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VERTICAL HYDROLOGIC EXCHANGE AND ECOSYSTEM
METABOLISM IN A SONORAN DESERT STREAM!

JEREMY B. JONES, JR.,2 STUART G. FISHER, AND NANCY B. GRIMM
Department of Zoology, Arizona State University, Tempe, Arizona 85287 USA

Abstract. Hyporheic metabolism in a-Sonoran Desert stream was examined, focusing
on the sources of detritus supporting hyporheic respiration. Two alternative hypotheses
were specifically addressed: (1) organic matter derived from the surface stream supports
hyporheic respiration, and (2) detritus buried during flash floods supports hyporheic res-
piration. As predicted for the surface-derived organic matter hypothesis, respiration was
lowest immediately following flash floods and increased significantly with time after flood
(P < 0.001). Hyporheic respiration ranged from 0.05 mgO,-L sediments~'-h~! immediately
following a flash flood to as high as 4.41 mgO,-L sediments~'-h~! late in algal succession.
Respiration was significantly correlated with surface algal biomass during two spring/
summer successional sequences (P < 0.05; partial correlation coefficients 0.58 and 0.88).
Respiration was also consistently higher in downwelling than upwelling zones with overall
mean rates of 1.12 and 0.46 mgO,-L sediments~'-h~!, respectively. Respiration exhibited a
distinct diel pattern with highest rate coinciding with time of maximum photosynthesis and
was also significantly correlated with dissolved organic carbon concentration (P < 0.05),
further supporting the hypothesis of hyporheic dependence on algal production. Flash floods
bury organic matter that is also respired in the hyporheic zone; however, based upon storage
of organic carbon immediately following floods, an average of only 15% of the observed
respiration could be supported. We conclude that hyporheic respiration in Sycamore Creek
is tightly linked to surface production. It is spatially distributed in biotic “‘hot spots’” where
surface waters enter hyporheic sediments and is most likely supported by organic matter

that is supplied as dissolved organic carbon, perhaps from algal production.
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INTRODUCTION

Stream ecosystem respiration is spatially heteroge-
neous and depends on many factors including abun-
dance and species composition of microorganisms
(Characklis and Cooksey 1983, Rounick and Winter-
bourn 1983), organic matter quantity and quality (Kap-
lan and Bott 1985, Leff and McArthur 1990), inorganic
nutrient availability, and availability of terminal elec-
tron acceptors (Dahm et al. 1991). Previous studies of
stream respiration have focused on surface metabolism;
however, sediments underlying the surface stream (the
hyporheic zone) also are metabolically active (Grimm
and Fisher 1984). The hyporheic zone is an important
habitat for invertebrates (Bretschko and Leichtfried
1988, Stanford and Ward 1988, Strommer and Smock
1990), is a major site of detrital storage (Metzler and
Smock 1990, Leichtfried 1991), and influences surface
stream functioning through hydrologic exchange (Wal-
lis et al. 1981, Munn and Meyer 1988, White 1990,
Grimm et al. 1991, Valett et al. 1994). Organic matter
within hyporheic sediments varies in abundance and

! Manuscript received 2 May 1994; revised 29 August
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October 1994.

2 Present address: Environmental Sciences Division, Oak
Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Ten-
nessee 37831-6335 USA.

composition (Rutherford and Hynes 1987, Leichtfried
1991) which has important implications for respiration.
Moreover, dissolved oxygen, the electron acceptor used
in aerobic metabolism, also varies in space and time
and can limit hyporheic metabolism (Dahm et al. 1991).

The surface stream and hyporheic zone are linked at
areas of hydrologic upwelling (hyporheic to surface)
and downwelling (surface to hyporheic) (Rutherford
and Hynes 1987, White 1990, Valett et al. 1994). Pre-
vious research has demonstrated that the structure and
functioning of the surface stream is influenced by hy-
drologic upwelling. Hyporheic waters are frequently
enriched in nitrogen and phosphorus (Triska et al. 1989,
Duff and Triska 1990, Valett et al. 1990, Grimm et al.
1991, Hendricks and White 1991), and may alleviate
surface nutrient limitation at upwelling zones (Grimm
et al. 1991, Valett et al. 1994). Valett et al. (1994)
showed algal species composition was different and
biomass higher in upwelling than in downwelling
zones. Nutrient-poor water in downwelling zones lim-
ited algal production and favored cyanobacteria in
comparison to chlorophytes.

The hyporheic zone is also reliant upon linkage with
the surface stream and surrounding terrestrial environ-
ment. Grimm and Fisher (1984) reported respiration in
the hyporheic zone of a Sonoran Desert stream nearly
equal to that of the surface stream. This high respira-
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tory demand is ultimately dependent on the surface
stream or surrounding terrestrial environment for or-
ganic matter as a substrate for respiration.

This research focused on two questions, (1) what is
the source of organic matter supporting hyporheic res-
piration, and (2) by what mechanism does this material
enter hyporheic sediments? Two alternative hypotheses
were specifically addressed, (1) organic matter derived
from the surface stream supports hyporheic respiration
(surface stream-derived organic matter hypothesis),
and (2) detritus buried during floods supports hyporheic
respiration (flash flood-buried organic matter hypoth-
esis). Desert streams have high algal production and
biomass (Busch and Fisher 1981, Grimm 1987) that
may be an important organic matter substrate for hy-
porheic respiration. If surface stream-derived organic
matter supports hyporheic respiration then we predict
(1) hyporheic respiration will increase with time after
flood as algal biomass increases, and (2) hyporheic
respiration will be highest in areas of downwelling
where surface water containing labile organic carbon
enters hyporheic sediments. Desert streams also are
disturbed by flash floods that scour much of the sub-
strate, remove algae, transport detritus into the stream
from the watershed, and bury detritus in hyporheic sed-
iments. If this detritus supports hyporheic respiration
then we predict (1) hyporheic respiration will be great-
est soon after flash floods when hyporheic particulate
organic matter (POM) storage is highest and decrease
as POM labile fractions are depleted by respiration,
and (2) hyporheic respiration will be equal in upwelling
and downwelling zones. These predictions were tested
over 14 months that encompassed four floods and sub-
sequent recovery sequences in downwelling and up-
welling zones of three runs in Sycamore Creek, Ari-
zona, USA.

STuDY SITE

Sycamore Creek is an intermittent Sonoran Desert
stream located 32 km northeast of Phoenix, Arizona,
USA. The stream drains a 505 km? mountainous wa-
tershed varying in elevation from 427 to 2164 m. The
catchment is composed of igneous and metamorphic
rocks with shallow overlying soils and unconsolidated
sediments (Thomsen and Schumann 1968). Ponderosa
pine and pifion—juniper woodlands predominate at
higher elevations and Sonoran desert scrub at lower
elevations. Precipitation is bimodal in winter and sum-
mer with annual means of 58.4 and 33.9 cm/yr at higher
and lower elevations, respectively (Thomsen and Schu-
mann 1968).

In mid-elevation runs (ranging in elevation from 600
to 760 m) of Sycamore Creek, where this study was
performed, mean stream depth is 5 cm and average
wetted channel width is 5-6 m. The wetted channel is
bounded by an active channel of alluvium that is over
20 m wide (Fisher et al. 1982). Stream substrata consist
primarily of sand and fine gravel with a mean depth to
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bedrock of 62 cm (Valett et al. 1990). Riparian trees
are restricted to high flow stream margin, consequently
the stream receives full sunlight most of the day and
has in-stream gross primary production as high as 12
g0,-m~2.d~! and algal biomass (chl a) as great as 350
mg/m? (Grimm 1987).

