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Abstract. We measured uptake rates of phosphorus, nitrate, calcium, and dissolved
organic carbon within two headwater streams, one in the Appalachian mountains of North
Carolina and the other in the Cascade range of Oregon. The major physical differences
between these two streams are parent geology and local geomorphic structure. Uptake rates
were measured following low-level nutrient releases during summer 1987 in 20-m reaches
with different geomorphology. The relative importance of biotic vs. abiotic sorption of
nitrogen and phosphorus by sediments from the two streams was assessed by laboratory
experiments.

Nitrate-N uptake rates were high for the western stream (11.9 pg-m~—2-min-') and low
for the eastern stream (3.9 pg-m~2-min—!) during the summer. The debris dam reaches in
Oregon were the most retentive of N (shortest uptake length of 17 m). Conversely, sol-
uble reactive phosphorus (SRP) uptake rates were higher for the eastern stream (18.6
ug-m~—2-min~'), primarily through biotic processes. SRP uptake lengths were short for the
cobble (32 m), debris dam (35 m), and rock outcrop (40 m) reaches in the eastern stream.
Uptake of SRP in either stream was not related to sediment size fraction but rather to a
combination of sediment infiltration rates and quality of organic material. Calcium (Ca)
uptake lengths were long in the Oregon stream (1278 m) but short in the Appalachian
stream (106 m). Surprisingly, the eastern stream was more retentive of Ca than nitrate
(shorter uptake lengths for Ca) during this ume peripd. Debris dams greatly enhanced
retention of dissolved organic carbon in both streams (60% of all uptake in the eastern
stream and 8 1% in the western stream), although retention was greater in the eastern stream.
f The lower uptake rate of phosphorus and higher uptake rate of nitrate in the Oregon

stream were expected based on geographic location and parent geology; streams in this
area drain catchments of volcanic origin and tend to have low N:P (atomic; 1.8 for the
western stream) ratios, indicating potential N limitation. Streams flowing over granitic
bedrock, such as the eastern stream, tend to have lower P availability (N:P = 15.5). The
combined results of laboratory and field measurements indicate that in the eastern stream,
; strong biotic control of P uptake coupled with high P demand result in relatively short P
: uptake lengths and a strong impact of P spiraling on ecosystem dynamics. In the western
stream, strong biotic control of N uptake combined with strong N demand result in short
N uptake lengths. This is especially true at sites of downed timber that retain both FPOM
and CPOM, creating a high N demand (shortening N spirals).

Key words: calcium, dissolved organic carbon; geology: geomorphology; nitrate; phosphorus; re-
tention; spiraling; uptake lengths; uptake rates.
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INTRODUCTION

Processes occurring within a stream have a strong
impact on the export of nutrients and organic matter
from catchments (Meyer and Likens 1979, Swank and
Caskey 1982). The net effect of these processes is in-
fluenced by the irregular mosaic of different patches
typical of small streams (Pringle et al. 1988). Patches
composed of debris dams, bedrock outcrops, gravel
beds, or cobble-riffles are characterized by differences
in biotic properties (Mulholland et al. 1984), fine or-
ganic matter accumulations, and the nature and num-
ber of retention devices in the stream channel (Speaker
et al. 1984). Stream bed patch-type can influence cur-
rent velocity and particle transport (Young et al. 1978,

! Manuscript received 10 April 1989; revised and accepted
20 February 1990.

Brussock et al. 1986, Ward and Aumen 1986) as well
as the biomass, trophic structure, and productivity of
the animal community (Bowlby and Roff 1986, Huryn
and Wallace 1987). In this paper, these patches and
the biotic and physical properties associated with each
patch type will be referred to as habitats, and a section
of stream bed of a particular habitat will be referred
to as a reach.

Habitat type may regulate nutrient cycling as well.
Coarse particulate organic matter (CPOM; Mulholland
et al. 1985) and attached algae (Sebetich et al. 1984)
are responsible for most phosphorus uptake in some
streams; reaches within a stream with large organic
matter accumulations and luxuriant algal growths
should have higher nutrient uptake rates than other
reaches. The size fraction of sediment particles deter-
mines the surface area available for uptake (Meyer 1979)
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and the permeability of the stream bed (Munn and
Meyer 1988). Since mesoscale geomorphological dif-
ferences in habitat type influence stream bed charac-
teristics, it is not surprising that we find different nu-
trient uptake rates in stream reaches with different
habitat types (Munn 1989). However, the net impact
of the different physical, chemical, and biotic attributes
of habitat on solute retention is unknown.

On a larger scale, we anticipate differences in solute
retention by streams in different geographic regions
with different geology, hydrology, and geomorphic
structure. Parent geology influences water chemistry
and channel geomorphic structure, which in turn affect
biotic characteristics of the system. Streams flowing
through forested igneous catchments of volcanic origin
tend to be relatively rich in phosphorus (P) compared
with those of plutonic origin (e.g., Hubbard Brook,
New Hampshire), or catchments on sedimentary rock
(Dillon and Kirchner 1975). Stream primary produc-
tion and decomposition in many parts of North Amer-
ica are generally considered potentially P limited (e.g.,
Elwood et al. 1981, Peterson et al. 1985). However,
streams of Southwestern deserts, northern California
and the Pacific Northwest are considered nitrogen (IN)
limited because of low N:P (atomic) ratios (Gregory
1980, Grimm et al. 1981), low nitrate and ammonium
concentrations (Fredriksen 1972, Gregory 1980), and
active conservation of N by undisturbed catchments
(Fredriksen 1972, Scrivener 1975; see Triska et al.
1983). Thut and Haydu (1971) found that over half
the surface waters in Washington state have N:P ratios
<10, indicating potential N limitation (Redfield 1958).
The presence of N-fixing bacteria associated with woody
debris and their role in the decomposition of wood in
northwest streams (Buckley and Triska 1978) is further
evidence of potential N limitation. Geology also affects
geomorphic structure through subtle controls of drain-
age and topography (Hatcher 1988); this includes con-
trol over stream sediment and woody debris move-
ment. Thus, differences between streams in potential
nutrient limitation and geomorphic structure should
result in differences in nutrient retention.

The objectives of this study are: (1) to compare phos-
phorus, nitrogen, carbon, and calcium uptake rates and
uptake lengths at a mesoscale level within two head-
water streams that are characterized by different ge-
ology and local geomorphic structure; and (2) to iden-
tify what physical and biotic factors are important
determinants of solute retention at a mesoscale level.
Uptake length is a measure of how rapidly an element
is removed from the stream water and appears to be
a major component in the spiraling length of an ele-
ment (Mulholland et al. 1985); short uptake lengths
imply rapid removal of an element from the water
column. The major differences between the two streams
in this study are parent geology and the size of the
retention structures (snags or debris dams). These data
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are compared to data from streams in The Hubbard
Brook Experimental Forest, New Hampshire, Konza
Prairie, Kansas, and Oak Ridge, Tennessee.

STUDY SITES

This study was conducted on two headwater streams,
Hugh White Creek at the Coweeta Hydrologic Labo-
ratory in North Carolina and the stream draining Wa-
tershed 2 at the H. J. Andrews Experimental Forest in
Oregon; both sites are part of the long-term ecological
research (LTER) program. Both streams are relatively
high-gradient second-order mountain streams with low
dissolved nutrient concentrations (Table 1). Primary
production in both streams is limited primarily by light
and secondarily by nutrients (Gregory 1980, Lowe et
al. 1986). When this study was conducted there was a
drought in Oregon (summer 1987) and in North Car-
olina (spring 1986 through summer 1988).

