uptake length
from short-term solute additions was calculated
as proposed in the Stream Solute Workshop
(1990). Nitrate concentration at each sampling
station at plateau was corrected by the back-
ground concentration and by the dilution factor
(using chloride data). The natural logarithm of
the ratio between corrected nitrate and correct-
ed chloride at each station was plotted vs down-
stream distance. The slope of this regression is
the downstream nutrient change coefficient
(m~) and the inverse of this coefficient is the
nutrient uptake length (m). A more detailed ex-
planation of the actual calculation can be found
in Marti and Sabater (1996). Nutrient uptake
length is an index of the retention efficiency of
nutrients in streams (Newbold 1992); shorter
values indicate higher retention efficiency of nu-
trients than longer values.

To calculate uptake length from natural de-
cline of nitrate concentration along the reach on
each addition date, we used a similar approach
to that for uptake length from short-term addi-
tions, but here we considered nitrate concentra-
tions at ambient levels (i.e., from samples col-
lected before the addition) and chloride concen-
trations at plateau to account for dilution. Ni-
trate and chloride concentrations at each station
were corrected by their respective concentra-
tions at station 1 (20 m). We assumed that if any
net uptake occurred along the reach (ie, a
downstream decline in nitrate concentration
compared to the concentration at station 1), the
variation of nitrate concentration along the reach
would be described by the following equation:

L

N, = N[5
1

.e—bx

where N is nitrate concentration and Cl is chlo-
ride concentration at station 1 and at the down-
stream points (x), and the slope of the curve (b)
is the downstream nutrient change coefficient at
ambient levels (/m). The inverse of the slope is
the nitrate uptake length from natural decline,
in m. We also calculated the nitrate uptake rates
(mg m~2 h™') from natural nitrate decline and
from short-term addition on each date using the
following equation:

U= (C'Q)-séoo

S,'w

w
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TaBLE 1. Uptake lengths of nitrate and soluble reactive phosphorus (SRP) calculated from the natural decline
in nutrient concentration (uncorrected for dilution) for some streams of central and southern Arizona, USA. r?
value indicates goodness-of-fit of line relating nutrient concentration to distance along a stream reach (see text

for further explanation).

NO, SRP
Uptake length Uptake length
Site m r m r
Cherry Creek 219 0.98 318 0.61
Bonita Creek® 3394 0.08 153 0.98
Sycamore Creek 56 0.47 —243 0.66
Picadilla Creek 4 0.85 1340 0.02
Mesquite Wash tributary 1 upstream 18 0.92 58 0.98
Mesquite Wash tributary 1 downstream 27 0.43 108 0.86
Mesquite Wash tributary 2 upstream 2 0.90 —636 0.10
Mesquite Wash tributary 2 downstream 10 0.96 —2223 0.22

aData collected after a flood

where S, is the nutrient uptake length (m), C is
the nitrate concentration at ambient levels at sta-
tion 1 (mg/L), Q is the stream discharge (L/s),
w is the average stream width in the reach (m),
and 3600 is a constant for converting seconds to
hours.

Hydrological parameters.—We used the varia-
tion in chloride concentration over time at the
most upstream and downstream stations to cal-
culate discharge (Gordon et al. 1992), nominal
water velocity (Triska et al. 1989), and dilution
in the reach. A 1-dimensional solute transport
model (J. Webster, Virginia Polytechnical and
State University, personal communication) was
used to simulate chloride transport in surface
stream waters. This model accounts for the in-
fluence of the transient storage zone, the zone
where water is moving at a slower-than-average
velocity, on tracer transport in the surface
stream. Dispersion, cross-sectional area of the
transient storage zone (A,), and the transient
storage exchange coefficient between surface
and subsurface water (a) were estimated using
this model. These parameters were iteratively
adjusted in the model to achieve the best visual
fit between data from the simulation and data
collected during the addition experiment. The
SYSTAT computer program (Wilkinson 1989)
was used for all statistical analyses.