Three study reaches were selected in sandy runs at
~650 m elevation. Reaches I, IT and III were 295, 115
and 104 m long, respectively, and were separated by
pools and riffles.

METHODS

Spatial and temporal patterns of
hyporheic respiration

Respiration rate was measured in one upwelling and
one downwelling zone in each of three study reaches
(n = 3 upwelling, n = 3 downwelling sites) approxi-
mately monthly from April 1992 through June 1993.
Upwelling and downwelling zones were located at the
tops and bottoms of each of the three study reaches
based upon the work of Valett et al. (1994) in which
this hydrologic pattern was originally reported for Syc-
amore Creek. Vertical hydraulic gradient (VHG) at the
top and bottom of each run was confirmed during this
study using mini-piezometers (Lee and Cherry 1978).
Piezometers were 9-mm (internal diameter) polyeth-
ylene tubes with lateral perforations near the tip of the
tube covered by 300 wm Nitex mesh. Piezometers (n
= 1 measurement per site) were inserted to a depth of
25 cm below the stream bed and hydraulic head (cm)
was measured using a manometer to determine differ-
ence in water column heights between water columns
drawn simultaneously from the piezometer and surface
stream. VHG was calculated as the hydraulic head di-
vided by piezometer depth (cm/cm). Positive VHG in-
dicates hyporheic waters upwelling into surface waters,
whereas negative VHG indicates surface waters down-
welling into hyporheic sediments. VHG was measured
on all sampling dates except for three during spring
1993 when current velocity was too high for accurate
measurement.

Subsurface respiration was measured as uptake of
dissolved oxygen in chambers that contained hyporheic
sediments and hyporheic water. Respiration chambers
were constructed from clear plastic pipe (32 cm long,
4.4 cm inside diameter) that were sealed on both ends
with rubber stoppers. Chambers were filled with hy-
porheic sediments that were collected from a depth of
2-17 cm below the sediment surface. Sediments to fill
chambers were collected by scraping away benthic sed-
iments and algae (top 2 cm of sediments) then inserting
chambers to a depth of 17 cm and withdrawing the
plastic pipe filled with 15 cm of sediments. Chambers
were filled with water pumped from the hyporheic
zone, gently inverted three times to allow any air
trapped within sediments to escape, and sealed on the
ends with rubber stoppers. Sealed chambers were then
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buried in hyporheic sediments at a depth of 10 cm (to
eliminate light) and incubated in situ for 3—-4 h.

Three respiration chambers of replicated sediment
samples were incubated from each upwelling and
downwelling zone (n = 18 incubations per sampling
date). Replicated incubations within a site were started
immediately after filling chambers with sediments and
water. Incubations at different sites were started =0.5
h apart (lag time between sites due to transit and set-
up time) and alternated between downwelling and up-
welling zones.

Water to fill respiration chambers was collected from
the same piezometer used for VHG measurements. Wa-
ter was drawn with a peristaltic pump and initially
pumped into a 4-L polyethylene container, from which
the three chambers and three dissolved oxygen bottles
were filled for each sample site. Initial oxygen con-
centration in the three chambers for a given site was
determined as the average of the three dissolved oxygen
samples from that site. Samples for determination of
final dissolved oxygen concentration in chambers were
collected by inverting chambers three times (to mix
water in chambers) and filling a dissolved oxygen bottle
from a continuous column of water drawn from the
core. The volume of sediments and water in a chamber
were also determined and the sediments saved for later
analysis of particulate organic carbon (POC). Three
pre-acid washed polyethylene bottles were also filled
from the 4-L polyethylene container for analysis of
interstitial water chemistry (n = 3 samples from each
upwelling and downwelling site, n = 18 subsurface
samples total per sampling date). Triplicate samples of
surface stream water were also collected (n = 3 samples
per date).

Water chemistry samples were stored at 4°C, filtered
upon return to the laboratory (Whatman GF/F glass
fiber filters), and analyzed for dissolved organic carbon
(DOC), total dissolved monosaccharides, ammonium
nitrogen (NH,-N), nitrate nitrogen (NO;-N), total dis-
solved nitrogen (TDN), and soluble reactive phospho-
rus (SRP). Dissolved organic carbon was analyzed us-
ing persulfate oxidation on an Oceanography Inter-
national Model 700 Total Carbon Analyzer (Menzel
and Vaccaro 1964). Total dissolved monosaccharides
were measured by MBTH (3-methyl-2-benzothiazoli-
none hydrazone hydrochloride) assay (Johnson and
Sieburth 1977). Ammonium was measured with the
phenolhypochlorite method (Solorzano 1969). Nitrate
was analyzed colorimetrically following reduction to
nitrite in cadmium-copper columns (Wood et al. 1967).
Dissolved organic nitrogen (DON) was determined by
difference between TDN and dissolved inorganic ni-
trogen (NH,-N + NO;-N); TDN was analyzed as nitrate
following 4 h of ultraviolet oxidation (Manny et al.
1971). Molybdate-antimony analysis was used to mea-
sure SRP (Murphy and Riley 1962). Dissolved oxygen
samples were analyzed by the Winkler method.

Sediment samples were stored on ice for transport
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to the laboratory after which samples were frozen until
analyzed. POC was analyzed by sealing sediments (<1
mm size class separated by dry sieving) into glass am-
pules, digesting with persulfate oxidation, and mea-
suring resulting CO, on a total organic carbon analyzer
(Menzel and Vaccaro 1964).

Algal biomass was measured every 2 to 4 wk in study
reach I by first mapping algal percentage cover by patch
type and then randomly sampling all patches covering
>10% area with a 25-cm? core to 2 cm depth (n = 5
cores per patch; Grimm 1987). Samples were stored on
ice for transport to the laboratory then frozen until
analyzed spectrophotometrically for chlorophyll a us-
ing a methanol extraction technique (Tett et al. 1975).
Total chlorophyll a for the reach was calculated as the
sum of patch specific chlorophyll a multiplied by the
proportion of stream occupied by that patch. Thus, algal
biomass values reported herein are for whole reaches.

Average respiration rate on annual and successional
sequence bases was calculated as weighted means; res-
piration rate on each sampling date was weighted by
the time interval between the previous and successive
sampling dates. Effects of run location (run top vs. run
bottom) and days postflood (DPF) on respiration, VHG,
dissolved oxygen, DOC, monosaccharides and POC
were assessed using a repeated measures ANOVA
(SYSTAT: Wilkinson 1990). The correlations of algal
biomass, dissolved oxygen, VHG, DOC, monosaccha-
rides, POC, NH,-N, NO;-N, DON, SRP, atomic ratio
of DOC:TDN (total dissolved nitrogen), and temper-
ature with hyporheic respiration in upwelling and
downwelling zones were analyzed by forward step-
wise multiple linear regression (o = 0.05-to-enter; Wil-
kinson 1990). Data were transformed prior to analysis,
if necessary, to meet the assumptions of normality and
equal variances.