Hugh White Creek (HWC) drains Watershed 14 in
the southern Appalachian mountains (Macon County).
HWC is shaded year-round by a dense understory of
rhododendron (Rhododendron maximum) and drains
a mixed mature hardwood forest that has been undis-
wurbed since 1927, except for the demise of American
chestnut (Castanea dentata). The soils are highly
permeable and overlie deeply weathered granitic bed-
rock (Douglass and Swank 1975, Swank 1986). Stream
sediments (overlying the bedrock) range in depth from
0 to 10 cm. Stream substrata vary from steep sections
of moss-covered bedrock to infrequent, small pools
filled with sediments associated with relatively small
debris accumulations. The predominant substrata in
HWC are gravel and cobble reaches. Stream discharge
is greatest during winter and early spring storms. Air
temperature during the solute additions averaged 23°C,
and water temperature averaged 18°.

Watershed 2 (WS2) drains an old-growth Douglas-
fir (Pseudotsuga menziesii) and western hemlock (7'su-
ga heterophylla) forest in the western slopes of the
Cascade range in Oregon (Franklin et al. 1981). The
channel is bedrock constrained, with narrow channel
width and steep side slopes. Channel morphology con-
sists of stairsteps of pools and tree-fall zones with some
pool and cobble areas (Buckley and Triska 1978, Triska
et al. 1982). Although stream substrata are predomi-
nantly exposed bedrock of volcanic origin, the channel
is dominated by large and relatively stable debris ac-
cumulations that shade stream substrata (Froehlich
1973). Stream discharge is greatest in late spring as
snow melts. Air temperature during the solute addi-
tions averaged 25°and water temperature averaged 17°.

METHODS

Short-term solute releases were conducted during
summer 1987 in HWC and WS2 to compare solute
uptake rates in HWC and WS2. The releases were re-
peated in reaches characterized by different habitat type
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to examine the influence of habitat on uptake rates.
Sediment cores were removed from each reach and
subsampled for identification of physical and biotic
factors important in solute retention. Laboratory sorp-
tion experiments were conducted to address the im-
portance of biotic, physical, and chemical mechanisms
of uptake.

Field methods. — Twenty-metre reaches of stream bed
characterized as predominantly cobble, gravel, debris
dam, or rock outcrop were identified within each of
the two streams. Rock outcrop reaches are character-
ized by relatively high entrainment of materials (Gurtz
and Wallace 1984) and are covered with moss that acts
as a filtering mechanism for particles in suspension
(Smith-Cufiney and Wallace 1987). Cobble-riffie
reaches had the largest size fraction of sediment (80%
by mass >2 mm), and pools associated with debris
accumulations are depositional areas for fine materials
during low flow. Debris dams in HWC were underlain
primarily by gravel whereas in WS2, debris accumu-
lations were almost exclusively over exposed bedrock.
Two 20-m reaches of each of the four habitats were
selected for study in each stream, except that there were
no 20-m reaches of gravel in WS2. The surface area
and slope of each reach were measured, as was the
surface area of wetted wood in debris dam reaches (de
Vries 1974, Wallace and Benke 1984).

To quantify element uptake by different habitats,
phosphorus, nitrate, calcium, and dissolved organic
carbon were added to WS2 in July 1987 and to HWC
in August 1987. Initially, rhodamine dye and chloride
were dripped into each 20-m reach to observe mixing
and to quantify time of travel through the reach (Munn
and Meyer 1988). This was done to estimate how much
time was required for thorough mixing of the injectate
and stream water throughout each reach; that is, for
the concentration of the conservative tracer, chloride,
to achieve a plateau. The injectate was dripped into
the reach =1 m upstream from the head of each reach;
the stream was confined at this point to ensure thor-
ough mixing before entering the stream. Solutes were
dripped into each reach for 90 min at a constant rate
of 100 mL/min. For the first 40 min, concentrations
in the reach were allowed to stabilize and reach a pla-
teau, and no samples were taken. For the next 50 min,
samples were collected in the middle of the stream at
5-m intervals every 10 min in 250-mL acid-washed
polyethylene bottles and filtered immediately (GF/C
filters). To reduce the number of additions, phosphorus
(as NaH,PO,) and nitrate (as NaNO,) were added to-
gether and calcium (as CaCl,) and dissolved organic
carbon (DOC as sucrose) were added together. For
HWC, stream water concentrations during the releases
were 6 ug/L SRP, 20 ug/L NO,-N, and 4 mg/L Ca and
DOC; the atomic N:P declined from 15.5 to 11.5. For
WS2, the Ca and DOC concentrations were the same
as HWC but SRP was increased to 15 ug/L and NO,-N
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TanLE 1. Physical and chemical charactenistics of Hugh White
Creek (Coweeta Hydrologic Laboratory, North Carolina)
and WS2 (H. J. Andrews Experimental Forest, Oregon).
Element concentrations are ambient concentrations im-
mediately prior to solute additions.

Hugh
White Water-
Creek shed 2
Watershed area (ha) 61 60
Maximum eclevation (m) 996 1060
Minimum clevation (m) 708 525
Channel length (m) 1077 1100
Average annual precipitation (cm) 200 225
Chemistry*
NO,-N (ug/L) 6.0 2.0
SRP (ug/L) 1.0 5.0
DOC (mg/L) 1.0 2.0
Ca (mg/L) 0.6 4.0
Cl- (mg/L) 0.5 2.0
pH 6.6 6.5 -
N:P 15. 1.8

* SRP = soluble reactive phosphorus; DOC = dissolved
organic carbon; N:P = atomic ratios of (ammonium + ni-
trate)-N:SRP during summer 1987 (baseline).

was increased to 10 ug/L; N:P remained at 1.8. Chlo-
ride (as NaCl) was included with all additions as a
conservative tracer to calculate downstream losses due
to dilution (from riparian inputs) and dispersion (Ben-
cala et al. 1987). Chloride concentrations increased
from ambient levels of 1-2 mg/L to =6 mg/L. Chloride
dilution (from injectate to when mixed with stream
water) was also used to estimate discharge (Q) within
each reach (Stream Solute Workshop, in press). Solute
releases were repeated at eight reaches in HWC and
six reaches in WS2. A release could not be replicated
at a reach since previous releases would influence sub-
sequent releases when repeated closely in time (D.
D’Angelo, Virginia Polytechnic Institute and State
University, personal communication).

Five sediment cores (2 cm diameter, 0-5 cm depth)
were removed from the sediments of cobble, gravel,
and debris dam reaches and subsampled for organic
matter content (percent OM), density of bacteria (which
were preserved in buffered formalin), and chlorophyll
(chl a) analyses. While the 2-cm core does not ade-
quately sample sediments with larger particle size (e.g.,
cobble reaches), this core size was chosen as a com-
promise between adequate sampling and stream bed
destruction. Since it was not possible to take cores from
rock outcrop reaches, samples for these reaches were
obtained from ceramic tiles that had been in the stream
for 3 mo prior to removal (for HWC) or by scraping
the rock surface (for WS2). Woody material within
debnis dams may be a major substrate for biota, but
was not sampled in this study.