Results
Retention efficiency of nutrients in desert streams

Table 1 shows uptake lengths for nitrate and
phosphate from various desert streams in Ari-

zona. These nutrient uptake lengths were cal-
culated from downstream declines in ambient
nutrient concentration using data collected dur-
ing fall 1978, spring 1979, and fall 1992. Because
calculation of these values did not account for
the effect of nutrient dilution or enhancement
along the reach as a result of inflows, they may
slightly over- or underestimate the actual reten-
tion efficiency of nutrients. Many of these reach-
es were short, however, and inflows were there-
fore likely insignificant (personal observation).
Overall, nitrate uptake lengths were much
shorter than phosphate uptake lengths, sug-
gesting that these streams retained nitrate more
efficiently than phosphate. In fact, some phos-
phate uptake lengths were negative, indicating
that there was a net increase of this nutrient
along the reach. Additionally, nitrate uptake
lengths in most of these streams were very
short; on average, nitrate was removed from the
water column over distances <50 m. The long
nitrate uptake length in Bonita Creek was mea-
sured immediately after a flood when algae
were absent and substrata were bare.

Flood effects

Hydrology and water chemistry—The wetted
surface stream accounted for an average of only
18% of the active channel width during the
study period (Table 2); the rest of the channel
was dominated by sand bars. Fifty per cent of
VHG values measured along the reach on 4 Sep-
tember 1995 were negative and 33% were 0O (Fig.
1), indicating that the reach was slightly domi-
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TaBLE 2. Hydrologic and chemical parameters for the study reach on each nutrient-addition experiment
date (1995). Wet active channel represents the % of the total active channel width occupied by surface water.
A, is the cross-sectional area of the transient storage zone (m?), A is the cross-sectional area of the surface
stream (m?), and a is the transient storage zone exchange coefficient. NA = data not available.

Variable 22 Jun 3 Jul 21 Jul 14 Aug 24 Aug 30 Aug 12Sep 24 Sep
Days post-flood 108 119 137 161 4 10 23 35
Wet active channel (%) 22 20 17 15 18 18 18 16
Discharge (L/s) 66 44 55 22 20 15 9 7
Water velocity (cm/s) 16.6 14.7 12.0 7.7 10.0 7.1 44 33
Width (m) 49 4.1 39 35 4.0 4.0 39 3.6
A (m?) NA 0.20 0.32 NA 0.19 0.16 0.17 0.14
AgA NA 2.0 09 NA 3.0 75 7.4 17.8
a (s X 107%) NA 4.0 0.6 NA 45 5.0 7.0 48
Dispersion (m?/s) NA 0.8 0.8 NA 0.5 1.0 0.5 0.5
Dilution (%) 3 6 9 6 32 25 30 32
N-NO; (ng/L) 21 29 21 46 137 89 59 55
Cl (mg/L) 114 11.8 13.0 13.8 13.7 13.6 16.2 14.5

nated by downwelling zones at this time. This negative as discharge decreases (Stanley and
result is consistent with VHG measured in this  Valett 1992, Valett et al. 1994). Dilution, calcu-
reach on other dates under different discharge lated from chloride concentrations at plateau, in-
conditions. In fact, VHG tends to become more creased gradually along the reach on all dates,
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Fic. 1. Longitudinal variation in vertical hydrologic gradient (VHG) in the study reach of Sycamore Creek,
Arizona, 4 September 1995.
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FiG. 2. Temporal variation in nitrate uptake length (bars), nitrate concentration (dotted line), and discharge
(solid line) during the study period. Notations on the x axis represent days after flood for each nutrient addition

experiment.

and was significantly greater after the flood
(ANOVA: F = 1334, df = 1, p = 0.000, Table 2).
These results together with those from VHG
measurements indicate that water inputs to the
surface stream were mainly from lateral sources
from either the side channel (surface water) or
from adjacent sand bars (subsurface water). Dis-
charge at peak flood (0.6 m*/s) was 27X higher
than pre-flood discharge (Fig. 2); however, dis-
charge was similar to pre-flood conditions 4 d
after the flood and it continued to decrease to-
ward the end of the study period (Table 2).
Cross-sectional area and width of the surface
stream did not change significantly over the en-
tire period; therefore, most of the changes in dis-
charge were caused by changes in water velocity
(Table 2).

