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NITROGEN DYNAMICS DURING SUCCESSION
IN A DESERT STREAM'

Nancy B. GRiMM
Department of Zoology, Arizona State University, Tempe, Arizona 85287 USA

Abstract. Nitrogen dynamics of Sycamore Creek, Arizona, a lowland Sonoran Desert
stream, are described by seven diel input—output budgets at different stages of postflood
succession. Hydrologic inputs and outputs of nitrogen and N storage in periphyton, mac-
roinvertebrates, and fish were measured over 24-h periods. Total nitrogen storage in this
desert stream (3-9 g/m?) was lower than that in forest streams of Oregon (12 g/m?) and
Quebec (22 g/m?). While >99% of nitrogen in the latter systems is in allochthonous detritus,
benthic algae and autochthonous detritus comprised =~90% of the total nitrogen pool in
the desert stream. Up to 14% of nitrogen was in consumer organisms. Inputs of nitrogen
to the stream ecosystem were dominated by dissolved nitrogen, of which 19-60% was
inorganic, primarily nitrate. Particulate nitrogen in transport (4-15% of total input) was
mostly autochthonous. Inputs of nitrogen exceeded outputs on most study dates. Rates of
ecosystem nitrogen retention were as high as 400 mg-m~2-d~! and outputs exceeded inputs
on only one study date. Retention was primarily of inorganic nitrogen and was presumed
due to autotrophic assimilation. Nitrogen retention data from the seven budgets were used
to evaluate the Vitousek and Reiners (1975) model that patterns of nitrogen retention
during succession reflect patterns of net ecosystem production and biomass accumulation.
Biomass and stored nitrogen increased asymptotically during a postflood successional se-
quence at a single site; nitrogen retention during this period accounted for increases in
storage. Nitrogen retention among the seven study dates exhibited the predicted succes-
sional patterns of increases from early to middle successional stages, followed by late stage

declines.
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INTRODUCTION

The first objective of this study was to describe seven
diel nitrogen (N) budgets in a Sonoran Desert stream.
Budgets are not replicates, but 24-h snapshots of chang-
ing ecosystem N dynamics during succession (sensu
Fisher et al. 1982), based on daily hydrologic inputs
and outputs. Element budgets have been used widely
to characterize inputs, outputs, and retention of nu-
trients by ecosystems. Budgets usually are calculated
for an annual period and seldom are repeated because
of logistical difficulties. The first annual mass balances
for nitrogen and phosphorus in streams were con-
structed in forested watersheds of New England (Meyer
and Likens 1979, Meyer et al. 1981), Quebec (Naiman
and Melillo 1984), and the Pacific Northwest (Triska
et al. 1984). Desert streams of the arid American
Southwest are subject to severe flooding with peak flows
often exceeding base flow by several orders of mag-
nitude, which decimates their biotas. As a result, export
often dominates annual mass balances to an even great-
er extent than in streams elsewhere. These rare events
are important to watershed material budgets (Fisher
and Grimm 1985) but reveal little about biologic fluxes
in the stream between floods. Even for hydrologically
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more stable streams, interpretation of annual budgets
is difficult when year-to-year discharge variation is great
(Meyer and Likens 1979, Cummins et al. 1983). In
desert regions, differences in flooding regime among
years would result in extreme variation in annual bud-
gets. Therefore, diel budgets for between-flood succes-
sional periods were chosen to characterize N dynamics
of this desert stream.

Vitousek and Reiners (1975) hypothesized that eco-
system N retention is predictable from net ecosystem
production and biomass accrual during succession.
Flash flooding in desert streams provides a disturbance
that “resets” algal and macroinvertebrate standing crops
to near zero (Fisher et al. 1982). The Vitousek and
Reiners hypothesis predicts that ecosystem N retention
(defined as the difference between N input and output)
will increase as rates of net ecosystem production and
standing stocks increase, then decline as biomass ap-
proaches a steady state. At steady state, nutrient input
must equal output, although changes in form of the
nutrient may occur (Vitousek and Reiners 1975).
Grimm and Fisher (1986a) presented a modification
of this hypothesis for streams, which incorporates
transport and permits net ecosystem production to be
positive at steady state. The second objective of this
study was to evaluate Vitousek and Reiners’ (1975)
model by analyzing diel budgets from a range of succes-
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Fic. 1. A model of nitrogen dynamics in desert stream ecosystems. Numbered fluxes are: 1 —algal assimilation, 2 —nitrogen
fixation (bluegreen algae), 3—entrainment of particulate nitrogen, 4 —settling of particulate nitrogen, 5—ingestion, 6 —egestion,
7 —excretion, 8 —emergence (insects), 9—import and export (dissolved and particulate nitrogen), 10—interstitial-surface water
exchange, 11—nitrification, 12—denitrification, 13 —microbial assimilation, 14—mineralization and leaching, 15—nitrogen

fixation (bacteria).

sional stages, including three from a single postflood
sequence.

Small desert streams of the Southwest provide unique
opportunities to examine nitrogen dynamics. Pro-
nounced longitudinal decline of N concentration in
stream water is common; thus net ecosystem N reten-
tion by a defined stream segment is readily measured.
Nitrogen transformations for the stream ecosystem (Fig.
1) are exaggerated in desert streams compared to other
streams because of high temperature and insolation,
high biotic standing crops, high turnover rates, and
high system surface-area-to-volume ratio (Busch and
Fisher 1981, Fisher et al. 1982, Fisher and Gray 1983).
Fluxes and retention of N are therefore measurable on
a daily basis. Finally, N is a critical element in desert
streams because it can limit primary production
(Grimm and Fisher 1986a). Ratios of N to phosphorus
(P) are low, suggesting N limitation is widespread
throughout the region (Grimm et al. 1981, Grimm and
Fisher 19865b). These features of desert streams make
it possible to study the dynamics of this important
element on a short-term basis (24 h) using a mass bal-
ance approach. Furthermore, multiple diel N budgets
constructed over a relatively short time allow exami-
nation of changes in N dynamics over the course of
succession (recovery following flooding).