To quantify the percent stream bed bottom covered
by each habitat within each stream, the habitat type
was visually determined at 5-m intervals along the
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“tire length of each stream (n > 190 for each stream).
the percent surface area of each habitat was used to
estimate the percent contribution by each habitat to
element uptake and to calculate an average uptake rate
weighted for percent habitat type in each stream.

Element uptake is expressed as both an uptake rate
and uptake length. Uptake rates were calculated from
the decrease in element concentration (over back-
ground concentration corrected for dilution) multiplied
by discharge Q for the 20-m reach divided by the sur-
face area of the reach (Aconcentration X Q/surface
area). Uptake length is the average distance travelled
downstream by an element before it is taken up. To
calculate uptake length, the concentration of the ele-
ment (In observed concentration/In predicted concen-
tration) is plotted vs. distance downstream. The slope
of this line is the distance rate constant (per metre),
and the inverse of the slope is the uptake length (metres).
Both methods of expressing uptake are used in the
literature (e.g., Grimm et al. 1981, Newbold et al. 1981),
and thus are useful to calculate here for comparative
purposes. Both expressions are an index of how rapidly
an element is removed from the stream water. A com-
parison of the two models will be illustrated for one
set of data within the Results: Uptake rate and length
models. The conditions necessary for these two models
to apply are: (1) channel and flow characteristics are
reasonably uniform, (2) uptake of nutrient by stream
bed is directly proportional to concentration, and (3)
release of nutrient from the bottom does not signifi-
cantly affect nutrient concentration during the mea-
surement period (Stream Solute Workshop, in press).
Since both the added solutes and conservative tracer
yielded plateau concentrations within similar time pe-
riods, the conditions of the model were satisfied for
the releases reported here.

Laboratory experiments.—The P and N (as NH,-N)
sorption capacity of sediments from both streams was
examined in laboratory sorption experiments, since
uptake rates of some elements are greatly influenced
by the extent of sorption by sediments (Newbold et al.
1981). Laboratory experiments were used to examine
mechanisms of sorption that would be difficult to ad-
dress under field conditions. Sediment subsamples were
exposed to solutions of different P orN concentrations,
and a plot made of the amount of P or N sorbed by
each sample against the concentration in solution at
the end of the incubation period. This technique was
used to answer four questions: (1) the relative impor-
tance of biotic vs. abiotic mechanisms of N and P
uptake, (2) the effect of sediment size fraction on sed-
iment P sorption characteristics, (3) the sorption ca-
pacities of P for sediment from different habitats HWC
only), and (4) the influence of temperature on P uptake
(HWC only). Ammonium sorption was measured in-
stead of nitrate sorption since later field work revealed
that ammonium uptake rates were greater than nitrate
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uptake rates in HWC (Munn 1989). While the am-
monium data are not directly comparable to the field
data for nitrate reported here, they do provide valuable
information about mechanisms of N uptake in the two
streams.

Sediment sorption capacities were determined from
incubations of sediments in P- or NH,-N-enriched
stream water using Taylor and Kunishi’s (1971) pro-
cedure with modifications by Meyer (1979) and Klotz
(1985). Incubations were initiated by adding washed
sediment (6 mL) to filtered stream water (50 mL) with
P or N concentrations ranging from 1 pg/L to 2 mg/L.
Flasks were incubated at 11°C unless noted otherwise,
and flasks were shaken vigorously for 5 s every 10 min.
Incubations were stopped after 1 h (for P incubations)
or 5 h (for N incubations) by filtration, and the filtrate
was analyzed for soluble reactive phosphorus (SRP) or
NH,-N. The difference between concentration in the
water before and afier the incubation was used to cal-
culate the amount of P (or N) sorbed or desorbed by
the sediments.

The influence of biotic vs. abiotic mechanisms of
sorption was investigated through incubations of living
(unsieved) and sterile sediments from each stream.
Sediments were sterilized by exposure to 2 x 104 Gy
from a *°Co source. If biotic uptake is the primary
mechanism of nutrient removal from stream water,
then lower filtrate concentrations would be expected
in incubations with living sediments; however, if abiot-
ic mechanisms predominate, then no difference in fil-
trate concentrations between the two treatments would
be expected. :

The influence of sediment size fraction on P uptake
was investigated since P sorption increases as particle
size decreases in some streams (Meyer 1979). Sorption
capacities were quantified for sediments sieved into
four size fractions (0.1-0.4, 0.4-1.0, 1-2, and >2 mm).
Iron and aluminum concentrations and organic con-
tent of sieved sediments from both streams were mea-
sured to examine the influence of the chemical nature
of the sediments on P sorption.

Incubations were conducted to determine the P sorp-
tion capacities of sediment collected from cobble, grav-
el, and debris dam reaches. Finally, the influence of
temperature on P uptake was examined by incubating
flasks at 4°, 11°, and 18° sediments used were collected
from HWC during autumn 1987.

Phosphorus uptake from sorption experiments is fre-
quently expressed by two indices, the equilibrium P
concentration (EPC) and the sorption index (see Meyer
1979, Klotz 1985). EPC is the SRP concentration at
which there is neither adsorption nor desorption of P
by the sediments, and is interpolated from regressions
of final SRP concentrations in the incubation flasks
and the amount of P adserbed or desorbed from the
sediments. The capacity of the sediments to maintain
low P concentrations in the stream water at or near the
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EPC is crucial to the concept of a river as a self-purni-
fying system; a low EPC indicates a large capacity of
the sediments to adsorb P. The sorption index is cal-
culated as the amount of P absorbed (micrograms per
gram sediment) from an initial P concentration of 2
mg/L divided by the SRP concentration in the solution
after the 1-h incubation. The sorption index is a useful
indicator of the P buffering capacity of sediments; a
high index value indicates that a large amount of P can
be sorbed by the sediment without increasing the con-
centration in the water at equilibrium (Meyer 1979).
Of the two indices, EPC is the best indicator of the
sorption capacity of sediments in HWC and WS2 since
the EPC represents sorption at normal stream water
concentrations, whereas the sorption index is calcu-
lated from incubations conducted at concentrations far
greater than normal concentrations for the two streams.

Laboratory analyses. —Soluble reactive phosphorus
(SRP) was determined on the P samples using the am-
monium-molybdate reaction (Murphy and Riley 1962).
Nitrate was determined using a hydrazine reduction
method with a Technicon Autoanalyzer II system
(Downes 1978). Calcium concentrations were quanti-
fied using a Perkin-Elmer 5000 Atomic Absorption
spectrophotometer. Dissolved organic carbon was ana-
lyzed on a Model 700 TOC Analyzer (Oceanography
International Corporation). Chloride concentrations
were determined with an automated ferricyanide tech-
nique (APHA 1985). For all analytical methods, stan-
dard error was <5% of the mean value.

Organic matter content of sediments was estimated
from mass loss at combustion (450°). Bacterial density
was estimated with acridine orange direct counts (Hob-
bie et al. 1977), and chl a concentrations of sediment
subsamples with a Turner fluorometer afier acetone
extraction (Strickland and Parsons 1972). Acid-ex-
tractable iron and aluminum concentrations were de-
termined by atomic absorption spectrophotometry af-
ter HCIl digestion of the sediments (Meyer 1979).