The cross-sectional area of the transient stor-
age zone normalized to the surface cross-sec-
tional area (A,/A) was close to or >1 on all
dates (Table 2). Following In-transformation,
A,/ A showed a negative relationship with dis-

charge (In A,/A =5.08-124 - InQ; r» = 092, p
= 0.003, n = 6). These results indicate that the
magnitude of the transient storage zone was
large compared with the surface stream and
that hydrological transient storage decreased in
importance as discharge increased. Values of the
transient storage exchange coefficient (a)
ranged from 0.6 X 10~* to 7.0 X 10~* s~! (Table
2). This transient storage parameter also was
negatively correlated with discharge (« = 6.57-
0.09 - Q; » =073, p = 0.031, n = 6).
Background nitrate concentration at station 1
ranged from 21 to 137 pg/L (Table 2). Nitrate
concentration during the flood was 20X the pre-
flood concentration, but it rapidly decreased af-
ter flood recession (Fig. 2). Overall, average ni-
trate concentration from all 4 pre-flood dates
(mean *1 SE = 29 * 6 pg/L) was significantly
lower than the average concentration from all 4
post-flood dates (mean +1 SE = 85 + 19 pg/L;
ANOVA: F = 7914, df = 1, p = 0.031). Back-
ground chloride concentration at station 1
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reach during the study period (1995).

ranged from 11.4 to 16.2 mg/L (Table 2). Chlo-
ride was significantly correlated with stream
discharge (r = —0.84, p = 0.009, n = 8), but did
not differ between pre- and post-flood sampling
dates.

Algal composition.—Diatoms and filamentous
green algae were the dominant patch types be-
fore the flood, covering >70 % of the stream
bottom (Fig. 3a). The spatial arrangement of
these 2 patches was consistent with previous ob-
servations. Filamentous green algae (C. glomerata
and H. reticulatum) developed mainly on the
edges and diatoms were found in the middle of
the stream where water velocity was greater.
The relative abundance of cyanobacteria, mainly
a mat of Anabaena sp., progressively decreased
from the 1st to the 4th pre-flood sampling date
(Fig. 3a). After the flood, diatoms were domi-

nant on the 1st 2 dates, but were rapidly (within
<20 d) replaced by filamentous green algae and
cyanobacteria. Algal biomass was high before
the flood (mean chlorophyll 2 =1 SE = 366 * 9
mg/m? n = 4), but was reduced to 0 by the
flood (Fig. 3b). Post-flood recovery of algal bio-
mass in the reach was rapid, with pre-flood bio-
mass levels reached within 23 d (Fig. 3b). In
contrast to recovery of algal biomass, algal
patch composition did not return to pre-flood
conditions during the study period.

Nitrate uptake length—Concentration of nitrate
at plateau at the end of the reach (i.e, station at
240 m) was similar to or lower than the concen-
tration before the addition in 7 of the 8 addi-
tions, although elevated chloride concentration
indicated that the solute addition was trans-
ported to the end of the run. Consequently, ni-
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FIG. 4. Relationship between nitrate uptake length
and % cover of cyanobacteria in the reach.

trate uptake lengths were calculated based on
data from the 1st 5 sampling stations (reach
length 190 m) on all dates.

Nitrate uptake length from solute additions
ranged from 61 to 189 m during the study pe-
riod. Uptake length doubled after the flood;
however, this increase was within the range of
variation for the pre-flood period (Fig. 2). Dur-
ing the post-flood successional period, uptake
length initially decreased to a value close to the
last pre-flood uptake length, but then increased
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to 150 m by day 35. We did not find any signif-
icant correlation between nitrate uptake length
and other physical, chemical, or biological pa-
rameters; however, some decreases in uptake
length coincided with increases in the relative
abundance of filamentous green algae. Longer
values for nitrate uptake length coincided with
dates when the abundance of cyanobacteria was
relatively high (Fig. 4). In fact, average nitrate
uptake length was significantly shorter when
abundance of cyanobacteria was <10% (mean
+1 SE = 88 = 13 m, n = 4) than when it was
>10% (mean *1 SE = 146 * 16 m, n = 4; ANO-
VA: F = 7.707, df = 1, p = 0.032).