Diel variation in hyporheic respiration

The surface stream-derived organic matter hypoth-
esis was also examined by testing for a relationship
between diel variation in algal production and hypo-
rheic respiration. The relationship was examined by
determining if hyporheic respiration rate varied over
24 h and if the character (e.g., amount of labile organic
matter) of surface water changed on a diel basis. Hy-
porheic respiration rate was assessed on one sampling
date late in time after a flood (181 days after flood; 8—
9 July 1993), when algal biomass was high, in the
downwelling zone of study reach I. Respiration rate
was measured in situ using chambers previously de-
scribed. Three chambers were filled with sediments (2—
17 cm depth) and hyporheic water (drawn from 25 cm)
every 4 h and incubated buried in stream sediments for
4 h. Thus, respiration rate was measured at 1000, 1400,
1800, 2200, 0200, and 0600 hours.

To differentiate between effects of diel temperature
variation and changes in the character of stream water,
sediments were also incubated in the laboratory using
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surface water collected every 4 h during the diel sam-
pling trip. In other words, temperature was constant
and only temporal origin of water varied. Hyporheic
sediments were randomly collected from the down-
welling zone of reach I (collected from 2—17 cm depth)
and transported to the laboratory at ambient tempera-
ture. Laboratory incubation chambers differed from
field chambers in that they were plumbed to peristaltic
pumps that recirculated water through the sediments
(mean flow rate through sediments = 0.6 mm/s). Cham-
bers (32 cm long, 4.4 cm inside diameter) were initially
plumbed in-line to a reservoir to provide sufficient wa-
ter volume for initial oxygen samples. Water circulated
from the reservoir through chambers and then back to
the reservoir for 1 h before incubation was initiated.
Initial dissolved oxygen samples were collected by
drawing water from the reservoir, through chambers
and into dissolved oxygen bottles (n = 3). After initial
oxygen samples were collected, the routing of flow
through chambers and reservoir was changed so that
water circulated from the top of a core through the
pump and back to the bottom of the core. Sediments
were incubated for 4 h (n = 4 chambers per point in
time), and final dissolved oxygen samples were col-
lected by drawing water from chambers into dissolved
oxygen bottles (n = 1 per chamber). Effects of time
of day on hyporheic respiration for both in situ and
laboratory incubations were analyzed with repeated
measures ANOVA on transformed data (Wilkinson
1990).

Hyporheic respiration vs. DOC and POC
concentration

The surface stream-derived organic matter and flash
flood-buried organic matter hypotheses were further
examined by testing effects of surface DOC and hy-
porheic POC on hyporheic respiration using hyporheic
sediments incubated in the laboratory. Concentration
of DOC was manipulated by diluting stream water with
distilled water producing four treatment levels (0, 33,
67, 100% stream water). Incubation chambers were
those previously described for the diel laboratory ex-
periment. Water samples for DOC analysis were col-
lected from the outflow line from chambers (i.e., the
return line to reservoir) and are an integration of treat-
ment water and water stored in the sediments. Con-
sequently, the distilled water treatment contained DOC
from interstitial water.

The effects of POC were examined by amending
sediments in respiration chambers with natural fine par-
ticulate organic matter (FPOM). FPOM was obtained
from the hyporheic zone of study reach I by collecting
sediments (using a trowel; sediments from 2-17 cm
depth) and stream water into a bucket, swirling the
container to separate dense inorganic particles from
FPOM, and decanting supernatant (water and FPOM)
through a sieve (0.053 mm mesh size). FPOM was
transferred from the sieve into a polyethylene bottle
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and stored at 4°C until incubations. Sediment cores
were amended with FPOM creating four treatments (0,
45, 90, 180 g wet mass FPOM added per chamber).
Following laboratory incubation, sediments from each
chamber were analyzed for POC as previously de-
scribed. POC in chambers ranged from 30 to 96
mgC/L sediment. Respiration vs. POC and DOC con-
centration was analyzed using simple linear regression
(Wilkinson 1990).

RESULTS

During the study Sycamore Creek experienced four
floods on 2 April 1992, 23 August 1992, 8 December
1992, and 8 January 1993 with peak discharges of 21 .4,
113, 11.5, and 650 m?s, respectively (discharge data
from United States Geological Survey 1992, 1993).
This range in flood magnitude encompassed discharges
with return frequencies from 1 to 50 yr (flood frequency
data for Sycamore Creek from Hedman and Osterkamp
1982).

Hydrologic exchange and
hyporheic zone chemistry

The hydrologic pattern of upwelling zones at the tops
of runs and downwelling zones at the bottoms of runs
reported by Valett et al. (1994) was also observed in
this study (Table 1). Vertical hydraulic gradient at the
tops of the three runs ranged from O to 0.04 cm/cm
(Fig. 1) and was significantly greater than at the bot-
toms of runs (P < 0.05; Table 2), where VHG ranged
from 0 to —0.16 cm/cm. Hydraulic gradient also
changed significantly with time after flood (P < 0.05;
Table 2), becoming increasingly negative at the bot-
toms of the three study reaches.

Dissolved oxygen in the hyporheic zone of Sycamore
Creek was highest in downwelling zones where aerated
surface waters entered hyporheic sediments (Table 1).
Dissolved oxygen concentration of surface and down-
welling zone waters was similar averaging 7.70 and
7.62 mgO,/L, respectively, but significantly greater
than in upwelling zones where dissolved oxygen con-
centration averaged 3.89 mgO,/L (P < 0.001; Table 2).

In contrast to the spatial variation observed in dis-
solved oxygen, organic carbon did not exhibit a con-
sistent spatial pattern. All three measures of organic
carbon (DOC, POC and total dissolved monosaccha-
rides) were not significantly different among surface,
downwelling, and upwelling waters (P = 0.05; Table
2).

During the spring/summer successional sequence of
1992 the temperature of Sycamore Creek increased
from 18.5°C in April 1992 to 26°C in July 1992. Sim-
ilarly, during the spring/summer successional sequence
of 1993 temperature rose from 14°C in February 1993
to 25°C in June 1993. Over the autumn successional
sequence, however, temperature declined from 24°C in
August 1992 to 17°C in November 1992.
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Chemical and physical characteristics of surface stream, downwelling and upwelling waters, and hyporheic

downwelling and upwelling sediments for study sites in Sycamore Creek, April 1992 through July 1993. Data are means
+ SE (n = 135 for downwelling and upwelling zones, n = 45 for surface stream).

Stream location

Surface Downwelling zone Upwelling zone

X SE X SE X SE
VHG (cm/cm) —0.059* 0.008 0.013* 0.004
Dissolved oxygen (mg O,/L) 7.70 0.13 7.62 0.33 3.89 0.38
DOC (mg C/L) 2.97 0.13 3.40 0.19 3.15 0.16
Monosaccharides (ug C/L) 324 32 248 61 276 69
POC (mg C/L sediment) 35.7 3.8 27.6 4.0
NH, (pg/L) 13 4 26 8 38 12
NO; (ng/L) 99 2 171 9 173 18
DON (pg/L) 117 13 127 10 122 14
SRP (pg/L) 47 2 57 4 73 10

*n = 36.

Spatial and temporal patterns of
hyporheic respiration

Hyporheic respiration changed significantly over
time (P < 0.001; Table 2, Fig. 2) with lowest rate
immediately following floods and increasing thereafter.
Respiration in upwelling and downwelling zones in-
creased an average ninefold over the four successional
sequences. Respiration was as low as 0.05 mgO,-L sed-
iments~'-h~! in upwelling zones in February 1993 and
as high as 4.41 mgO,-L sediments~"-h~' in downwelling
zones in July 1992.