RESULTS

Uptake rate and length models.—To demonstrate
how models of uptake rate and length are fitted to raw
data, examples of data from SRP releases at cobble
reaches within HWC and WS2 are illustrated in Fig.
1. SRP concentrations measured (observed; n = 50)
during the releases along each 20-m reach were plotted
along with the predicted SRP concentration based on
measured dilution of the conservative tracer (chloride)
(Fig. 1A). The differences between predicted and ob-
served concentrations (in the example, =3.1 and 0.8
ug/L for HWC and WS2, respectively) were multiplied
by discharge for the reaches (4.0 and 1.4 L/s) and then
divided by the surface area of the reaches (34 and 22
m?) yielding uptake rates of 22 and 3 pg-m~2-min~'
for HWC and WS2, respectively. Uptake lengths were
calculated with further manipulation of the data in Fig.
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Fic. 1. (A) Predicted (circles; based on chloride dilution)

and obsérved (squares) soluble reactive phosphorus (SRP)
concentrations in cobble reaches in HWC (solid symbols) and
WS2 (open symbols). All standard deviations were smaller
than the size of the symbols. Uptake rates were calculated
from the decrease in SRP concentration (difference between
circle and square symbols) multiplied by discharge for the
20-m reaches divided by reach surface area. (B) Uptake lengths
for cobble reaches in HWC and WS2 were calculated from
plots of (In observed [SRP)/In predicted [SRP]) vs. distance
downstream. The slope of a line fitted through the points is
the distance rate constant and the inverse of the slope is the

uptake length (m).

1, wherein (In observed [SRP}/In predicted [SRP]) were
plotted vs. distance downstream (Fig. 1B). Straight lines
were fitted through the points, and uptake lengths were
calculated as the inverse of the slopes. The slope of the
lines in Fig. 1B are 0.03 and 0.0015 m~"' for HWC and
WS2, respectively, yielding uptake lengths of 32 and
666 m.

Solute releases. —Uptake rates of SRP were greater
in all reaches in HWC than in any reach in WS2 (AN-
OVA, P = .004; Table 2). Uptake rates were lowest in
debris dam reaches in WS2. In HWC, SRP uptake
lengths were longest for gravel reaches, although there
were no consistent differences in uptake between other
habitat types in HWC. '

Rates of nitrate uptake were similar for the two
streams (ANOVA, P = .054; Table 2); however, when
rock outcrop reaches were excluded from the analysis,
WS2 had greater nitrate uptake than HWC (P = .014).
The highest uptake rate was for debris dam reaches in
WS2 and the lowest for cobble reaches in HWC. Nitrate
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Tame2. Uptake rates and uptake lengths of four elements in reaches of different habitat types in Hugh White Creck (HWC),
North Carolina, and the stream draining Watershed 2 (WS2), Oregon. There were no gravel reaches in the Oregon stream.
Values are means for two replicate reaches since paired ¢ tests indicated no significant difference (P > .06) in uptake rates

between replicate sites.

Cobble Gravel Debris dam Rock outcrop
Uptake rates
Phosphorus HWC 2190 14.49 20.19 18.69
(SRP, ug-m~2-min~"') WS2 297t e 0.15¢% 3.42%
Nitrate-N HWC 0.39 5.13 4.59 1.717
(ug-m~2-min~’) WS2 9.18% e 16.201 5.37
Calcium HWC 2.73 3.03 5.25 5.64
(mg-m-?-min~') wS2 0.39% oo 0.33t 0.63t
DOC HWC 8.97 0.90 19.59 5.37
(mg-m-2-min-') wS2 0.14% .- - 091t 0.31%
Uptake lengths (m)
Phosphorus HWC 32 188 35 40
WS2 666 oo 1000* 188
Nitrate HWC 600 127 1
W2 dis> 75 /56y
Calcium HWC 72 163 , B2 86
WS2 6500 .o 666 375
DOC HWC 47 167* 69
ws2 1 783%)

* Indicates only one replicate used for uptake length since uptake length of the other replicate was longer than could be

estimated; when the uptake rate is zero the uptake length is infinite.
{ Indicates significant difference between the HWC and WS2 uptake rate for that habitat. T'he statstical ditterence between

reaches could not be tested for uptake length since some values were infinite.

uptake lengths were longest for HWC reaches. Debris
dam reaches in Oregon were the most retentive of ni-
trate (shortest uptake length) of all reaches for either
stream.

Calcium uptake rates were near zero in WS2, and
Ca uptake lengths were long, especially for cobble
reaches (Table 2). There was greater Ca uptake in HWC
than WS2 for all habitat types (P = .021). Gravel reach-
es in HWC had longer uptake lengths than any other
habitat type in this stream. Surprisingly, HWC was
more conservative of Ca than nitrate (shorter uptake
lengths for Ca). Conversely, of the four elements ex-
amined, WS2 was least conservative of Ca and most
conservative of nitrate.

Uptake rates of DOC were greater for all reaches in
HWC than WS2, with the exception of gravel reaches
in HWC (ANOVA, P = .065 for all data; P = .025
when gravel reaches from HWC were excluded from
the analysis). Within each stream, DOC retention was
greatest within debris dam reaches.

Intersite comparison of physical and biotic parame-
ters.—The 20-m reaches of the two streams had similar
stream bed surface areas (¢ test, P = .07) and slopes (P
= .72; Table 3); however, discharge during the nutrient
releases was greater in the eastern stream (P < .01).
The surface area of wood in debris dam reaches was
0.67 m? of wood per linear metre of stream in HWC
compared with 1.45 m?/m of stream in debris dam

Tamie3. Physical and biotic parameters for 20-m reaches of different habitat types within Hugh White Creck, North Carolina,
and the stream draining Watershed 2, Oregon. The value for each habitat type is the mean of two replicate reaches since
there were no significant differences between the replicate reaches. Bacterial densities per unit area of sediment include

both rods and cocci. » = 10. ND indicates no data.

Bacterial density
Stream  Surface :
oo priern Sicipe 0 Orga_mc content (%) Cl_:l a (ug/cm?) (“3. cells/cm?)
(%) (m?) (%) (L/s) X sD X SD X SE
Hugh White Creek
Cobble 29.0 34.2 10.5 4.0 14 0.1 0.32 .18 36.1 4.4
Gravel 33.0 27.2 9.0 5.0 1.6 0.1 0.96 .29 19.0 1.7
Debris dam 27.0 323 12.5 4.2 20 0.3 0.34 36 248 2.2
Rock outcrop 11.0 32.2 19.0 3.1 233 24 0.12 .03 ND
Watershed 2
Cobble 11.6 22.2 6.0 14 6.6 14 1.2 1.0 29.7 5.0
Debris dam 55.8 26.0 14.5 0.9 26.2 11.3 1.4 0.62 39.2 2.2
Rock outcrop 32.6 25.8 14.0 0.7 51.1 9.1 ND ND
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reaches in WS2. These values are within ranges pre-
sented previously; low-order streams with old-growth
catchments in Oregon tend to retain more coarse par-
ticulate matter than low-order hardwood catchments
in North Carolina (Wallace and Benke 1984, Harmon
et al. 1986), likely a response to the constrained chan-
nels and larger debris size in the Cascade stream.

There was no difference in sediment percent OM or
chl a concentrations between replicate habitat types
(e.g., no difference in percent OM between Cobble I
and Cobble II) in either HWC or WS2 (paired ¢ tests,
P > .05). Thus, data for replicate reaches were com-
bined for further analyses.