Comparison between natural decline of nitrate and
solute addition experiments

We found a decline in ambient nitrate concen-
tration along the study reach on all dates. Ni-
trate uptake lengths calculated from ambient
decline ranged from 151 to 799 m. These uptake
lengths were between 2 and 6X longer than
those from solute addition experiments. Nitrate
uptake rates calculated from natural declines
and from solute additions showed a similar
temporal pattern (Fig. 5); overall, values ranged
from 1.3 to 199 mg N m=2 h-'. Uptake rates
decreased dramatically at day 20 and day 35
post-flood and they gradually increased late in
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FIG. 5. Uptake rates of nitrate calculated from nutrient addition experiments and from natural declines of
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succession. Although temporal pattern of the 2
rates was similar, the ratio between them be-
came slightly greater in late successional stages
(>100 d post-flood; ANOVA: F = 4.13, df = 1,
p = 0.088). Uptake rates from solute additions
were 2.2 * 0.2 (mean *1 SE) X greater than
uptake rates from natural declines early in suc-
cession, but 4.0 £ 0.8 (mean *1 SE) X greater
in late successional stages.

Discussion
Intersite comparison of nutrient uptake length

Previous studies have shown that nitrogen is
the limiting element to ecosystem productivity
in Sycamore Creek (Grimm and Fisher 1986a)
and probably in many other streams of south-
western USA (Grimm and Fisher 1986b, Grimm
1992). Nutrient uptake length has been used as
an index of nutrient retention efficiency of the
surface stream (Newbold et al. 1981). In contrast
to uptake length from solute additions, uptake
length calculated from natural declines can be
positive (uptake>release) or negative (re-
lease>uptake). The negative phosphate uptake
lengths indicate that phosphate concentration
increased along the reach; this pattern clearly
contrasts with that for nitrate. Grimm and Fish-
er (1986a) suggested that, in contrast to the bi-
ological control of nitrogen concentration, phys-
icochemical mechanisms mainly control phos-
phorus concentration in southwestern streams.
In this study, we found that nitrate retention ef-
ficiency was greater than phosphate retention
efficiency (i.e, uptake lengths calculated from
natural declines were shorter for nitrate than for
phosphate). These results agree with previous
studies (Munn and Meyer 1990, Marti and Sa-
bater 1996) in that the limiting nutrient is usu-
ally retained more efficiently than other ele-
ments.

Nitrate uptake lengths from solute addition
experiments reported in this study show that a
molecule of nitrate travels an average of <120
m before it is removed from the water column.
These data are at the low end of the range of
published values (Valett et al. 1996, and see
Marti and Sabater 1996 for a review), and illus-
trate the high nitrate retention efficiency of ni-
trogen-limited streams.
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Hydrologic and biologic controls of nitrate retention
efficiency

Many researches have shown that surface-
subsurface hydrologic interactions can be a
strong determinant of nutrient retention in lotic
ecosystems (Triska et al. 1993, Valett et al. 1996).
Transient storage zones increase water resi-
dence time and allow reactive solutes greater
time for chemical and biological interactions
(Bencala 1993). These zones can potentially con-
tribute to increased nutrient retention. Values of
A,/ A in Sycamore Creek are high compared to
other streams (D’Angelo et al. 1993, Morrice et
al. 1997), indicating that this stream has a large
transient storage zone. The authors cited above
have shown that the relative magnitude of the
transient storage zone for a given stream is a
function of the stream discharge (i.e, the A,/A
ratio decreases as discharge increases); our re-
sults are consistent with this finding. In fact,
there is a significant relationship between dis-
charge and A,/A when we consider data from
a variety of streams together (Fig. 6). Using this
general relationship, the A,/ A ratio in Sycamore
Creek is greater than that for other streams at
any given discharge. This fact may account part-
ly for the shorter nitrate uptake lengths mea-
sured in Sycamore Creek compared to other
streams.

Two factors may explain the high A,/ A ratios
measured in Sycamore Creek, especially at low
flow. First, as discharge decreases, the water res-
idence time in the reach increases, allowing sur-
face water to interact more with sediments. The
study reach was dominated mainly by down-
welling zones. Stanley and Valett (1992) and Val-
ett et al. (1994) reported that in Sycamore Creek
the VHG became more negative as discharge
decreased (i.e, the strength of downwelling in-
creased). Under these conditions, there is a
higher proportion of water moving from surface
to subsurface zones, resulting in a relative in-
crease in the subsurface transient storage zone.
Second, the structure and distribution (mainly
on the stream edges) of the filamentous algal
patches increase the morphometric complexity
of the surface stream, creating zones of slow wa-
ter movement (i.e, surface transient storage
zones). Mulholland et al. (1994) showed that
thick patches of filamentous green algae that de-
veloped in artificial channels decreased the
downstream transport of conservative solutes.
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Although those results were obtained under
laboratory conditions, they showed that fila-
mentous green algae could act as zones of hy-
drological transient storage. In Sycamore Creek,
the abundance of filamentous green algae may
enlarge the overall transient storage zone es-
pecially as discharge decreases. Both factors
would increase transient storage zone size, but
their effect on nitrate retention in the surface
stream will depend on whether hydrological
transient storage is a result of surface-subsur-
face interaction or interception by algal mats.
Algal mats may locally deplete nitrate and re-
lease dissolved organic nitrogen. In contrast, ni-
trate concentration generally increases along
subsurface flow paths in Sycamore Creek
(Holmes et al. 1994). These increases can poten-
tially result in increases of nitrate concentration
in the surface stream at up- or out-welling sites.