METHODS

Diel budget studies were conducted in Sycamore
Creek, Maricopa County, Arizona. This stream has
been described in detail by Fisher and Minckley (1978)
and Fisher et al. (1982). Streamflow is usually contin-
uous throughout much of the channel in winter when
evapotransportation is low and precipitation relatively
high. During drier parts of the year Sycamore Creek is

composed of six major perennial segments segregated
by long reaches of dry channel. Diel budget studies
(hereafter referred to in chronological order as Diels I-
VII) were conducted at two of these segments. These
sites were dominated by uniform runs of coarse sand
and fine gravel substrates. System dimensions and
physical and chemical conditions were similar at all
sites and times (Table 1).

Flash foods resulting from intense, localized summer
thunderstorms occur during late summer and autumn
in the Sonoran Desert. These floods scour and move
substrates and obliterate much of the biota (especially
algae and small macroinvertebrates) but recede within
hours. During summer 1981 Sycamore Creek experi-
enced two flash floods of 1- and 2-m?/s peak discharges.
One occurred 6 d prior to Diel I (3—4 August), and the
second occurred 10 d prior to Diel IT (18-19 August).
Diel III was on 3-4 September 1981, 26-27 d after the
flood of 8 August. This sequence of studies (I-111) there-
fore describes N dynamics for a single 90-m reach (site
1) 6, 10, and 26 d after disturbance. Chemical and
biological data are also presented for days 2, 5, 20, and
38 of that same successional sequence. A 6-m?*/s flood
ended the sequence after 38 d. Three diel studies during
summer 1982 at site 2 included preflood Diel IV (6—
7 July, >90 d since flood) and Diels V and VI, re-
spectively 2 and 5 d after a 2-m?/s flash flood on 24
August. The Diel VII study site was a short reach at
site 2 upstream from the 1982 reach. This study was
done 3-5 November 1983, 28 d after a 7-m?/s flood.

Sampling and chemical analyses

Stream water (for nutrient analysis), dissolved oxy-
gen (DO, Diel VII), and coarse particulate organic mat-
ter in transport (CPOM > | mm) were sampled at
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TasBLE 1. Physical and chemical characteristics of diel study sites, Sycamore Creek, 1981-1983.
Diel study

Parameter 1 11 111 v \% VI VII
Date of study Aug 1981  Aug 1981 Sep 1981 Jul 1982 Jul 1982  Jul 1982 Nov 1983
Study site 1 1 2 2 2 2
Days since flood 7 11 27 >90 2 5 28
Reach length (m) 110 90 90 120 120 120 60
Mean width (m) 3.5 3.4 3.1 1.9 2.7 2.7 3.5
Mean depth (cm) 5 6 7 7 6 6 7
Stream area (m?) 382 303 276 232 328 326 210
Volume (m?) 19.1 18.2 19.3 16.2 19.7 19.6 14.7
Discharge (m?/s) 0.022 0.017 0.019 0.016 0.017 0.012 0.063
Residence time (min) 14 18 17 17 19 27 4
Mean current velocity (cm/s) 13 8 9 12 10 7 26
Water temperature (°C) 23-36 25-34 26-32 21-25 23-29 23-27 19-23
Maximum PAR (uE/cm?) 1900 1700 1920 1725 NA* NA 900
pH range 7.4-7.9 7.3-7.9 7.4-7.9 7.5-7.9 6.0-7.3 6.3-6.7 NA
Conductivity (uS/cm) 470 NA 446 360 390 390 NA
Ammonium-N (ug/L) 9 NA 25 6 14 NA 0
Nitrate-N (ug/L) 146 27 63 30 28 15 49
TDN (ug/L) 253 167 189 178 180 128 135
SRP (ug/L) 45 47 42 45 77 78 47
iN:iPt 7.6 1.3 4.7 1.9 1.2 0.5 2.4
FPOM (mg/L) 0.35 0.64 0.61 0.51 0.41 0.35 0.40

* NA = not analyzed or measured.

1 iN:iP = atomic ratio of inorganic N (nitrate + ammonium) to inorganic P (SRP), or nitrate-N to SRP where ammonium-N

not measured.

4- or 6-h intervals beginning at 0800 on the first day
and ending at 0400 on the second day at up- and down-
stream termini of each study reach. Light (photosyn-
thetically active radiation, PAR) was measured hourly
by Lambda Instruments quantum probe, and percent-
age shading of each reach (usually <30%) was esti-
mated during sampling times. Discharge was estimated
at up- and downstream termini of sites as the product
of cross-sectional area and velocity, measured with a
pygmy current meter. Discharge measurements were
repeated 4—6 times and integrated over the 24-h period
(Diels I-1V) or were made once at midmorning (Diels
V-VII). Algal percentage cover and stream morphom-
etry were mapped on transects at 10-m intervals along
each reach (Fisher et al. 1982) and biological samples
(algae and macroinvertebrates) were collected on the
2nd d.

Water samples, collected in triplicate in acid-rinsed
polyethylene bottles, were stored at 4°C and filtered
upon return to the laboratory (Whatman GF/F glass-
fiber filters). Analyses for nutrients were completed
within 4-24 h. Nitrate was determined after reduction
to nitrite in cadmium—copper columns (Wood et al.
1967). Nitrite thus formed was measured by a diazo-
tization technique (Strickland and Parsons 1972). Am-
monium was measured with the phenolhypochlorite
method of Solorzano (1969). Total dissolved N (TDN)
was analyzed as nitrate + ammonium after 4 h of
ultraviolet oxidation (Manny et al. 1971). Dissolved
organic N (DON) was calculated by difference (TDN —
[nitrate — N + ammonium — N]). Soluble reactive
phosphorus (SRP) was measured colorimetrically
(Murphy and Riley 1962). Dissolved oxygen meth-