Sediment percent OM was greater in WS2 than HWC
for cobble (1 = 4.971, P < .0005), debris dam (¢t =
2.741, P = .014), and rock outcrop (t = 2.953, P =
.014) reaches. Sediment chl a concentrations were also
greater in WS2 than HWC for cobble (¢ = 2.594, P =
.03) and debris dam (¢t = 4.470, P = .001) reaches.
Bacterial density was greater in WS2 than in HWC in
all reaches measured (P = .0008). In summary, the
western stream had lower discharge and larger debris
accumulations with greater sediment OM content, chl
a concentration, and bacterial density (Table 3).

Habitat comparison of physical and biotic parame-
ters.—There was no significant difference in sediment
percent OM between habitats in WS2 (ANOVA, F =
2.645, P = .08), likely due to large variability in the
data within each habitat type (Table 3). There was no
difference in chl a concentrations between cobble and
debris dam reaches in WS2. Rock outcrop reaches in
HWC had greater sediment percent OM (F = 182.1,
P < .0005) and sediment chl a concentrations (F =
5.268, P = .008) than other HWC reaches, although
there were no differences between cobble, debris dam,
and gravel reaches. There was no difference in bacterial
density between habitat types in either HWC or WS2
(P > .05).

Correlation analyses.—The relationship between
discharge, biotic parameters, and element uptake was
examined through correlation analysis to determine
relatedness of these parameters (significant at P < .05).
Nitrate retention was greatest in reaches with greater
chl a concentration (r = 0.90) and decreased with dis-
charge (r = —0.75). Conversely, SRP retention was
highest in reaches with high discharge (r = 0.88), low
chl a concentrations (r = —0.97), and low bacterial
density (r = —0.93); however, when correlations were
performed separately for each stream, there was no
significant relationship between biotic. factors, dis-
charge, and SRP uptake. SRP retention was greatest in
reaches with low nitrate retention (r = —0.83). The
most important determinant of SRP and nitrate reten-
tion was stream location, that is, either HWC or WS2.
There was no relationship between Ca or DOC uptake
and any biotic parameter; however, Ca uptake was
greatest in reaches with high SRP uptake rates (r =
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F1G. 2. Percent contribution of uptake weighted by the
relative abundance of different habitats to total uptake of the
element in Hugh White Creek (A) and the stream draining
Watershed 2 (B) during summer 1987. * indicates distribu-
tions of element uptake that depart significantly (x? goodness
of fit) from the distribution of stream area among habitats.

0.87). DOC uptake and Ca uptake were also positively
correlated (r = 1.00).

Effect of local geomorphology.—When uptake was
weighted by the relative abundance of different habitats
within each stream, gravel reaches were the most re-
tentive of nitrate in HWC (Fig. 2A), whereas debris
dam accumulations retained the most nitrate in WS2
(Fig. 2B). Rock outcrop reaches retained the most Ca
and SRP in WS2. Calcium retention in HWC was me-
diated primarily by debris dam reaches (37%), although
there was significant retention by all habitat types. In
HWC, uptake of SRP was proportional to the relative
amounts of different habitats (chi-square goodness of
fit, P = .43); that is, habitat did not affect SRP retention
in this stream. DOC uptake occurred primarily at de-
bris dam reaches in both HWC (60%) and WS2 (81%).
The difference observed in distribution between ele-
ment uptake vs. stream bed area among habitats for
most elements reflects the dependence of uptake on
specific physical or biotic attributes of the local geo-
morphology. The average uptake rates and lengths of
SRP, NO;-N, Ca, and DOC (weighted for habitat type)
were strikingly different between the two streams (Ta-
ble 4), although no between-stream statistical signifi-
cance can be inferred due to the lack of replicate streams.

Laboratory experiments.—EPCs were lower for un-
treated sediments than for sterilized sediments in both
streams (Table 5; P < .05), and lower for HWC (1.0
ug/L) than WS2 (5.4 pg/L; P < .05). However, there
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TABLE 4. Average uptake rates and uptake lengths of four
elements in Hugh White Creek, North Carolina, and the
stream draining Watershed 2, Oregon, weighted for the rel-
ative abundance of each habitat type.

Hugh
White Water-
Creek shed 2
Uptake rate
Phosphorus
(SRP, ug-m-2-min~"') 18.64 1.54
Nitrate-N
(ug-m--min~’') 3.90 11.86
Calcium
(mg-m-2-min""') 3.83 0.43
(mg-m~2-min-') 8.78 0.63
Uptake length (m)
Phosphorus 85 697
Nitrate 689 42
Calcium 106 1278
DOC 87 357

was no difference in SRP sorption indices between un-
treated vs. sterilized sediments for both HWC (¢ = 1.85,
P = .14) and WS2 (¢t = 1.83, P = .14). Since the un-
treated vs. sterilized treatment lines on the sorption
plot converged at higher ambient SRP concentrations
for sediments from both streams, SRP sorption indices
(initial concentration 2 mg/L) reflected physico-chem-
ical sorptive capacity of the sediments (no difference
between biotic and abiotic uptake at this concentra-
tion), whereas EPC (always <11 ug/L) was more re-
sponsive to biotic activity.

Uptake of NH,-N by untreated sediments was great-
er than uptake by sterilized sediments (P < .01 for
both streams), suggesting that biotic processes main-
tain the low ambient NH,-N concentrations in both
streams. Sorption of ammonium was greater for WS2
sediments than HWC (P < .01).

There was strong SRP sorption by HWC and WS2
sediments, with the smaller size fractions sorbing more
P (Table 6). The sorption index decreased with an in-
crease in sediment particle size for both HWC (AN-
OVA, F = 272.5, P < .0005) and WS2 (ANOVA, F
= 89.34, P < .0005), but there was no observable re-
lationship between EPC and particle size with sedi-
ments from either stream. There was no consistent
pattern between sediment size fraction and Al or Fe
concentrations in either stream. However, concentra-
tions of both cations in HWC were highest for sedi-
ments >2 mm. Sediments from HWC and WS2 did
not differ in either Al (P = .53) or Fe (P = .55) con-
centrations. There was no relationship between sedi-
ment chemical parameters (Fe, Al, and percent OM)
and SRP sorption index (based on correlation analy-
ses). These data suggest that chemical interactions are
not as important as biotic interactions in maintaining
the low stream water SRP concentrations.

The P sorption index was highest for sediment from
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debris dam reaches and lowest for sediment from cob-
ble reaches in HWC (Table 6; ANOVA, P < .00S5, n
= 3). The EPC was lowest for sediment from debris
dam reaches with the largest surface area: volume ra-
tio, and highest for the cobble reaches.

Finally, EPC was lowest for sediment incubated at
4°C (2.9 ug/L SRP) and 11° (3.1 pg/L) and highest for
sediment incubated at 18° (13.0 ug/L). Stream water
temperature when the sediments were collected for this
experiment was 9°.