Hyporheic respiration exhibited a pattern similar to
that of surface stream algal biomass (Fig. 2). Imme-
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diately following the four floods algal biomass aver-
aged only 10.7 mg/m? chl a. During the first and fourth
successional sequences, which culminated in summer,
algal biomass peaked at 201 and 333 mg/m? chl a by
July 1992 and June 1993, respectively. Algal biomass
over the second successional sequence (23 August—8
December 1992) rapidly reached 345 mg/m? chl a by
late summer, but declined to 130 mg/m? chl a in late
autumn as temperatures declined. Chlorophyll a during
the third successional sequence in December 1992,
which only lasted 30 d and was only sampled once,
was 25.1 mg/m>.

Respiration was higher in downwelling zones than
in upwelling zones. In fact, respiration in downwelling
zones was more than twice that of upwelling zones (P
< 0.01; Table 2, Fig. 2), with weighted annual mean
respiration of 1.12 and 0.46 mgO,-L sediments~'-h~',
respectively. Over the four successional sequences,
weighted mean respiration for downwelling and up-
welling zones was, respectively, 1.99 and 0.77 mgO,-L
sediments~!-h~! from April 1992 through July 1992,
0.65 and 0.36 mgO,-L sediments~'-h~' from August
1992 through November 1992, 0.99 and 0.51 mgO,-L.
sediments~!-h~! from December 1992 through January
1993, and 0.75 and 0.33 mgO,-L sediments~"-h~! from
February 1993 through June 1993. The pattern of re-
covery after flood in downwelling and upwelling zones
was similar in that there was no significant interaction
between hydrology and time after the event (P = 0.05;
Table 2, Fig. 2).

From 24 to 90% of the variation in hyporheic res-
piration was explained by a total of nine independent
variables (Table 3). During the two spring/summer suc-
cessional sequences respiration was associated with
stream-surface algal biomass and within a spring/sum-
mer sequence the correlation between respiration and
algal biomass was higher in downwelling than up-
welling zones. Partial correlation coefficients between
respiration and chlorophyll a in downwelling and up-
welling zones were, respectively, 0.58 and 0.39 during
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TaBLE 2. Results of repeated measures ANOVA for the three postflood recovery periods. The independent variable is
location (surface, bottom of run, top of run for dissolved oxygen, DOC and monosaccharides, and bottom of run and top
of run for respiration, VHG, and POC), and the repeated variable is DPF (days postflood).

F statistic

Error mean

Dependent variable square Location DPF Location X DPF
Respirationtf between 0.435 48.08**

within 0.397 12.68*** 1.10Ns
VHG} between 0.005 13.48*

within 0.001 2.45% 1.54N8
Dissolved oxygen§ between 0.079 90.0%**

within 0.064 5.01%** 3,28 %%
DOC$§ between 0.079 5.37Ns

within 0.017 15.39%** 1.56N8
Monosaccharides§ between 0.004 0.18Ns

within 0.007 7.52%%% 2.18*
POCT between 0.331 3.3]Ns

within 0.071 25.18%** 0.80Ns

NS P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001.

+ Degrees of freedom are: (a) for between subject effects; location, 1; and error, 4; and (b) for within subject effects; DPF,

11; location X DPF, 11, and error, 44.

1 Degrees of freedom are: (a) for between subject effects; location, 1; and error, 4; and (b) for within subject effects; DPF,

8; location X DPF, 8, and error, 32.

§ Degrees of freedom are: (a) for between subject effects; location, 2; and error, 4; and (b) for within subject effects; DPF,

11; location X DPF, 22, and error, 44.

the 1992 spring/summer sequence, and 0.88 and 0.77
during the 1993 spring/summer sequence. In contrast,
during the autumn successional sequence, respiration
and chlorophyll a were inversely related in downwell-
ing zones (partial correlation coefficient = —0.55) and
were not significantly related in upwelling zones (P =
0.05). In upwelling zones, dissolved oxygen concen-
tration was also consistently correlated with respiration
(Table 3). Dissolved oxygen was never lower than 1.30
mgO,/L and rarely lower than 2.00 mgO,/L, hence
probably not limiting to respiration. Dissolved oxygen
declined with water residence time in sediments, how-
ever, and was likely a covariate with other factors such
as amount of labile organic matter.

Diel patterns of hyporheic respiration

Hyporheic respiration exhibited a distinct diel pat-
tern with highest rates coinciding with time of maxi-
mum photosynthesis (i.e., noon; Fig. 3). In situ res-
piration was significantly different over a day (P <
0.01) with the daytime rate being more than three times
the night time rate. The diel pattern of in situ respiration
was similar to stream temperature which varied from
a low of 23°C at 0130 and 0530 to a high of 29.5°C at
1330, thus suggesting temperature as a major influence.
However, when measured in the laberatory with a con-
stant temperature, respiration also exhibited significant
changes with time (P < 0.001; Fig. 3).

Patterns of POC storage

Storage of POC in hyporheic sediments varied sig-
nificantly over time (P < 0.001), but was similar in
downwelling and upwelling zones (P = 0.05; Table 2).
Over the spring/summer 1992 and autumn 1992 suc-

cessional sequences, POC in hyporheic sediments was
highest immediately following flash floods and de-
creased with time (Fig. 4). During the spring/summer
1992 sequence the decline of POC was especially great,
decreasing 87% from an average of 155 to 20.4
mgC/L sediments. The floods in August and December
1992 scoured sediments and buried POC resulting in
increased POC storage following disturbance. POC
storage during the fourth successional sequence
(spring/summer 1993) rose with time, in contrast to the
other sequences; POC storage increased over sixfold
from a low of 11.7 to 75.4 mgC/L sediments (Fig. 4).
This final sequence was initiated by a 50-yr flood that
scoured sediments to bedrock (=0.62 m) and continued
with a sustained discharge of 11 m3/s (baseflow dis-
charge in Sycamore Creek is 0.53 m?¥s as reported by
Thomsen and Schumann 1968) through March of the
same year.

Hyporheic respiration vs. POC and DOC

The concentration of DOC from surface stream water
and the amount of POC stored in hyporheic sediments
both affected respiration. Respiration was positively
correlated with POC and DOC (P < 0.05; Fig. 5), sup-
porting both hypotheses, and indicating that both forms
of carbon are used in metabolism. There was, however,
much unexplained variance (R? = 0.22 and 0.17 for
POC and DOC, respectively) suggesting that other fac-
tors influence respiration in addition to organic matter
quantity.

DiscussION
Hypotheses supported

The hypothesis that hyporheic respiration is depen-
dent on organic matter derived from the surface stream
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TABLE 3.
zones of runs for three successional sequences vs. twelve
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Results of multiple regression analysis (partial correlations) of hyporheic respiration in downwelling and upwelling

independent variables. Variables for which partial correlations

are not listed were excluded from the model because of low F values.

Successional sequence*

It I IV§
Independent variable Down Up Down Up Down Up
Chlorophyll 0.58 0.39 -0.55 0.88 0.77
Dissolved oxygen 0.19 0.28 0.60" -0.65 0.29
VHG
DOC -0.53 0.60
Monosaccharides
POC -0.32
Ammonium 0.50
Nitrate —0.67
DON 0.35 -0.25
SRP -0.57
DOC:TDN]|
Temperature —-0.21
Multiple R? 0.76 0.24 0.70 0.50 0.90 0.64
Sample sizeq 29 30 36 36 45 45
F ratio 31.1 5.63 21.1 12.6 83.5 40.5
P value <0.001 <0.01 <0.001 <0.001 <0.001 <0.001

* Successional sequence III (December 1992—January 1993) not included in analysis due to small sample size.