odologies were modified Winkler and micro-Winkler
(Busch and Fisher 1981) techniques. Fine particulate
organic matter (FPOM, 0.7 um-1 mm) was determined
by dichromate oxidation of filters (Maciolek 1962).
Algac were sampled with 3-5 26-cm? replicate cores
(to 2 cm depth) per algal patch. Each sample was di-
vided in the laboratory for determination of chloro-
phyll a and ash-free dry mass (AFDM). One subsample
was filtered to remove water, frozen, and then extracted
in methanol (Tett et al. 1977). AFDM was measured
as mass loss of subsamples dried to constant mass (60°,
48 h) then combusted (550°, 2 h). Invertebrate standing
crops were determined from 3-5 80-cm? cores to 10
cm depth. Animals were separated from substrate by
elutriation through a 0.25-mm mesh and preserved in
70% ethanol. All individuals in each sample were sort-
ed by taxon, enumerated, and their lengths (L) mea-
sured to the nearest 1.0 mm. Individual dry masses
(DM) by species and size class were obtained from L.
J. Gray (personal communication), P. C. Marsh (per-
sonal communication), and Smock (1980). N was de-
termined in samples of fresh (unpreserved) immature
and adult insects. Transported CPOM was sampled
with 1.0-mm mesh drift nets, sorted into autochtho-
nous, allochthonous, macrophyte, and invertebrate
fractions, and dried to constant mass. AFDM and N
were determined on subsamples of each fraction.
Total organic (Kjeldahl) N in biological materials
was analyzed using a block digestion technique. Algae,
invertebrates, CPOM, and fish were collected, sorted
or washed clean of foreign material, and dried to con-
stant mass. Dried material was ground to pass an 850-
um mesh screen and AFDM determined on five sub-



1160

NANCY B. GRIMM

Ecology, Vol. 68, No. 5

TaBLE 2. Biological characteristics of diel study sites, Sycamore Creek, 1981-1983.

Diel study
Parameter 1 11 111 v v VI VII

Days since flood 7 11 27 >90 2 S 28
Chlorophyll a (mg/m?) 82.5 228.2 295.0 342.6 7.1 17.5 99.0
AFDM (g/m?) 79.1 121.1 144.7 115.5 61.5 66.4 140.6
Algal % coverage:

Light diatoms 91 50 12 0 100 100 37

Heavy diatoms 0 28 40 37 0 0 41

Flocculent 0 0 0 11 0 0 19

Cladophora glomerata mat 9 20 35 0 0 0 0

Bluegreen mat 0 0 9 51 0 0 0

Macrophytes 0 2 4 1 0 0 3
Invertebrates:

Thousands/m? 32.0 109.8 107.9 65.0 4.1 4.0 40.9

Dry mass (g/m?) 1.19 5.80 6.94 9.62 0.49 0.35 3.07

samples for estimation of percentage organic matter.
Five 25-100 mg subsamples of each material were di-
gested at 400° in a potassium sulfate—concentrated sul-
furic acid solution with mercuric oxide as a catalyst.
The resulting digest was diluted, pH-adjusted, and ana-
lyzed for ammonium using a modification of the phe-
nolhypochlorite method. N as percentage DM and
AFDM and atomic carbon to nitrogen (C:N) ratios
were calculated, with C assumed to be 50% of organic
mass (Whittaker and Likens 1973).

Metabolism

Chamber and whole-system oxygen techniques were
used to estimate net ecosystem production (NEP) and
ecosystem respiration (R). For Diels I-III, relation-
ships of gross primary production (GPP): chlorophyli
a and R : chlorophyll a ratios to chlorophyll a standing
crops were developed from chamber measurements on
site (n = 4, 4, and 6, respectively) and applied in a
patch-weighted fashion to yield ecosystem metabolism
estimates. These relationships were also used to cal-
culate metabolism for days 2, 5, 20, and 38 of the
postflood successional sequence at site 1. Metabolism
for Diel IV was measured using chamber estimates (n =
4) for a single mixed bluegreen-diatom patch type, which
accounted for 73% of areal coverage and had a mean
chlorophyll a standing crop nearly equal to average
standing crop of the total system. For Diel V, metab-
olism was based on measures (n = 6) of a single patch
type (diatoms) accounting for 100% of coverage and
standing crop. Metabolism was not measured for Diel
VI. Finally, a method employing black plastic sheeting
to measure diffusion and R (Grimm and Fisher 1984)
was used in conjunction with the diel oxygen curve
method for metabolism of Diel VII. Whole-system NEP
was determined from diel oxygen change between up-
and downstream termini of the study reach during day-
time after correcting for diffusion (Odum 1956). This
method differs from chamber estimates since hypo-
rheic subsystem metabolism is included, provided in-

terstitial and surface waters exchange freely (Grimm
and Fisher 1984).

Chambers for metabolism measurements of Diels I-
V were circular Plexiglas chambers (90.8 cm?) inserted
into sandy substrates to =~ 15 cm, which enclosed algae-
colonized substrates and 400-800 mL stream water
depending on water depth. Chambers were fitted with
lids equipped with motor-powered paddles that gently
stirred the water column. Respiration was measured
as oxygen change in darkened chambers, and NEP as
oxygen change in open (lighted) chambers during 30—
60 min incubation periods. Chamber measurements of
R were made 4-5 times during the 24-h period and of
NEP 3 times during the light period. NEP and R were
integrated for the diel period and daytime NEP and R
were summed to yield GPP.

N budgets

Nitrogen is present in the water column subsystem
in dissolved compounds, particulates, and fish (Fig. 1).
Instantaneous compartment size of dissolved and par-
ticulate N were calculated as the product of average
concentration and water volume determined from
transect data. To express these compartment sizes and
fluxes on an areal basis, this total compartment size
(or flux rate) was divided by stream surface area (Table
1). Wet mass standing crops (1978 and 1984) of Agosia
chrysogaster (Cyprinidae), the most abundant fish in
Sycamore Creek, varied from 7 to 17 g/m? and aver-
aged 13 g¢/m? (n = 4; P. C. Marsh and S. G. Fisher,
personal communication). These values were convert-
ed to dry mass (DM) assuming a DM : wet mass ratio
of 0.2 (Grimm 1985). This mean standing crop was
used in all diel budget calculations.

Surface subsystem compartments are algae + detri-
tus and macroinvertebrates (Fig. 1). N as percentage
AFDM was measured on algal samples collected at the
site (bluegreens and Cladophora glomerata, Diels I-
IIT), or a value determined for each algal type from a
variety of samples (all other data) was used. An algal
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patch-weighted percentage N was computed from per-
centage cover for each diel study. This value was used
to calculate the algal N compartment from AFDM
standing crop.