DiscussioN

Biotic uptake of P and N.—Microbial processes ap-
pear to be maintaining low SRP and NH,-N concen-
trations in both HWC and WS2. Biotic sorption of P
by sediments is more important than abiotic sorption
in both streams as indicated by the low EPC values for
untreated sediments when compared with EPC values
for sterilized sediments (Table 5; EPC is a better in-
dicator of P sorption capacity than sorption index at
the low stream water concentrations measured at the
two sites). Gregory (1978) also demonstrated the im-
portance of biotic uptake of P by stream sediments in
a nearby Oregon mountain stream. While the EPC 1s
higher in WS2 than HWC, the values are similar to
baseline SRP concentrations in each stream (Table 1).
Since EPC for sterilized sediments in HWC is approx-
imately equal to the stream water concentration at 0
m during the solute additions, essentially all SRP up-
take measured during the additions in HWC was due
to biotic processes. In WS2, the EPC for sterilized sed-
iments is less than the augmented stream water con-
centration during the additions, and therefore a greater
portion of uptake is probably due to abiotic processes
than in HWC.

The inconsistent pattern in EPC for sediments of
different size fractions (Table 6) indicates that differ-
ences in uptake rate observed between sites is not sim-
ply a surface area phenomenon. SRP retention was very
low in debris dam reaches (long uptake lengths) in
WS2, and retention in debris dam reaches was no dif-
ferent from rock outcrop or cobble reaches in HWC
(Table 2). High retention was expected in debris dam

TABLE 5. The sorption index (X + 1 sp, n = 6) and equi-
librium phosphorus concentration (EPC) of soluble reactive
phosphorus (SRP) in untreated and radiation-sterilized sed-
iment from Hugh White Creek (HWC), North Carolina,
and the stream draining Watershed 2 (WS2), Oregon.

SRP sorption EPC

index (X/ln O)* (ug/L)

HWC Untreated 16.0 £ 1.2 1.0
Sterilized 184 + 2.0 10.7

WS2 Untreated 16.9 + 2.3 54
Sterilized 143 + 1.1 8.6

* X = ug/g sediment, adsorbed from an initial SRP per-
centage of 2 mg/L; C = final SRP concentration after 1-h
incubation.
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TasLE 6. The sorption index (X % 1 sp; see Table 5 footnote for explanation), equilibrium phosphorus concentration (EPC),
aluminum (Al), and iron (Fe) concentrations of sediment from Hugh White Creek (HWC) and the stream draining Watershed

2 (WS2).

Sediment size SRP sorption EPC OM [A1}) [Fe)

(mm) index (ug/L) (%) (mg/g) (mg/g)

HWC >2 13.5 £ 0.6 59 1.59 60.48 29.73

1-2 179 £ 0.5 44 1.61 28.14 13.85

0.4-1 236 + 1.0 23 1.13 24.78 12.29

0.1-0.4 347 £ 0.8 45 2.09 37.80 18.46

Wws2 >2 11.7+ 1.8 42 7.53 39.27 19.25

1-2 187 £ 1.5 3.7 8.22 51.66 25.22

0.4-1 240 + 2.7 42 5.75 55.02 27.32

; 0.1-04 36.2 £ 1.1 3.7 6.43 38.22 18.22
SRP sorption capacities of sediments from three habitat types in HWC
Cobble 1.5 £ 0.7 13.5
Gravel 33+03 11.8
Debris dam 13.9 + 0.8 8.0

reaches because they have a greater percentage of fine-
grained sediment and thus the greatest surface area
available for uptake. This hypothesis is supported by
laboratory experiments in which unsieved sediments
from debris dam reaches in HWC had lower EPC than
other habitat types (Table 6). These results contradict
the results from sieved sediments, suggesting that the
low EPC associated with debris dam sediments has to
do with something that is removed in the sieving pro-
cess. However, low uptake rates in debris dam reaches
may be mitigated by low sediment infiltration rates in
the fine sediment associated with debris dams (Munn
and Meyer 1988), resulting in less surface area in con-
tact with the nutrient supply. The effect of low infil-
tration rates would not be encountered in the labora-
tory experiments because of greater contact between
the sediments and nutrients in the flask. The lack of
relationship between sediment chemical (Al and Fe
concentrations and OM content) and physical factors
to P sorption, and the stronger relationship with biotic
factors, indicates strong biotic control of SRP uptake
by stream sediments; hence, P dynamics appear to be
important to stream metabolic processes, especially in
HWC. .

Although the EPC is very similar in Bear Brook
(Hubbard Brook, New Hampshire; =2 ug/L P; Meyer
1979) to HWC and WS2, mechanisms for maintaining
low P concentrations are different. While P concentra-
tions are primarily under biotic control in HWC and
WS2, abiotic sorption maintains the low concentra-
tions in Bear Brook (Meyer 1979). P sorption in Bear
Brook increases as particle size decreases, and is highly
correlated with OM content and acid-extractable Al
content (Meyer 1979). This is not the case in HWC or
WS2.

The N sediment sorption experiments suggest that
NH,-N uptake by stream sediments is primarily a biot-
ic process, especially at low stream water concentra-
tions. Biotic uptake by WS2 sediments are able to
maintain lower NH,-N concentrations than uptake by

HWC sediments. While these data are not directly
comparable with field data for NO;-N, they do dem-
onstrate the importance of N sorption. As part of
another study at Coweeta, uptake lengths for NH,-N
were much shorter than for NO;-N (Munn 1989), in-
dicating that N removal by sediments is an important
process and that the mechanisms involved warrant fur-
ther investigation.
' Influence of geomorphology. — Despite evidence that
benthic organic matter is a source of interstitial DOC
(Crocker and Meyer 1987), there was a net removal of
DOC in debris dam reaches. Debris dams greatly en-
hance retention of CPOM (Speaker et al. 1984), which
promotes increased channel roughness and accumu-
lation of FPOM (secondary trapping). Although there
were no significant differences in sediment OM content
between habitats (due to large variability within habitat
types), debris dam reaches tended to have greater ben-
thic organic matter accumulations, especially in the
western stream with greater accumulations of large
woody debris. In both streams, debris dams were the
major sites of DOC uptake (Fig. 2; 60% of all uptake
in HWC and 81% in WS2). Physical adsorption of
DOC to stream sediments occurs most rapidly (Dahm
1981), but most DOC uptake in undisturbed streams
is mediated by the benthic microbial community (Ku-
serk et al. 1984). Bacterial density was not much greater
in reaches with greater OM, suggesting that differences
in uptake rates were not due to difference in microbial
metabolism; however, reaches with greater OM should
be able to support greater bacterial production (which
may not be reflected in density measurements) and
have greater surface area for fungal communities that
were not measured. Also, the woody debris may be a
substrate for biota important in DOC retention, but
biotic communities on wood substrates were not sam-
pled.
Debris accumulations also increased nitrate reten-
tion, primarily at the western site (Fig. 2). High nitrate
uptake rates for debris dam reaches in WS2 would have
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a strong influence on the export of N from the catch-
ment since debris dams are so abundant in WS2. In
HWOC, nitrate retention in gravel reaches was greater
than expected; infiltration into the sediments was most
rapid in cobble habitats resulting in more contact be-
tween the nutrient and sediment (Munn and Meyer
1988), and more surface area was available for uptake
with the fine-grained sediments associated with debris
dams. High retention in gravel reaches may be a com-
promise between these two processes.

Despite low channel roughness and consequently rel-
atively small available surface area, rock outcrops ex-
hibited high Ca retention in both streams and high
nitrate retention in the eastern stream. Moss com-
munities covering the rock surfaces are a physically
stable substrate, which enhances biological stability
(Gurtz and Wallace 1984) and leads to relatively high
respiration rates (Naiman and Sedell 1980, Naiman
1983). Perhaps these factors resulted in an increased
demand for Ca and nitrate.