1 April 1992-July 1992.
f August 1992-November 1992.
§ February 1993-July 1993.

|| DOC:TDN = atomic ratio of dissolved organic C to total dissolved nitrogen (ammonium + nitrate + organic nitrogen).

q Sample size = total number of chambers incubated.

as a metabolic substrate was strongly supported by the
results. As predicted for this hypothesis, hyporheic res-
piration is highest late in succession when algal bio-
mass is greatest, and at downwelling zones where sur-
face waters enter hyporheic sediments. Flash floods
scour the substrate and reduce algal biomass. Over suc-
cessional time algal biomass increases and thus the pool
of surface organic matter also increases. This organic
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matter-rich water enters hyporheic sediments at areas
of downwelling, where a high subsurface metabolic
rate is supported. As this water travels through sedi-
ments it is likely stripped of labile organic matter, thus
reducing respiration in upwelling zones. Moreover, hy-
porheic respiration and photosynthesis exhibited sim-
ilar diel patterns, further supporting the surface stream-
derived organic matter hypothesis. We hypothesize that
this variation is attributable to labile organic matter
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produced during photosynthesis, and that respiration of
hyporheic microorganisms responds to diel variation
in that process.

The alternative hypothesis that hyporheic respiration
is supported by organic matter buried during floods was
supported by the data but to a lesser degree. POM was
buried by flash floods during the first two successional
sequences. POM decreased with time, presumably via
decomposition and downstream transport through sed-
iments. However, the amount of respiration that could
be supported by POM buried during floods is small.
Based upon the amount of hyporheic POC on the first
sampling date following a flood, and assuming all POC
is respired, an average of only 15% (range 3 to 28%
for individual successional sequences) of the observed
respiration could be supported. Moreover, the differ-
ence in respiration rate between downwelling and up-
welling zones, and the increase of respiration with time
after flood did not support predictions based on the
flood hypothesis. Therefore, while floods bury organic
matter that supports hyporheic respiration, it is more
likely that most organic matter (>85%) is supplied
from algal production in the surface stream.

Sources of surface-derived
organic matter

Extracellular release of DOM during algal photo-
synthesis is an important source of DOC in both lotic
and lentic ecosystems (e.g., Manny and Wetzel 1973,
Cole 1982). Baines and Pace (1991), in a review of
literature values of extracellular release of photosyn-
thate, reported phytoplankton losses averaging 13% of
total fixation. Kaplan and Bott (1982, 1989) reported
diel patterns of DOC concentration in a piedmont
stream in Pennsylvania with an afternoon maximum as
much as 40% higher than the daily minimum, resulting
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from photosynthetic fixation and subsequent extracel-
lular release of carbon. DOC release for two species
averaged 78 pgC-mg chl a '-h~! and was as high as
132 wgC-mg chl a~'-h~' (Kaplan and Bott 1982). As-
suming the same rate of DOC production by algae in
Sycamore Creek, photosynthesis could contribute an
average 8.8 mgC-m~2h~' (annual mean algal biomass
= 113 mg/m? chl a; Fig. 2) and as much as 46
mgC-m~2h~' (study maximum algal biomass = 345
mg/m? chl a; Fig. 2). These production rates translate
into an average contribution to the DOC pool of 0.2
mgC-L-"-h~! and potentially 0.9 mgC-L~"-h~' (assum-
ing a stream depth of 5 cm). Moreover, DOC production
by algae could support upwards of 25% of an average
hyporheic respiration rate of 185 mgC-m~2-h~! (assum-
ing a respiratory quotient of 1 and sediment depth of
0.62 m; Valett et al. 1990).

Organic matter produced by algae is labile and readi-
ly used by bacteria. Cole et al. (1982) described a tight
linkage between phytoplankton photosynthesis and
planktonic microbial production, in which photosyn-
thetic production of DOC supported about a third of
total microbial production. In lentic systems, plank-
tonic bacteria and algae have close spatial association
that results in algal exudates being rapidly metabolized
near the site of release (Cole 1982).

Kaplan and Bott (1982) observed a longitudinal time
lag for maximum DOC concentration in a stream in-
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dicating that not all was used at the point of production,
but at least a portion was transported downstream. Fur-
thermore, as the daily pulse of DOC was transported,
microorganisms responded with increased metabolism.
Benthic bacterial activity increased 1.4 to 3.0 times
from morning to afternoon (Kaplan and Bott 1989). In
Sycamore Creek, one estimate of the labile fraction of
the DOC pool (dissolved monosaccharides) was not
significantly greater in the surface stream than in the
hyporheic zone (Tables 1 and 2) suggesting that the
pool rapidly turns over. Bacteria in the surface stream
and hyporheic zone may respire labile DOC as rapidly
as it is produced, thus maintaining the concentration
of monosaccharides at a low level.

In addition to extracellular release of photosynthetic
DOM, algae also lose biomass through sloughing and
senescence (Stockner 1968, Naiman 1976, Cole et al.
1984). In Sycamore Creek, POM transport is typically
greater during the day than night (Grimm 1987) due
to POM generation from flotation of highly productive
algal mats and diurnal feeding by fishes (Fisher et al.
1981). Moreover, FPOM can be transported through
porous sediments of Sycamore Creek (Boulton et al.
1991); thus algal production of POM can also enter the
hyporheic zone by vertical hydrologic exchange.

Surface-stream—hyporheic linkage

To drive the linkage between the surface and hy-
porheic zone there must be sufficient hydrologic ex-
change; in Sycamore Creek the potential for exchange
is high (Valett et al. 1994). Flow through sediments is
the product of hydraulic conductivity and hydraulic
gradient (Lee and Cherry 1978). Sycamore Creek’s sed-
iments are coarse, resulting in high hydraulic conduc-
tivity (Shepherd 1989) of =1 cm/s (unpublished data).
Flux into hyporheic sediments is therefore potentially
as high as 0.2 cm/s based upon VHG data from this
study and may be as high as 0.8 cm/s in areas of intense
downwelling (Valett et al. 1994).

Once DOM and POM enters hyporheic sediments
much of it is immobilized by metabolically active mi-
croorganisms in sediments. Fiebig and Lock (1991)
perfused groundwater through sediment cores resulting
in a 10 to 26% immobilization of DOC. Vervier and

Naiman (1992) and Findlay et al. (1993) both reported -

DOC concentration to decrease 50% along subsurface
flowpaths in gravel bars in a sixth order river in Wash-
ington and a fourth order stream in New York, respec-
tively. Moreover, Findlay et al. (1993) found bacterial
abundance and production to decrease as DOC de-
clined, presumably due to degradation of labile DOC,
and speculated that the surface stream was the source
of organic matter supporting sediment respiration. Ver-
vier et al. (1993), working in the Garonne River in
France did not, however, find a consistent decrease in
DOC along a gravel bar flowpath; they suggested DOC
patterns along flowpaths were controlled by not only
input and downstream sequestering of DOC, but also
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by microhabitat variation in POM and microbial activ-
ity within sediments.