Since mass balances were constructed only for 24-h
periods, meteorologic inputs (precipitation, through-
fall, litterfall, lateral litter inputs) were zero or very
small. Inputs of N via nitrogen fixation and losses due
to denitrification were not measured in this study.
Transport of all dissolved N forms was calculated from
diel concentration curves by multiplying by hourly dis-
charge. Hourly values were integrated over the 24-h
period. FPON was estimated from FPOM flux rates
by dividing by a weighted mean ratio of AFDM:N from
algal, allochthonous, and macrophyte CPOM. CPON
drift rates were calculated separately for each fraction
by dividing total AFDM collected in drift nets over a
timed interval by total water volume through the net.
Net discharge was determined from velocity (pygmy
current meter) and depth measurements in the net at
the beginning and end of each interval, and was mul-
tiplied by time to obtain total water volume. Ash-
free dry mass values were divided by the ratio of
AFDM : N for each fraction, then multiplied by hourly
stream discharge and integrated over the 24-h period.

Loss of N through emergence of aquatic insects was
calculated from data of Jackson and Fisher (1986).
Emergence-to-biomass ratios were calculated for each
taxon as daily emergence rates divided by DM standing
crops. Three estimates of emergence-to-biomass ratios
from autumn, spring—early summer, and late summer
1982-1983 were averaged and multiplied by DM
standing crop of each taxon for diel studies. Average
N content of adult insects was used to convert DM
rates to emergence loss of N.

RESULTS AND DISCUSSION

Mean concentrations of SRP were high on all study
dates (42-79 ug/L), as is typical of many Southwestern
streams (Sommerfeld et al. 1974, Grimm et al. 1981,
Grimm and Fisher 19865). Dissolved inorganic N
(DIN = ammonium-N + nitrate-N) concentrations
were more variable (36—154 ug/L), but often low. The
atomic ratio of DIN to SRP (N:P) was therefore low
(<8) on all study dates. FPOM was <1 mg/L on most
dates (Table 1).

Standing crops of periphyton (as chlorophyll a or
AFDM) generally were highest when flooding had not
occurred for several months (Table 2) and at sites where
Cladophora glomerata or other mat-forming algae oc-
curred in abundance. C. glomerata coverage increased
throughout the 38-d successional period at site 1 (in-
cluding Diels I-III), as it gradually replaced early dia-
tom colonizers. C. glomerata was not an important
component of periphyton communities at site 2 during
mid to late stages of recovery (Diels IV and VII); in-
stead, bluegreen algal mats (4nabaena sp. and Oscil-
latoria sp.), diatoms, or flocculent material predomi-
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TABLE 3. Metabolism estimates (measured as O.) for Syc-
amore Creek, 1981-1983. Chamber methods used for all
studies except Diel VIL

Days O, flux (g'm 2-d™")
since
Study flood GPP R NEP GPP/R

Diel 1 7 4.24 3.58 0.66 1.2
Diel 11 11 9.90 5.73 4.17 1.7
Diel 111 27 12.25 6.51 5.75 1.9
Diel 1V >90 5.79 4.17 1.62 1.4
Diel V 2 2.74 404 —1.30 0.7
Diel VII 28 6.46 4.80 1.66 1.3

nated. Flocculent material consisted of accumulations
of autochthonous detritus including fish, snail, and in-
vertebrate feces and unrecognized detrital material. A
diverse mixture of algae, including short filaments of
C. glomerata, Oedogonium sp., and bluegreens, often
grew from such flocculent detrital accumulations. Both
chlorophyll a and AFDM standing crops of flocculent
material were usually high (>200 mg/m? and >200
g/m?, respectively) in these thick accumulations.

Macroinvertebrate standing crops ranged from
~4000 individuals/m? and dry mass of 0.4 g/m? to
>100 000 individuals/m? and =7.5 g/m-> (Table 2). On
all dates >80% of numbers and biomass were collec-
tor—gatherer macroinvertebrates, although relative im-
portance of the most common taxa (Ephemeroptera
and Chironomidae) varied. In the site 1 succession
(Diels I-I1I), Chironomidae dominated the fauna early
on (day 7), while the mayfly Leptohyphes packeri be-
came extremely abundant (82% of numbers and 90%
of biomass) by day 27. At site 2 in 1982, ephemer-
opterans, hydropsychid caddisflies, chironomid dip-
terans, and stratiomyiid dipterans were principal pre-
flood faunal components (Diel IV, >90 d since
disturbance). After the 24 July flood (Diels V and VI),
Stratiomyiidae and Tricorythidae accounted for most
of the biomass and numbers. Stratiomyiids probably
survived the low-intensity flood (2 m?¥/s) at this site,
whereas the increase in tricorythid numbers and bio-
mass from day 2 (Diel V) to day 5 (Diel VI) is more
likely due to recolonization.

Measured as O,, gross primary production ranged
from 2.74 to 12.25 g-m~2-d"! and ecosystem respira-
tion ranged from 3.58 to 6.51 g-m~2-d"! among all
studies (Table 3). Gross primary production exceeded
ecosystem respiration on all dates except for Diel V.
Respiration of the hyporheic zone was not measured
in this study, but is important in Sycamore Creek
(Grimm and Fisher 1984). Therefore, although surface
sediments were autotrophic on most days, the whole
system (including sediments to bedrock) may not have
been. On the single occasion when whole-system (in-
cluding hyporheic) metabolism was measured by up-
stream—downstream oxygen methods (Diel VII), how-
ever, the stream was autotrophic (Table 3).
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Diel patterns

Concentration of nitrate-N varied diurnally (Fig. 2).
Overall patterns of concentration at upstream stations
reflected processes of in-stream uptake and release oc-
curring above the study sites. Marked daytime depres-
sion of nitrate-N suggests uptake by photosynthetic
organisms. Similar diel patterns of elevated nighttime
and lower daytime concentrations have been reported

by others (Manny and Wetzel 1973, Sebetich et al.
1984) and attributed to autotrophic uptake.
Transport of FPOM was highest at midday and low-
est at night (Fig. 3). CPOM transport was much lower
than FPOM, but when measurable, it showed the same
diel pattern. This daytime peak in particulate transport
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glomerata mat, (b) low density of C. glomerata filaments, (c) high density of diatoms. Error bars for Diels I-V represent + 1

standard error (standard errors <15 mg-m 2-h"! not plotted).