Although habitat type did not influence P retention
in HWC, P retention occurred primarily in rock out-
crop reaches in WS2. Rock outcrop reaches in the west-
ern stream had high organic content, although neither
chl a nor bacteria were sampled for this substrate. How-
ever, the forest canopies over these reaches tended to
be more open than for other reaches, and chl a con-
centrations were high in a nearby stream (Gregory
1980). Periphyton associated with rock outcrops may
be an important sink of P from stream water in WS2.

Cobble and gravel reaches tended to have low re-
tention of nutrients and DOC (with the exception of
reasonably high uptake of P in cobble reachesin HWC),
despite relatively high rates of infiltration into the sed-
iments (Munn and Meyer 1988). While this is of minor
significance in WS2 where cobble-riffle reaches com-
prise only 12% of the total stream bed area, it is of
greater importance in HWC where cobble and gravel
habitats together account for 62% of the stream bed
area. Higher flushing rates through the sediments of
these habitats may result in a less stable and less pro-
ductive epibenthic community, resulting in a lower
nutrient demand.

In summary, local geomorphology influenced the re-
tention of solutes in two headwater streams. The phys-
ical differences between different habitats and the re-
sponse of the biotic community to these differences
altered the demand for nutrients. For example, gravel
beds were not important in the retention of nutrients
and DOC, despite the relatively large reactive surface
area available. In the western stream dominated by
large debris dams, cobble-riffle reaches tended to have
low retention of the added solutes. Low retention by
a habitat does not exert a large influence on overall
stream retention when the habitat is not prevalent in
the stream (e.g., nitrate retention in cobble reaches for
WS2, Tables 2 and 4) but has a greater impact when
the habitat is well represented (e.g., P retention in grav-
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el reaches for HWC, Tables 2 and 4); thus, each habitat
within a stream has specific properties that differ in
retention capacities. In further studies of solute reten-
tion, it is important to stratify sampling by habitat type
to fully understand retention of solutes by the mosaic
of habitats characterizing the stream as a whole.

Intersite comparison. — The lower uptake rates of P
in WS2 compared with HWC (Table 4) were expected
based on the geographic location of each stream. In
their survey of the relationship between geology and P
export, Dillon and Kirchner (1975) found that P export
was greater on forested igneous catchments of volcanic
origin (such as WS2) than those of plutonic origin or
catchments of sedimentary rock. While Dillon and
Kirchner (1975) could not explain the cause for this
difference, parent geology could influence water chem-
istry and the chemistry of stream bed sediments as well
as channel structure; therefore, while geology influ-
ences the sources of the nutrients, it may also affect
nutrient utilization by soils and sediment resulting in
different ratios of elements once they reach the stream
water. This may account for the different N:P ratios in
HWC vs. WS2. N:P was higher for HWC than for WS2,
suggesting a greaier potentiai fot P limitation i HWC
(Redfield 1958). This was substantiated by the greater
retention of P in HWC. Although P uptake was biotic
in both streams, the strongest predictor of P retention
was parent geology and not biotic parameters, since
the western stream had greater densities of bacteria
and chl a (Table 3), but much less P retention (Table
4). Sediment organic content, chl a concentrations, and
bacterial density are better predictors of where within
a stream P retention is greatest (Mulholland et al. 1983,
Triska et al. 1983).

In contrast to P, nitrate uptake rates were much
greater for the Oregon stream than the North Carolina
stream (Table 4), with the highest uptake rates for the
WS2 debris dam reaches (Table 2). The uptake rates
appear to be related to chl a concentrations; however,
N:P appears to be the strongest predictor of nitrate
retention between streams. Nitrate retention was great-
est in WS2 where stream water N:P was lowest, sug-
gesting a potential for N limitation (Redfield 1958).
However, N:P for HWC was between 10 and 20, which
is in the range considered to be indicative of either N
or P limitation (Redfield 1958). While P retention was
much greater than nitrate retention in this stream, later
experiments in artificial channels constructed over a
nearby stream indicated thatammonium retention was
high, similar to SRP, and that both ammonium and
SRP retention were much greater than nitrate retention
(Munn 1989). Unfortunately, ammonium retention was
not measured in WS2, but we predict that ammonium
retention would be greater than nitrate retention since
ammonium is easier than nitrate to assimilate bioti-
cally and since most ammonium uptake is through
biotic mechanisms (based on laboratory experiments).

The uptake rate of P in a first-order Tennessee stream
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was at a seasonal low in the summer at a rate of 1.3
pg-m~2-min~' (uptake length of 97 m; Mulholland et
al. 1985), based on radiotracer releases. While the up-
take rate of P is greater in HWC, the uptake length is
similar. Also, the uptake rate of P in WS2 is similar
to the Tennessee stream, but the uptake length is much
longer in WS2. The differences in uptake lengths vs.
rates are probably a result of different methodologies
in conducting the releases and calculating the uptake
rates. The Tennessee study used a radiotracer release
as opposed to a nonradioactive solute in this study;
however, the major difference is in the method of cal-
culating uptake rate. In the Tennessee stream, the up-
take rate (micrograms per square metre per minute)
was calculated by multiplying the time-specific P up-
take rate (per minute) by the concentration of SRP and
the average water depth (see Mulholland et al. 1985:
Table 2). In contrast, the uptake rate in this study has
the same units, but is calculated by multiplying the
change in SRP by the discharge divided by the surface
area of the reach. Because of these differences in cal-
culating uptake rates, it is more useful to focus on the
differences in uptake length between the streams, there-
fore, we conclude that P retention is similar in HWC
and the Tennessee stream, but much less in WS2. Dur-
ing the summer in the Tennessee stream, CPOM is at
a minimum, P demand is low, and hence uptake lengths
are long relative to other seasons (Mulholland et al.
1985). Our study suggests that summertime P demand
in WS2 is lower than HWC or the Tennessee stream,
based on the long uptake lengths. Thus, even in the
summer when CPOM quality and quantity are at a
seasonal low in the eastern streams, P demand is rel-
atively high and P is rapidly sorbed by biotic com-
ponents of the stream.

By reworking P uptake data from Meyer (1978), we
were able to calculate rough estimates of uptake length
at two sites characterized by different geomorphic
structure in a small stream, Bear Brook, at the Hubbard
Brook Experimental Forest, New Hampshire, During
summer releases (July and August 1976), uptake lengths
ranged from 5 to 21 m for a rock outcrop site with
abundant moss and from 10 to 67 m for a cobble-riffle
site with small debris dams and tree roots. Meyer (1979)
found the bryophyte community to be efficient in P
retention but concluded that this substrate was not
important as a P sink in Bear Brook since it covered
only 2% of the stream area. Nevertheless, both sites in
Bear Brook exhibited strong P retention, and were more
retentive than WS2 and slightly more retentive than
HWC (based on Mann-Whitney U tests) during this
season. The mechanism of P uptake in Bear Brook is
also different; uptake is primarily abiotic and strongly
controlled by sediment particle size and Al content
(Meyer 1979). This abiotically sorbed P may be avail-
able for use by the biota over a long time period.