Numerous authors have reported groundwater to be
high in DOC (Wallis et al. 1981, Rutherford and Hynes
1987, McDowell and Likens 1988) and have hypoth-
esized groundwater to be a source of organic matter
for surface streams (Hynes 1975, Ford and Naiman
1989, Fiebig et al. 1990). In Sycamore Creek, most of
the water in the hyporheic zone, at least at the depth
addressed in this study (15 cm), originated from the
surface and not from groundwater inputs. Hyporheic
dissolved oxygen was high, especially in downwelling
zones, and similar to the surface suggesting that hy-
porheic waters originated from the surface (Hill 1990,
Hendricks and White 1991). Using differences in dis-
solved oxygen between the surface and hyporheic zone,
and hyporheic respiration rate, we estimate that hy-
porheic residence time in Sycamore Creek is just 0.1
and 2.5 h in downwelling and upwelling zones, re-
spectively.

Spatial heterogeneity and
stream functioning

Spatial heterogeneity has been examined extensively
by terrestrial ecologists and recognized as an important
determinant of ecosystem functioning (e.g., Pickett and
White 1985, Wiens et al. 1985, Forman and Godron
1986, Urban et al. 1987, Turner 1989). Ecosystems are
composed of a mosaic of patches that differ in species
composition (Watt 1947, Whittaker 1975, Sousa 1984)
and material and energy distributions (Bormann and
Likens 1979, Vitousek 1985, Schlesinger et al. 1990).
Patches are linked to other patches through material,
energy, and organism exchanges, and may act as
sources or sinks for abiotic and biotic elements (Wiens
et al. 1985, Pulliam 1988, Grimm 1994). Ecosystem
structure at the next higher-scale is describable by this
mosaic of patch types, and functioning is a product of
linkages between these patches.

Stream ecologists have historically viewed streams
as a continuum of spatial variation and processes (Van- °
note et al. 1980). Streams, however, are composed of
different patches linked via a strong hydrologic trans-
port vector that results in potentially high interactions
between patches (Naiman et al. 1988, Pringle et al.
1988). The functioning of surface and hyporheic sub-
systems are clearly interdependent. The two subsys-
tems are linked through hydrologic exchange that is a
transport vector for materials and nutrients. Valett et
al. (1994) demonstrated a connection from the hypo-
rheic zone to surface in which subsurface nutrient rich
waters up-well into the surface stream and alleviate
local nutrient limitation. Conversely, the surface rep-
resents a source of labile organic matter to fuel hy-
porheic respiration. Materials from algal production are
transported to the hyporheic zone via regions of hy-
drologic downwelling and produce biotic ‘‘hot spots”’,
where surface waters enter hyporheic sediments. Thus,
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the hyporheic zone is a source of nutrients to the sur-
face stream where primary production is stimulated,
which in turn provides a labile organic carbon source
for hyporheic respiration. Future concepts of stream
ecosystem functioning must incorporate interactions
between the surface and hyporheic zone. Stream eco-
systems can only fully be understood by expanding
definitions of ecosystem boundaries to include all com-
ponent subsystems and the interactions between these
patches.

ACKNOWLEDGMENTS

Thanks to M. Mallett, D. Greene, R. Holmes and A. Wiebel
for help in the laboratory and field. Thanks also to Drs. C.
Dahm, J. Elser and W. Minckley for constructive comments
on the manuscript. In addition, we thank Mr. John Whitney
for access to Sycamore Creek through Dos S Ranch. This
research was supported by National Science Foundation’s
Ecosystem Studies Program (grants DEB-9224059 to J. B.
Jones and S. G. Fisher, and BSR-8818612, DEB-9108362,
and DEB-9306909 to S. G. Fisher and N. B. Grimm).

LITERATURE CITED

Baines, S. B., and M. L. Pace. 1991. The production of
dissolved organic matter by phytoplankton and its impor-
tance to bacteria: patterns across marine and freshwater
systems. Limnology and Oceanography 36:1078-1090.

Bormann, E H., and G. E. Likens. 1979. Catastrophic dis-
turbance and the steady state in northern hardwood forests.
American Scientist 67:660-669.

Boulton, A. J., S. E. Stibbe, N. B. Grimm, and S. G. Fisher.
1991. Invertebrate recolonization of small patches of de-
faunated hyporheic sediments in a Sonoran Desert stream.
Freshwater Biology 26:267-277.

Bretschko, G., and M. Leichtfried. 1988. Distribution of or-
ganic matter and fauna in a second order, alpine gravel
stream (Ritrodat-Lunz study area, Austria). Internationale
Vereinigung fiir Theoretische iind Angewandte Limnologie
Verhandlungen 23:1333-1339.

Busch, D. E., and S. G. Fisher. 1981. Metabolism of a desert
stream. Freshwater Biology 11:301-307.

Characklis, W. G., and K. E. Cooksey. 1983. Biofilms and
microbial fouling. Advances in Applied Microbiology 29:
93-138.

Cole, J. J. 1982. Interactions between bacteria and algae in
aquatic ecosystems. Annual Review of Ecology and Sys-
tematics 13:291-314.

Cole, J. J., G. E. Likens, and J. E. Hobbie. 1984. Decom-
position of planktonic algae in an oligotrophic lake. Oikos
42:257-266.

Cole, J. J., G. E. Likens, and D. L. Strayer. 1982. Photo-
synthetically produced dissolved organic carbon: an im-
portant carbon source for planktonic bacteria. Limnology
and Oceanography 27:1080-1090.

Dahm, C.N., D. L. Carr, and R. L. Coleman. 1991. Anaerobic
carbon cycling in stream ecosystems. Internationale Ver-
einigung fiir Theoretische iind Angewandte Limnologie
Verhandlungen 24:1600-1604.

Duff, J. H, and E J. Triska. 1990. Denitrification in sedi-
ments from the hyporheic zone adjacent to a small forested
stream. Canadian Journal of Fisheries and Aquatic Sciences
47:1140-1147.

Fiebig, D. M., and M. A. Lock. 1991. Immobilization of
dissolved organic matter from groundwater discharge
through the stream bed. Freshwater Biology 26:45-55.

Fiebig, D. M., M. A. Lock, and C. Neal. 1990. Soil water
in the riparian zone as a source of carbon for a headwater
stream. Journal of Hydrology 116:217-237.

Findlay, S., D. Strayer, C. Goumbala, and K. Gould. 1993.

HYPORHEIC METABOLISM IN A DESERT STREAM

951

Metabolism of streamwater dissolved organic carbon in the
shallow hyporheic zone. Limnology and Oceanography 38:
1493-1499.

Fisher, S. G., D. E. Busch, and N. B. Grimm. 1981. Diel
feeding chronologies in two Sonoran Desert stream fishes,
Agosia chrysogaster (Cyprinidae) and Pantosteus clarki
(Catostomidae). Southwestern Naturalist 26:31-36.

Fisher, S. G., L. J. Gray, N. B. Grimm, and D. E. Busch.
1982. Temporal succession in a desert stream ecosystem
following flash flooding. Ecological Monographs 52:92—
110.

Ford, T. E., and R. J. Naiman. 1989. Groundwater—surface
water relationships in boreal forest watersheds: dissolved
organic carbon and inorganic nutrient dynamics. Canadian
Journal of Fisheries and Aquatic Sciences 46:41-49.

Forman, R. T. T., and M. Godron. 1986. Landscape ecology.
Wiley, New York, New York, USA.

Grimm, N. B. 1987. Nitrogen dynamics during succession
in a desert steam. Ecology 68:1157-1170.