nocturnal feeding activities of invertebrates. In Syca-
more Creek, many invertebrates feed constantly (Gray
1980) and Agosia chrysogaster feeds primarily at mid-
day (Fisher et al. 1981). Other factors contributing to
high daytime CPOM and FPOM transport are suspen-
sion of fine particulates by actively swimming fishes,
disturbance by humans or cattle, and gas bubble for-
mation resulting in flotation of highly productive algal
mats (especially bluegreens). This last factor also con-
tributed to high algal export and a diel pattern of day-
time export maxima in a Washington thermal spring
(Stockner 1968) and in a California thermal stream
(Naiman 1976).

Diel patterns of GPP and R (Fig. 4) were similar to
patterns observed earlier in Sycamore Creek (Busch
and Fisher 1981) and elsewhere (McConnell and Sigler
1959, Marker 1976, Kaplan and Bott 1982). Daytime
maxima in DO and GPP usually were between 1000-
1300 when PAR was near its maximum. Diel varia-
tions in R were not significant (ANOVA, P > .05),
except for Diel III C. glomerata mats (F = 13.5, P <
.01), despite rather large fluctuations in temperature.
This contrasts with findings of Busch and Fisher (1981),
who found R strongly influenced by temperature.

Nitrogen budgets

Diel nutrient budgets have not heretofore been pub-
lished for any ecosystem, but there are three annual N
budgets for temperate forest streams with which Syc-
amore Creek budgets may be compared. Relative dis-
tributions of forms of N in transport and net changes
in these distributions caused by biotic processing in
stream segment ecosystems are amenable to compar-
ison between different streams or stream segments;
however, comparisons of percentage total input in

transport vs. other vectors (e.g., nitrogen fixation) are
not conceptually meaningful. This is because areal in-
puts are independent of system size, while transport
inputs expressed on an areal basis increase or decrease
in inverse proportion to system size (Cummins et al.
1983, Meyer and Tate 1983). Transport inputs also are
sensitive to discharge fluctuations within an annual
period and among streams (Fisher and Likens 1973,
Fisher 1977, Meyer and Likens 1979, Cummins et al.
1983). The watershed approach to stream mass bal-
ances eliminates many of these difficulties, but is sel-
dom used because it is impractical for any but the
smallest streams (but see Triska et al. 1984). Since the
stream segments I examined were similar in total sur-
face area (Table 1) comparisons among diel studies are
reasonable.

Hydrologic inputs of N to Sycamore Creek stream
segments were dominated by the dissolved fraction
(Table 4). DIN ranged from 16-58% of total inputs
and from 19-60% of dissolved inputs; most DIN was
nitrate. Particulate inputs ranged from 4-15% of total,
most of which was FPON. Between 80 and 95% of
outputs were as dissolved N and 5-20% of outputs were
as particulate N (Table 4). Both inputs and outputs of
particulate N were lowest in early postflood stages (Diels
I, V, and VI). At these times CPON transport included
a substantial allochthonous fraction (24, 91, and 42%,
respectively). In middle to late recovery stages CPON
transport was higher and was dominated by autoch-
thonous material (77, 90, and 81% in Diels II, III, and
IV, respectively), except during autumn (Diel VII, 75%
allochthonous).

In Sycamore Creek, DIN and DON each constituted
on average approximately half the dissolved N in con-
trast to WS10, Oregon, and Beaver Creek, Quebec,
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TaBLE 4. Nitrogen budgets (as N) for Sycamore Creek stream segments, 1981-1983, rounded to two significant figures.
Parenthetical values are percentage total inputs, outputs, or pools. * denotes percentages < 1%.

Parametert Diel 1 Diel 11 Diel 111 Diel IV Diel V Diel VI Diel VII
Inputs (mg-m~2-d!)
DIN 790 (58) 170 (17) 620 40) 190 (16) 190 (22) 50 (11) 1300 35)
DON 510 (37) 670 ©9) 710 47) 830 (69) 610 (69) 360 (78) 2200 (56)
FPON 58 (4) 130 (13) 160 (1) 170 (14) 73 8) 51 (11 360 9)
CPON 44 7.1 (1) 36 2) 17 (1) 2.4 (¥ 0.23 (* 89 (»
Total 1400 980 1500 1200 880 460 3900
Outputs (mg-m>-d')
DIN 750 (58) 91 (10) 440 (38) 240 (18) 170 (20) 44 (10) 1200 31)
DON 470 (37) 699 (75) 490 (42) 860 (64) 630 (72) 370 (83) 2300 (59)
FPON 57 4) 130 (14) 160 (14) 220 (16) 63 7 31 7 360 9)
CPON 1.4 46 (* 63 (6) 15 1) 2.2 (® 0.51 (* 12 *)
Emergenced 1.6 (* 6.9 (1) 3.3 (® 8.2 (1) 1.2 * 0.31 (* 48 (*
Total 1300 930 1100 1300 870 440 3900
Compartments (g/m?)
Water column
Dissolved +
particulate 0.014 (*) 0.012 (* 0.016 (*) 0.015 (*) 0.012 (*) 0.009 (*) 0.010 (*)
Fish§ 0.27 (6) 0.27 4) 0.27 (3) 0.27 (3) 0.27 (8) 0.27 (7) 0.27 (3)
Surface sediments
Algae 40 O 6.3  (89) 8.0 (90) 6.7 (86) 3.1 (91 3.3 9D 7.4  (93)
Inverts| 0.10 (2) 0.51 (7) 0.61 (7) 0.84 (11) 0.043 (1) 0.031 (1) 0.27 (3)
Total pools 4.4 7.1 8.9 7.8 3.4 3.6 8.0

1 DIN = dissolved inorganic nitrogen; DON = dissolved organic nitrogen; FPON = fine particulate organic nitrogen;

CPON = coarse particulate organic nitrogen.