Geomorphic and hydrologic factors may
largely determine differences in nutrient uptake
lengths between streams (Munn and Meyer
1990, Marti and Sabater 1996, Valett et al. 1996);
however, temporal variation in nutrient reten-
tion efficiency in a single stream cannot be ex-
plained solely by these factors. In Sycamore
Creek, temporal variation in nitrate uptake

length during the study period was not corre-
lated with transient storage zone size or any
other physical or chemical parameters measured
during the addition experiments. This finding
contrasts with Valett et al. (1996), who showed
a negative relationship between nitrate uptake
length and transient storage zone size for a
mountain stream in New Mexico. It is likely that
the narrow range of conditions during this
study precluded identification of important
physicochemical parameters explaining tempo-
ral variation in nutrient retention efficiency. The
most instructive result was that changes in ni-
trate uptake length appeared related to changes
in the relative abundance of different algal
patches. Although algal biomass varied little
throughout the study period, except immediate-
ly after the flood, changes in patch structure
were great. We know from previous studies that
algal patches differ in their nitrate uptake rates
or capacity (Grimm 1992), and cyanobacterial
nitrogen fixers, like Anabaena sp. mats, can ob-
tain nitrogen from dinitrogen (Grimm and Pe-
trone 1997). In this study, nitrate retention effi-
ciency was significantly lower when nitrogen
fixers made up >10 % of the areal periphyton
coverage. Thus biotic activity (i.e, algal uptake,
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possibly N, fixation) controls temporal variation
in nitrate retention efficiency of the surface
stream subsystem during baseflow in Sycamore
Creek, which lends further support to the con-
clusions of previous studies in this stream eco-
system (Grimm 1987, Grimm 1992) that base-
flow nitrogen dynamics are largely controlled
by algal activity in the surface stream. Biotic ac-
tivity was also shown to strongly influence nu-
trient retention efficiency in a heterotrophic,
woodland stream in Tennessee (Mulholland et
al. 1985). These authors found that the shortest
phosphate uptake lengths were associated with
inputs of leaf litter during autumn. Results from
both studies stress the fact that biotic factors can
sometimes override physical factors in control-
ling nutrient retention in streams.

Effect of floods on nitrate uptake length

The strongest effect of a midsummer flash
flood was a change in chemical and biological
parameters. The flood caused an acute increase
in nitrate concentration and complete removal of
algal mats from the stream bottom. Nitrate up-
take length 4 d after the flood showed a 2-fold
increase. This result indicates that disturbances
by floods not only affect physical, chemical, and
biological stream attributes but also may affect
ecosystem function (e.g., by decreasing stream
nutrient retention efficiency); however, the post-
flood increase in nitrate uptake length remained
within the range of variation measured during
the pre-flood period. Several factors may ac-
count for the apparent high resilience of stream
nitrate retention efficiency, among them the rap-
id decrease in discharge from 0.6 to 0.02 m?/s,
a relatively large transient storage zone (A,/A
= 3), and a high algal recovery capacity. In fact,
the stream was completely colonized by dia-
toms 4 d after the flood and chlorophyll reached
pre-flood levels within 23 d.