Grimm, N. B. 1994. Why link species and ecosystems? A
perspective from ecosystem ecology. Pages 5-15 in J. H.
Lawton and C. G. Jones, editors. Linking species and eco-
systems. Chapman and Hall, New York, New York, USA.

Grimm, N. B., and S. G. Fisher. 1984. Exchange between
interstitial and surface water: implications for stream me-
tabolism and nutrient cycling. Hydrobiologia 111:219-228.

Grimm, N. B., H. M. Valett, E. H. Stanley, and S. G. Fisher.
1991. Contribution of the hyporheic zone to stability of an
arid-land stream. Internationale Vereinigung fiir Theoreti-
sche iind Angewandte Limnologie Verhandlungen 24:
1595-1599.

Hedman, E. R., and W. R. Osterkamp. 1982. Streamflow
characteristics related to channel geometry of streams in
western United States. United States Geological Survey
Supply Paper 2193.

Hendricks, S. P, and D. S. White. 1991. Physicochemical
patterns within a hyporheic zone of a northern Michigan
river, with comment on surface water patterns. Canadian
Journal of Fisheries and Aquatic Sciences 48:1645-1654.

Hill, A. R. 1990. Ground water flow paths in relation to
nitrogen chemistry in the near-stream zone. Hydrobiologia
206:39-52.

Hynes, H. B. N. 1975. The stream and its valley. Interna-
tionale Vereinigung fiir Theoretische iind Angewandte
Limnologie Verhandlungen 19:1-15.

Johnson, K. M., and J. McN. Sieburth. 1977. Dissolved car-
bohydrates in seawater. I. a precise spectrophotometric
analysis for monosaccharides. Marine Chemistry 5:1-13.

Kaplan, L. A., and T. L. Bott. 1982. Diel fluctuations of
DOC generated by algae in a piedmont stream. Limnology
and Oceanography 27:1091-1100.

Kaplan, L. A., and T. L. Bott. 1985. Acclimation of stream-
bed heterotrophic microflora: metabolic responses to dis-
solved organic matter. Freshwater Biology 15:479-492.

Kaplan, L. A, and T. L. Bott. 1989. Diel fluctuations in
bacterial activity on streambed substrata during vernal algal
blooms: effects of temperature, water chemistry, and hab-
itat. Limnology and Oceanography 34:718-733.

Lee, D. R, and J. A. Cherry. 1978. A field exercise on
groundwater flow using seepage meters and mini-piezom-
eters. Journal of Geological Education 27:6-10.

Leff, L. G., and J. V. McArthur. 1990. Effect of nutrient
content on leaf decomposition in a coastal plain stream; a
comparison of green and senescent leaves. Journal of Fresh-
water Ecology 5:269-277.

Leichtfried, M. 1991. POM in bed sediments of a gravel
stream (Ritrodat-Lunz study area, Austria). Internationale
Vereinigung fiir Theoretische iind Angewandte Limnologie
Verhandlungen 24:1921-1925.

Manny, B. A., M. C. Miller, and R. G. Wetzel. 1971. Ultra-



952

violet combustion of dissolved organic nitrogen com-
pounds in lake waters. Limnology and Oceanography 16:
71-85.

Manny, B. A., and R. A. Wetzel. 1973. Diurnal changes in
dissolved organic and inorganic carbon and nitrogen in a
headwater stream. Freshwater Biology 3:31-43.

McDowell, W. H., and G. E. Likens. 1988. Origin, com-
position, and flux of dissolved organic carbon in the Hub-
bard Brook valley. Ecological Monographs 58:177-195.

Menzel, D. W., and E R. Vaccaro. 1964. The measurement
of dissolved and particulate organic carbon in seawater.
Limnology and Oceanography 9:138-142.

Metzler, G. W., and L. A. Smock. 1990. Storage and dy-
namics of subsurface detritus in a sand-bottomed stream.
Canadian Journal of Fisheries and Aquatic Sciences 47:
588-594.

Munn, N. L., and J. L. Meyer. 1988. Rapid flow through the
sediments of a headwater stream in the southern Appala-
chians. Freshwater Biology 20:235-240.

Murphy, J., and J. P. Riley. 1962. Determination of phosphate
in natural water. Annals Chemicta Acta 27:31-36.

Naiman, R. J. 1976. Primary productivity, standing stock,
and export of organic matter in a Mohave Desert thermal
stream. Limnology and Oceanography 21:60-73.

Naiman, R. J., H. Decamps, J. Pastor, and C. A. Johnston.
1988. The potential importance of boundaries to fluvial
ecosystems. Journal of the North American Benthological
Society 7:289-306.

Pickett, S. T. A., and P. S. White. 1985. The ecology of
natural disturbance and patch dynamics. Academic Press,
San Diego, California, USA.

Pringle, C. M., R. J. Naiman, G. Bretschko, J. R. Karr, M.
W. Oswood, J. R. Webster, R. L. Welcomme, and M. J.
Winterbourn. 1988. Patch dynamics in lotic systems: the
stream as a mosaic. Journal of the North American Ben-
thological Society 7:503-524.

Pulliam, H. R. 1988. Sources, sinks, and population regu-
lation. American Naturalist 132:652—661.

Rounick, J. S., and M. J. Winterbourn. 1983. The formation,
structure and utilization of stone surface organic layers in
two New Zealand streams. Freshwater Biology 13:57-72.

Rutherford, J. E., and H. B. N. Hynes. 1987. Dissolved or-
ganic carbon in streams and groundwater. Hydrobiologia
154:33-48.

Schlesinger, W. H., J. R. Reynolds, G. L. Cunningham, L. E
Huenneke, W. M. Jarrell, R. A. Virginia, and W. G. Whit-
ford. 1990. Biological feedbacks in global desertification.
Science 247:1043-1048.

Shepherd, R. G. 1989. Correlations of permeability and grain
size. Ground Water 27:633—-638.

Solorzano, L. 1969. Determination of ammonium in natural
water by the phenolhypochlorite method. Limnology and
Oceanography 14:799-801.

Sousa, W. P. 1984. The role of disturbance in natural com-
munities. Annual Review of Ecology and Systematics 15:
353-391.

Stanford, J. A., and J. V. Ward. 1988. The hyporheic habitat
of river ecosystems. Nature 335:64—66.

Stockner, J. G. 1968. Algal growth and primary productivity
in a thermal stream. Journal of the Fisheries Research Board
of Canada 25:2037-2058.

Strommer, J. L., and L. A. Smock. 1990. Vertical distribution
and abundance of invertebrates within the sandy substrate
of a low-gradient headwater stream. Freshwater Biology
22:263-274.

Tett, P, M. G. Kelly, and G. M. Hornberger. 1975. A method

JEREMY B. JONES, JR. ET AL.

Ecology, Vol. 76, No. 3

for the spectrophotometric measurement of chlorophyll a
and pheophytin a in benthic microalgae. Limnology and
Oceanography 20:887-896.

Thomsen, B. W, and H. H. Schumann. 1968. Water resources
of the Sycamore Creek watershed, Maricopa County, Ar-
izona. Water Supply Paper 1861, United States Geological
Survey, Washington, D.C., USA.

Triska, E J., V. C. Kennedy, R. J. Avanzino, G. W. Zellweger,
and K. E. Bencala. 1989. Retention and transport of nu-
trient in a third-order stream in northwestern California:
hyporheic processes. Ecology 70:1893-1905.

Turner, M. G. 1989. Landscape ecology: the effects of pattern
on process. Annual Review of Ecology and Systematics
20:171-197.