1 Dry mass (DM) emergence rates converted to N by applying a mean N:DM ratio for adult insects of 0.110 (n = 30, SE =

0.0024).

§ DM standing crop converted to N by applying a mean N:DM ratio for fish of 0.103 (n = 41, se = 0.0014).

| DM standing crop converted to N by applying a mean N:DM ratio for immature insects of 0.088 (n = 45, se = 0.0009).
Mean ratio determined from a combined sample including baetid and tricorythid mayflies, the caddisfly Helicopsyche, small
chironomid dipterans, and large Chironomidae (Chironomus sp.). Taxa did not differ in N concentration (% DM) (ANOVA

on transformed data, F = 0.63, P = .64).

where most dissolved N was organic (Table 5). Bear
Brook had a large DIN fraction (mostly nitrate) pre-
sumably derived from high nitrate concentrations in
precipitation (Junge 1958, Bormann and Likens 1979)
and from high rates of terrestrial nitrification (Bor-
mann and Likens 1979). Percentage PON in transport
in Sycamore Creek was similar to other systems, al-
though most was autochthonous in origin in contrast
to the forest streams where energy and nutrient inputs
are derived mostly from allochthonous sources.
Insect emergence percentages of total N outputs are
not strictly comparable among studies because of sys-
tem size differences. On an areal basis, however, emer-
gence losses (as N) were quite high (0.3-8.2 mg-m2-d~!,
Table 5) in Sycamore Creek compared with average
daily losses (calculated from annual rates) of 0.05 mg-
m >-d'in WS10and 0.27 mg-m~2-d "' in Beaver Creek.
Jackson and Fisher (1986) determined annual emer-
gence rates (as DM) from Sycamore Creek of nearly
equal magnitude as macroinvertebrate secondary pro-
duction rates in many temperate forest streams. The
present analysis supports their conclusion that insect
emergence represents a significant energy and nutrient
transfer from the aquatic to the terrestrial ecosystem,
an interesting reversal of the terrestrial-to-aquatic en-

ergy transfer so common to temperate streams (e.g.,
Hynes 1963, Minshall 1967, Fisher and Likens 1973).

Although I measured only transport inputs, those
from precipitation were known to be zero (N. B. Grimm,
personal observation) and allochthonous inputs in the
form of leaf litter and aeolian transfer of fine particu-
lates were assumed low. In forest streams, litter may
constitute 10-20% of annual N inputs (Meyer et al.
1981, Triska et al. 1984). Since leaflitter input to desert
streams is typically low, especially in summer, an as-
sumption of zero litter should not represent a signifi-
cant error. Wind may on occasion transport substantial
quantities of N into the stream. Summer convective
storms are characteristic of the region from mid-July
through mid-September, during which large volumes
of dust are transported. Little storm activity occurred
on days of the summer diel studies; wind transport was
not measured but was probably minimal.

Nitrogen fixation in the stream by bluegreen algae
was another unmeasured N source. Maximum seasonal
nitrogen fixation rate of Nostoc sp. in a California stream
was 1 mg-m2-d”! (Horne and Carmiggelt 1975). If
this value applies in Sycamore Creek, nitrogen fixation
would account for <1% of total input but could rep-
resent a large fraction on N actually retained by the
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TaBLE 5. Comparison of N mass balances of four streams. Parenthetical values are percentage of transport inputs.
Sycamore Creek, Watershed 10, Beaver Creek Bear Brook,
Parameter* Arizona Oregont Riffle, Quebect New Hampshire§

Stream surface area 210-382 767 100 7095

Inputs (% of total)
DIN 16-58 (16-58) 3(5) 15(15) 73 (85)
DON 37-69 (37-69) 69 (95) 67 (67) 11(13)
PON 9-15 (9-15) 0(0) 18 (18) 2(2)
Precip + throughfall 0 2 0.02 3
Litter 19 0.12 11
Nitrogen fixation ? S 0.004 ?

Outputs (% of total)
DIN 18-58 4 15 84
DON 37-72 74 67 12
PON 7-22 23 18 3.7

CPON 0.1-6 8 0.1 3
FPON 7-16 15 18 0.7

Emergence 0.1-1 0.2 0.1 ?

Pools (% of total)
FPON 0 40 19
LPON 0 59 80
Producers|| 86-93 0.6 ?7(0)
Consumers 6—14 0.2 ?

Pools (g/m?)

FPON 0 4.8 4.3
LPON 0 7.1 17.8
Producers 3.1-8.0 0.07 e
Consumers 0.3-1.1 0.02

* DIN = dissolved inorganic nitrogen; DON = dissolved organic nitrogen; LPON, CPON and FPON, respectively, large,

coarse, and fine particulate organic nitrogen.
1 Triska et al. 1984.
1 Naiman and Melillo 1984.
§ Meyer et al. 1981.

| N in producers in Sycamore Creek includes that in associated autochthonous detritus.

ecosystem. Bluegreen algal mats were the dominant
algal patch type during the Diel IV study (Table 2),
and this was the only time hydrologic DIN outputs
exceeded inputs (Table 4). Nitrogen fixation is inhib-
ited by high concentrations of DIN, but concentrations
during Diel IV were low (0.02-0.05 mg/L). Therefore,
omission of nitrogen fixation may have been a signif-
icant error for this late-stage diel study. Bluegreen mat
was present in only one other study (Diel III, 9% cover);
concentrations of DIN at that time were higher (=0.08—
0.12 mg/L).