The flood that occurred during the study pe-
riod was of low magnitude (peak discharge =
0.6 m?/s) compared with others reported for
this stream over the last 35 y (Grimm 1993).
Floods of this magnitude occur more than once
per year. These floods usually do not cause ma-
jor physical changes in morphology, but they
wash out benthic algae. We expected the flood
to increase nitrate uptake length much more
than we observed. We used data from Fisher et
al. (1982) to examine changes in uptake length
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FIG. 7. Temporal variation in nitrate uptake length
(calculated from natural decline in nitrate concentra-
tion uncorrected for dilution) during stream succes-
sion following a flood. Values calculated from data in
Fisher et al. (1982).

after a larger flood. We calculated nitrate uptake
lengths (without dilution correction) over a
post-flood successional sequence, in summer—
autumn 1979, at approximately the same site,
using the natural decline in nitrate concentra-
tion (Fig. 7). Flood discharge on that occasion
(7.0 m®/s) was an order of magnitude greater
than in summer 1995. The recurrence interval of
these floods is >3 y. Accordingly, the range of
uptake lengths was much broader than the
range measured in this study. Nitrate uptake
length varied from 3220 m immediately after
the flood to 340 m 30 d after the flood (Fig. 7).
Uptake lengths remained constant after day 30
and were within the range of uptake lengths
from natural declines in nitrate concentration
measured in the present study (from 151 to 799
m). Comparison of results from these 2 sequenc-
es (i.e, that in 1979 and the present study) sug-
gests that larger floods have a greater impact on
stream nutrient retention efficiency; however,
post-flood recovery of nutrient retention effi-
ciency is rapid in either case in this stream eco-
system.

Nitrate uptake length from natural declines and
from nutrient additions

For the last 16 y, short-term nutrient additions
of stable elements have been used to measure
nutrient uptake length in stream ecosystems.
This parameter measures the removal rate of a
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nutrient from the water column relative to its
downstream flux in the surface water. If nutrient
additions are done for relatively short periods
(<1-3 h) a very small fraction of the added nu-
trient that is taken up will be released to the
stream during the experiment (Mulholland et al.
1990). Therefore, nutrient uptake lengths from
nutrient additions may better reflect gross than
net nutrient removal; however, this assumption
has been tested on only 1 occasion by using 2P
(Mulholland et al. 1990).

Dramatic longitudinal declines in the concen-
tration of nitrate in surface water along reaches
are a common occurrence in many desert
streams. The intensity of these declines can vary
over time (e.g., on a diel basis, Grimm 1987; or
over a successional period, Fisher et al. 1982)
and in space (C. L. Dent, Arizona State Univer-
sity, personal communication). At the reach
scale (i.e, tens to hundreds of m; Grimm and
Fisher 1992), nitrate declines have been mainly
attributed to biological uptake, especially by pri-
mary producers (Grimm 1987). These natural
declines usually are evident below points where
nitrate-rich subsurface water discharges to sur-
face water (e.g., at springs or upwelling zones;
Valett et al. 1994, Jones et al. 1995). These loca-
tions may be viewed as natural nutrient addi-
tion experiments; however, downstream
changes in nutrient concentrations reflect the net
result of uptake by adsorption or algal assimi-
lation and release by algal excretion or miner-
alization. Variation in the relative rates of these
processes determines whether the stream acts as
source or as a sink of nutrients. Therefore, in
streams where subsurface-surface hydrologic
exchange results in significant nutrient inputs to
the surface stream, and where there is a gradual
decline in nutrient concentration along the sur-
face stream, we can directly measure the nutri-
ent retention efficiency of the surface stream
subsystem. These conditions are found in Syc-
amore Creek, offering a good opportunity to
compare uptake length from natural nutrient
declines and from nutrient addition experi-
ments.

Both nutrient uptake lengths showed similar
temporal variation; however, uptake lengths
from nutrient additions were always shorter
than those from natural declines, and uptake
rates calculated from nitrate additions were
greater than those calculated from natural ni-
trate declines. These results supported our hy-
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pothesis. Because natural decline in nutrient
concentration reflects the net result of uptake
and release processes (i.e, nutrient retention),
we conclude that nutrient uptake lengths from
solute addition experiments more closely reflect
gross nutrient uptake. Comparing gross and net
uptake rates over the period of this study we
found that, despite similar temporal variation,
the difference between these rates increased late
in succession. This result suggests that, during
late successional stages, processes such as min-
eralization that release nutrients to stream water
occur at rates that approach a balance with nu-
trient uptake processes such as assimilation.
This explanation is consistent with the hypoth-
esis of successional change in nutrient retention
(Vitousek and Reiners 1975), as modified by
Grimm and Fisher (1986a).
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