United States Geological Survey. 1992. Water resources data
for Arizona. United States Geological Survey Water Data
Report, Arizona, USA.

United States Geological Survey. 1993. Water resources data
for Arizona. United States Geological Survey Water Data
Report, Arizona, USA.

Urban, D. L., R. V. O’Neill, and H. H. Shugart, Jr. 1987.
Landscape ecology Bioscience 37:119-127.

Valett, H. M., S. G. Fisher, N. B. Grimm, and P. Camill. 1994
Vertical hydrologlc exchange and ecological stability of a
desert stream ecosystem. Ecology 75:548-560.

Valett, H. M., S. G. Fisher, and E. H. Stanley. 1990. Physical
and chemical characteristics of the hyporheic zone of a
Sonoran Desert stream. Journal of the North American Ben-
thological Society 9:201-215.

Vannote, R. L., G. W. Minshall, K. W. Cummins, R. J. Sedell,
and C. E. Cushing. 1980. The river continuum concept.
Canadian Journal of Fisheries and Aquatic Sciences 37:
130-137.

Vervier, P., M. Dobson, and G. Pinay. 1993. Role of inter-
action zones between surface and ground waters in DOC
transport and processing: considerations for river restora-
tion. Freshwater Biology 29:275-284.

Vervier, P, and R. J. Naiman. 1992. Spatial and temporal
fluctuations of dissolved organic carbon in subsurface flow
of the Stillaguamish River (Washington, USA). Archiv fiir
Hydrobiologie 119:15-33.

Vitousek, P. M. 1985. Community turnover and ecosystem
nutrient dynamics. Pages 325-333 in S. T. A. Pickett and
P. S. White, editors. The ecology of natural disturbance and
patch dynamics. Academic Press, San Diego, California,
USA.

Wallis, P. M., H. B. N. Hynes, and S. A. Telang. 1981. The
importance of groundwater in the transport of allochtho-
nous dissolved organic matter to the streams draining a
small mountain basin. Hydrobiologia 79:77-90.

Watt, A. S. 1947. Pattern and process in the plant community.
Journal of Ecology 35:1-22.

White, D. S. 1990. Biological relationships to convective
flow patterns within stream beds. Hydrobiologia 196:149—
158.

Whittaker, R. H. 1975. Communities and ecosystems. Mac-
Millan, New York, New York, USA.

Wiens, J. A., C. S. Crawford, and J. R. Gosz. 1985. Boundary
dynamics: a conceptual framework for studying landscape
ecosystems. Oikos 45:421-427.

Wilkinson, L. 1990. SYSTAT: the system for statistics. Sys-
tat, Evanston, Illinois, USA.

Wood, E. D., E A. J. Armstrong, and E A. Richards. 1967.
Determination of nitrate in seawater by cadmium-copper
reduction to nitrate. Journal of the Marine Biology Asso-
ciation of the United Kingdom 47:23-31.



	Article Contents
	p. 942
	p. 943
	p. 944
	p. 945
	p. 946
	p. 947
	p. 948
	p. 949
	p. 950
	p. 951
	p. 952

	Issue Table of Contents
	Ecology, Vol. 76, No. 3 (Apr., 1995), pp. 677-1025
	Front Matter
	Predicting Methane Emission from Bryophyte Distribution in Northern Canadian Peatlands [pp.  677 - 693]
	Responses of Arctic Tundra to Experimental and Observed Changes in Climate [pp.  694 - 711]
	Foliar Nutrients During Long-Term Soil Development in Hawaiian Montane Rain Forest [pp.  712 - 720]
	Soil Organic Matter Dynamics Along Gradients in Temperature and Land Use on the Island of Hawaii [pp.  721 - 733]
	Effects of Late Holocene Forest Disturbance and Vegetation Change on Acidic Mud Pond, Maine, USA [pp.  734 - 746]
	The Relative Importance of Fuels and Weather on Fire Behavior in Subalpine Forests [pp.  747 - 762]
	Forest Reorganization: A Case Study in an Old-Growth Forest Catastrophic Blowdown [pp.  763 - 774]
	Sexual Dimorphism Masks Life History Trade-Offs in the Dioecious Plant Silene Latifolia [pp.  775 - 785]
	Invasibility of Experimental Habitat Islands in a California Winter Annual Grassland [pp.  786 - 794]
	Convariation of Spider Egg and Clutch Size: The Influence of Foraging and Parental Care [pp.  795 - 800]
	The Effects of Parasitoids on Sympatric Host Races of Rhagoletis Pomonella (Diptera: Tephritidae) [pp.  801 - 813]
	Effects of Supplemental Food on Population Dynamics of Cotton Rats, Sigmodon Hispidus [pp.  814 - 826]
	Habitat Fragmentation and Movements of Three Small Mammals (Sigmodon, Microtus, and Peromyscus) [pp.  827 - 839]
	Microtine Rodent Dynamics in Northern Europe: Parameterized Models for the Predator-Prey Interaction [pp.  840 - 850]
	Maternal Traits and Reproduction in Richardson's Ground Squirrels [pp.  851 - 862]
	Failure to Detect Senescence in Persistence of Some Grassland Rodents [pp.  863 - 870]
	Life History Consequences of Variation in Age of Primiparity in Bighorn Ewes [pp.  871 - 881]
	Population Consequences of Predation-Sensitive Foraging: The Serengeti Wildebeest [pp.  882 - 891]
	Food Caching By Willow and Crested Tits: A Test of Scatterhoarding Models [pp.  892 - 898]
	Dietary Protein and Energy as Determinants of Food Quality: Trophic Strategies Compared [pp.  899 - 907]
	Dispersal, Boundary Processes, and Trophic-Level Interactions in Streams Adjacent to Beaver Ponds [pp.  908 - 925]
	Predicting the Response of Populations to Environmental Change [pp.  926 - 941]
	Vertical Hydrologic Exchange and Ecosystem Metabolism in a Sonoran Desert Stream [pp.  942 - 952]
	The Ecology of Cooperation in Wasps: Causes and Consequences of Alternative Reproductive Decisions [pp.  953 - 967]
	Size-Specific Shelter Limitation in Stone Crabs: A Test of The Demographic Bottleneck Hypothesis [pp.  968 - 980]
	Developmental Plasticity in the Shell of the Queen Conch Strombus Gigas [pp.  981 - 994]
	Ratio-Dependent Predation: An Abstraction That Works [pp.  995 - 1004]
	Notes and Comments
	Detection of Delayed Density Dependence: Effects of Autocorrelation in an Exogenous Factor [pp.  1005 - 1008]
	Predator-Induced Diapause in Daphnia [pp.  1008 - 1013]
	A Reassessment of Using Light-Sensitive Diazo Paper For Measuring Integrated Light in the Field [pp.  1013 - 1016]

	Reviews
	American Molecular Naturalist [pp.  1017 - 1018]
	untitled [pp.  1018 - 1019]
	An Overview of Symbiosis [pp.  1019 - 1020]
	Ecology and Environmental Education [pp.  1020 - 1021]
	Dynamic Energy Budgets [pp.  1021 - 1022]
	Supplementary Course Reading? Australian Lizards or Darwin's Finches [pp.  1022 - 1023]
	Developing a Case Study Method for Conservation Biology [pp.  1023 - 1024]
	Books and Monographs Received Through November 1994 [p.  1025]

	Back Matter