Denitrification was a potential N output not mea-
sured in my study. Differences between up- and down-
stream nitrate-N concentrations could be due to de-
nitrification and gaseous loss from the system (Fig. 1).
Others have found denitrification to account for a sig-
nificant fraction of downstream nitrate-N decline
(Kaushik and Robinson 1976, Van Kessel 1977, Cha-
tarpaul and Robinson 1979) or budgetary N output
(Hill 1979, 1983, Swank and Caskey 1982). Triska and
Oremland (1981) found that denitrification can be as-
sociated with Cladophora mats, especially in high-ni-
trate systems. In general, denitrification is highest in
areas of high nitrate-N concentration, high organic con-
tent, and relatively low oxygen concentration (Knowles
1982, Payne 1983). Local conditions favorable to de-

nitrification probably do exist at times in Sycamore
Creek, but sediments are most commonly well oxy-
genated (Grimm and Fisher 1984) and nitrate-N is low
(Table 1 and Grimm and Fisher 19865), conditions
which argue against high rates of denitrification in this
stream. The importance of the process to N budgets is
unknown, however, and deserves further attention.
N may be stored in the ecosystem in the water col-
umn; in primary producers, detritus, and consumers
of surface sediments; and in the deep sediment organic
matter—-microbe complex (Fig. 1). Most N stored in
surface and water column subsystems was in algae and
associated detritus (86-93% of total N stored), but con-
sumers (invertebrates, 1-11% and fish, 3-8%) repre-
sented significant storage compartments. N stored in
the deep sediment (hyporheic) zone was not measured
in this study. Although organic content of sediments
below the surface (alga-colonized) layers is low (<0.5%),
sediment depth is great, and storage in this subsystem
is potentially significant. For example, assuming a 50-
cm mean sediment depth, a sediment dry mass of 200
kg/m? per 10 cm depth, a 0.2% organic content, and a
0.7% N content (of organic matter) (Grimm 1985), N
storage in deep sediments would be 14 g/m?, about
twice the amount stored in surface benthic organic ma-
terial (algae plus detritus, Table 4). This value would
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TABLE 6. Ratios of nitrogen outputs to inputs (O/I) for Syc-
amore Creek, 1981-1983.

Diel study

Parameter I 11 111 v \% VI VII
Dissolved 0.94 094 0.43 1.08 1.00 1.00 0.99
DIN 0.94 0.53* 0.71 1.25 090 0.88* 0.89
DON 093 1.04 0.69 1.04 1.04 1.03 1.05
Particulate 0.96 096 1.09 1.26 0.86 0.61 1.02
Total 094 095 0.75 L.11 099 096 0.99

* Nitrate-N only measured; DON = TDN — nitrate-N.

likely vary with time since disturbance, due to micro-
bial utilization (Grimm and Fisher 1984).

Total N storage in Sycamore Creek, WS10, and Bea-
ver Creek was similar, but percentage distributions of
stored N were quite different (Table 5). Forest streams
had large quantities of woody debris (59-80% of total
stored N) and insignificant amounts of primary pro-
ducers, while up to 93% of total N in Sycamore Creek
was in algae and autochthonous detritus. Storage in
consumer organisms (8—14%) was large in Sycamore
Creek compared to other streams (Table 5), but high
nutrient storage in consumers has been reported else-
where. Pools of nutrients and biomass of higher trophic
levels in forest ecosystems are dwarfed by large size of
primary producers, whereas in most aquatic ecosys-
tems consumers are large relative to primary producers
(Wiegert and Owen 1971). Crayfish and salamanders
are major sinks for Ca, Mg, and K in small South-
eastern streams (Woodall and Wallace 1975). Newbold
et al. (1983) found that only a small fraction of added
2P spiralled through consumers, yet 25% of P standing
stock was in consumer biomass. Fishes generally are
large in size relative to their prey and to primary pro-
ducers. Several workers have suggested that long-term
storage may be the most significant impact of fishes on
nutrient cycling in lakes (Kitchell et al. 1975, Nakashi-
ma and Leggett 1980). Hall (1972) suggested that in
streams as well, annual flows of P associated with fish
are minor in comparison to storage. In contrast, storage
of nutrients in salamanders (Burton and Likens 1975)
and birds (Sturges et al. 1974) was but a small (<1%)
fraction of total nutrient storage in a northern hard-
woods forest.

Nitrogen retention

Mass balances for streams can give only a minimum
estimate of in-stream processing because internal re-
cycling is not reflected in simple differences between
inputs and outputs (Meyer and Likens 1979). Domi-
nation of budgets by transport, furthermore, obscures
importance of areal inputs and outputs. Therefore, some
expression reflecting actual transformation or uptake
by stream biota is needed. Meyer and co-workers (Mey-
erand Likens 1979, Meyer et al. 1981, Meyer and Tate
1983), using the dimensionless output-to-input ratio
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(O/1), showed that net transformation of P and N to
progressively smaller particle size occurs in many for-
est streams. The opposite is true for desert streams: net
uptake of dissolved inorganic N (transformation from
dissolved to particulate) commonly occurs. In all diel
studies except Diel IV, overall O/I <1 (Table 6). The
stream ecosystem on most study dates thus was not at
steady state with respect to N.

Differences between inputs and outputs in Sycamore
Creek were attributed to net uptake or release of dis-
solved N, except for Diels V and VI (postflood days 2
and 5) when dissolved inputs nearly balanced outputs,
but FPON was retained (Table 6). Dissolved organic
N export often exceeded import; however, inorganic
N species were nearly always retained by the stream
at a rate exceeding losses of other forms. Up to half of
nitrate-N input was retained in the 60-120 m stream
reaches (Table 6). Much of this retention was probably
due to algal assimilation. Rates of nitrate-N uptake by
isolated natural periphyton assemblages in Sycamore
Creek ranged from —7.76 (negative uptake = release
or mineralization) to 51.7 and averaged 7.77-mg-m 2-h™!
(se=0.847, n =157, Grimm 1985, Grimm and Fisher
1986a). Previously reported whole-ecosystem uptake
rates for Sycamore Creek and other desert streams
were as highas 3§ mg-m~2-h~! (Grimm etal. 1981). Ni-
trate-N uptake in a productive, bluegreen-dominated
Washington thermal spring was comparable to that of
Sycamore Creek at 12.9 mg-m~2-h~' (Stockner 1968).
These rates of algal nitrate-N assimilation are sufficient
to account for the whole-system nitrate-N retention
values of diel studies.

Outputs of DON exceeded inputs on most dates.
When DON was released, mean diel DIN concentra-
tions were low (15-49 ug/L), while when DON was
retained, DIN concentrations were 155 and 89 ug/L
(Diels I and III, respectively; Table 6). This pattern
may exist because of high rates of algal DON release
under low N conditions (Fogg and Watt 1966, Nale-
wajko and Schindler 1976).