Although no nitrate uptake was detected when ni-
trate or nitrate + DOC was added to Bear Brook, New
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Hampshire, there was significant retention of ammo-
nium when the ammonium concentration was in-
creased two orders of magnitude over background con-
centrations (Richey et al. 1985). By examining Fig. 1
of Richey et al. (1985), we estimated the uptake length
of ammonium in Bear Brook to be 200 m, although a
considerable portion of this was subsequently nitrified
and lost as nitrate. In field flume experiments at Cowee-
ta, retention of ammonium was greater than nitrate
(e.g., uptake length of 32 m for ammonium and 320
m for nitrate, Munn 1989); this is not surprising since
ammonium is a less costly form of N to assimilate
biotically. Thus, we conclude that Bear Brook is not
highly retentive of nitrate when compared to WS2;
nitrate retention in Bear Brook is more similar to HWC.

Theé uptake rate of nitrate-N for a N + P limited
stream in Kansas was 57 ug-m~2-min~' (Dr. Cathy
Tate, Kansas State University, personal communica-
tion), three times as high as any of the rates measured
in this study. The Kansas data were based on nitrate
additions that increased stream water concentrations
from near detection limits to =100 ug/L, a concentra-
tion reached during storm events; however, this is an
order of magnitude greater than the augmented con-
centration in HWC or WS2. Since there is a positive
relationship between amount of a nutrient added and
uptake rate (Meyer 1979), this difference alone could
account for the differences in uptake rate between the
streams in this study and the Kansas stream. That is,
uptake may be concentration dependent, and the dif-
ferences in uptake rates could be due to differences in
nutrient release technique. There is a second possible
explanation for high uptake rates in the Kansas stream.
This stream has an open canopy and high standing
stocks of chl a. This could result in a greater N demand,
and thus greater uptake rates for nitrate (Triska et al.
1983). '

Nitrate uptake was measured in a flume experiment
in a northern California coastal stream following NO,-N
and PO,-P amendment (Triska et al. 1983). In treat-
ment channels with light conditions similar to WS2
and HWC, nitrate-N uptake ranged from =0 to 8
pg-m~2-min~! depending on time of day and age of
the periphyton community; as the amount of light
reaching the channels increased, uptake rates in-
creased, approaching rates to those measured in the
Kansas stream. The upper end of this range is within
the range measured for WS2 in this study (Table 2).
Although the California stream like WS2 is potentially
N limited (Triska et al. 1983), adding nitrate had little
effect on primary production in the California stream
or a stream adjacent to WS2 (Gregory 1980, Triska et
al. 1983), even though nitrate levels were near detec-
tion limits. The heterotrophic communities were prob-
ably energetically based on DOC and dependent on
upstream supplies of detritus. These findings support
previous conclusions that primary production in small
streams with forested catchments is light limited, de-
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spite low concentrations of nutrients (Gregory 1980,
Triska et al. 1983, Lowe et al. 1986).

Uptake of DOC in HWC and WS2 is near the range
published previously (see Kuserk et al. 1984); habitat-
weighted uptake (measured as C) in HWC is 527 mg-
m-2-h-' and WS2 is 38 (note change of units from
Table 4) as compared to a range of 6 to 400 mg-m~2-
h-! using a variety of techniques. High DOC uptake
rates were also calculated for Bear Brook, New Hamp-
shire (McDowell 1985: Table 2); the rates were more
similar to HWC than WS2. Using data presented by
McDowell (1985: Fig. 1), we estimated DOC uptake
length. The lengths range from 56 m for yellow birch
leachate to 83 m for spruce leachate, over the course
of a 5-h addition. These lengths are in the range pre-
sented here for HWC and generally shorter than those
in WS2.

As in an earlier study in HWC and a nearby stream
(Meyer et al. 1988), uptake rates of DOC in the eastern
stream are at the high end of the reported range. Meyer
et al. (1988) attribute the high rates to the use of a labile
DOC source (sucrose as opposed to leachate) and a
consequence of overestimating uptake in stream beds
with high channel roughness. Since WS2 has a greater
percentage of rock outcrop (Table 3) and the debnis
dams are underlain primarily by outcrop as opposed
to gravel as in HWC, WS2 has a lower channel rough-
ness than HWC. Thus, differences in stream bed rough-
ness may partly account for the difference in uptake
rates between these two streams, although uptake
lengths are so strikingly different between the two
streams that there are probably other reasons as well.
In a chamber experiment using material collected from
a western Cascade stream, the rate of microbial uptake
(measured as C) of DOC was 14 mg-m~2-h~!, an es-
timated 77% of total DOC leachate removed (Dahm
1981). Thus, the total C uptake was 18 mg-m-2-h-!;
this is in the range reported for WS2 (38 mg-m~2-h-?)
even though a more labile source of DOC (sucrose) was
used in our field addition. However, when the total
uptake rate was calculated over the first 9 h of the
48-h chamber experiment, the C uptake rate was 43
mg-m~2-h~! and for the first 20 min, the rate was 442
mg-m~2-h~! (Dahm 1981). This higher rate over the
shorter time period is attributed to rapid abiotic uptake
initially followed by saturation of the organic substrate
(Dahm 1981). An important factor in the chamber
experiment is the greater contact between the DOC
source and the substrate. Saturation of the substrate is
less likely to occur in field additions, and the rates are
not likely to vary so strikingly over a 48-h field addi-
tion. Rapid infiltration into the sediments in HWC
may result in a high initial uptake rate as measured in
this study, but over the course of a few hours, the rate
may decrease and be more similar to WS2, where the
sediments are more shallow.

Synthesis.—In comparing solute retention between
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ecosystems, it is important to compare field and ana-
lytical methodologies as well as final conclusions, be-
cause methods strongly influence the results. In further
comparative studies, it will be important to standardize
methods and to stratify sampling by habitat to better
understand whole stream retention of solutes.

The combined results of laboratory experiments and
field retention measurements indicate that in HWC,
strong biotic control of P uptake coupled with high P
demand, result in relatively short P uptake lengths and
therefore a strong impact of ecosystem dynamics (mi-
crobial processes, decomposition) on P spiraling com-
pared to WS2. In HWC, short uptake lengths of Ca
and DOC (particularly at debris accumulations) suggest
the demand for these elements could influence ecosys-
tem dynamics. There is no evidence for significant dif-
ferences between habitats in P uptake for HWC during
the summer although debris dams are responsible for
most DOC and Ca retention. In WS2, the western
stream, strong biotic control of N retention combined
with strong N demand result in relatively short N up-
take lengths. The results suggest that in WS2, N spi-
raling may have a strong influence on ecosystem pro-
cesses. This is especially true at sites ot downed timber
that retain both FPOM and CPOM, creating a high N
dgmand. Bear Brook, a small forest stream in New
Hampshire, was similar to HWC in retention of P and
DOC, although the mechanisms for P uptake are quite
different. Retention of nitrate was negligible in Bear
Brook, similar to HWC, although ammonium (a less
costly form of N to assimilate biotically) was taken up
in Bear Brook.

These results emphasize the overriding influence of
parent geology on ecosystem processes. Geology may
be a major determinant of solute retention through
direct and indirect processes affecting water chemistry
and ratios of elements present in stream water. Geology
also determines geomorphic structure of the stream
channel, thereby influencing physical and biotic char-
acteristics of the channel that may in turn influence
solute retention.
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