Small quantities of particulate N were retained in
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F1G. 5. Net diel flux of particulate nitrogen as a function
of time since disturbance, Sycamore Creek, 1981-1983.
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early postflood periods (Diels I, II, V, and VI), while
later budgets showed a net loss of particulate N (Diels
I, 1V, and VII; Table 6). Rates of particulate N re-
tention thus declined with time since disturbance (Fig.
5). Net export was primarily of algae, which achieved
high standing crops and thus were susceptible to high
rates of sloughing late in succession. Losses of partic-
ulates were not large relative to amounts of inorganic
N retained by the stream segments (9 and 6% of DIN
retention rates of Diels III and VII, respectively), but
such losses may come to equal rates of DIN retention
in late successional stages, thereby maintaining steady
state biomass even when NEP is positive (Grimm and
Fisher 1986a). In contrast to temperate forest streams
that often show net retention of particulates or at least
particle size reduction between inputs and outputs, ex-
port of photosynthate in the form of particulate ma-
terial may represent a significant output of organic mat-
ter and nutrients in desert streams late in prolonged
interflood periods (Fisher 1986).

Nitrogen retention and succession

Use of element mass balances to describe forest nu-
trient cycling has revealed much about capacities of
forest ecosystems to retain and transform nutrients at
different stages of succession and under different de-
grees of disturbance (Likens and Bormann 1977). The
small watershed approach (Bormann and Likens 1979)
to element budgets ascribes to forest processing changes
in nutrients from precipitation inputs to streamflow
outputs at the watershed base. Similarly, the stream
mass balances presented here ascribe to in-stream pro-
cessing of nutrients (especially algal uptake) changes
from inputs to outputs between two points along the
stream channel.

Nitrogen budgets presented in this paper represent
a spectrum of conditions determined largely by time
since last disturbance. Just as biomass and production
are not predictable in desert streams unless time since
flooding is known (Fisher 1983), these budgets vary
primarily because they reflect nitrogen cycling at dif-
ferent stages of succession. Diel budget studies were
used to test the Vitousek and Reiners (1975) hypoth-
esis, which predicts that nutrient retention is highest
in early to middle stages of succession, when NEP is
maximal, and declines to zero late in succession. Pat-
terns of successional change in nutrient retention are
similar to those of net ecosystem production or net
biomass accrual when uptake of the nutrient by au-
totrophs is the major retentive process.

The 38-d postflood sequence at site 2 provides data
for a single site that may be used to evaluate the as-
sumptions and predictions of the Vitousek and Reiners
model. Algal standing stocks increased rapidly to 50%
of maximum levels within 10 d (Fig. 6). Patterns of
recovery were similar to those reported by Fisher et
al. (1982) for a 1979 sequence at approximately the
same site, but higher chlorophyll a and AFDM stand-
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F1G. 6. Post-flood trajectories of (A) standing stocks of
chlorophyll a (O), AFDM (@), and nitrogen (2) and (B) GPP
(O), NEP (2), and R (®) in Sycamore Creek, site 2, 1981.

ing stocks were reached in 1981. Rates of metabolism
increased asymptotically through the sequence (Fig. 6).
Neither this sequence nor the 60-d period studied by
Fisher et al. (1982) showed evidence of a late-stage
decline in NEP as biomass approached a steady state
(Fig. 6). Inorganic N retention also increased during
the successional period, from 3% of N inputs on day
7, to 8% on day 11 and 12% on day 27, and showed
no evidence of late successional decline. Longer succes-
sional sequences may exhibit the predicted decline;
1979 and 1981 successions were just 60 and 38 d in
length.

Nitrogen stored in the surface sediment and water
column subsystems increased from 4.4 to nearly 9.0
g/m’ between day 7 and day 27 (Fig. 6). Assuming N
was retained at a rate of 250 mg-m~2-d ! (average of
N retention from Diels I and III), 79% of N retained
over this 20-d period appeared in algal biomass, while
10% was accounted for by increased macroinvertebrate
standing stocks. The increase in N was approximately
linear from day O to day 11 at 605 mg-m~3-d-', fol-
lowed by a slower increase of 110 mg-m 2-d-! from
day 11 to day 27 (Fig. 6). Nitrogen retention, however,
was lower on day 7 (100 mg-m~2-d~') than on day 27
(400 mg-m~—2-d~"'). The discrepancy between estimates
of N stored throughout the period and N retained by
the stream on specific dates of the diel budget studies
may result from variation in day-to-day rates of N
retention during the early postflood period. By day 27,
N retention rate suggests that N should be accumulat-
ing in the system at a faster rate than it actually is. This
may also result from errors in estimation of retention
rate, or N may indeed be accumulating in some un-
measured component of the system (e.g., the hyporheic
zone). Nevertheless, over the 20-d period between Diel
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1981-1983.

I and Diel III, total N retention agrees well with total
N accumulation in algal and animal tissue, supporting
the assumption that autotrophic uptake is the major
retentive process in this ecosystem.

The prediction of Vitousek and Reiners’ model that
ecosystem nutrient retention should increase from ear-
ly to middle successional stages, then decline to zero
in late succession was supported by analysis of the
seven diel studies (Fig. 7). Since net biomass accrual
is not known for all seven studies, I am unable to
evaluate the prediction that it too declines in late stages.
It is possible for steady state biomass to be maintained
in streams while NEP remains positive, provided ex-
cess production is exported (Busch and Fisher 1981,
Grimm and Fisher 1986a). The Diel IV study, which
was done >90 d since disturbance, exhibited negative
(but near zero) N retention and may have had zero or
negative net biomass accrual. Additional studies of a
longer successional sequence at a single site would be
needed to determine whether NEP is reduced in late
stages and under what conditions this occurs. In desert
streams many opportunities arise in each year to ex-
amine effects of flooding and early recovery thereafter.
Because of the paucity of rainfall in the region, occa-
sional extended periods between floods also occur and
provide a successional time frame akin to several
hundreds of years in terrestrial ecosystems.
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