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Abstract.  An annual nitrogen budget is presented for a small stream draining Watershed 10, H.
J. Andrews Experimental Forest, Oregon. The role of allochthonous debris in the input, flux, and
export of nitrogen is emphasized in the material balance budget. All material entering the stream
channel was presumed to enter the water sometime during the year. Material estimates are based on
total channel area.

The major annual nitrogen input (1974-1975) was subsurface flow (11.06 g/m?) as dissolved organic
nitrogen (10.56 g/m?) and nitrate (0.50 g/m?). Biological inputs of nitrogen amounted to 4.19 g/m? as
direct terrestrial inputs of: litterfall (1.35 g/m2), lateral movement (1.78 g/m?), and throughfall (0.30
g/m?). Nitrogen fixation on fine wood debris contributed an additional 0.76 g/m? based on rates from a
nearby watershed. Total nitrogen input was 15.25 g/m?.

The nitrogen pool was dominated by large amounts of particulate organic matter. Coarse wood
constituted 32% of the nitrogen pool (3.80 g/m?) and fine wood fractions 18% (2.18 g/m?). The coarse
wood fraction greatly influenced stream morphology. Fine organic particulates constituted an addi-
tional 40% of the nitrogen pool (4.77 g/m?).

DON (dissolved organic nitrogen) export (8.38 g/m?) was less than input, presumably due to
biological uptake associated with litter mineralization, sorption, and chemical flocculation. Due to
effective retention of particulate inputs by debris dams, biological processing in the particulate nitro-
gen pool, and uptake and sorption of DON, most particulate organic inputs increased in nitrogen
concentration prior to export. Particulate organic nitrogen input (3.13 g/m? was greater than export
(2.53 g/m?). Total annual nitrogen output was 11.36 g/m?, resulting in a gain of 3.89 g-m=2-yr-! to the
stream. Thus, the stream was not operating on an annual steady state, but on an input-output regime
related to the processing of refractory wood debris and resetting by major storms.

Although particulate and dissolved nitrogen loss per hectare was small for the 10-ha watershed,
these losses passed through or were accumulated in a pool encompassing <1% of the watershed area.
This concentration of N in the stream allowed establishment of a separate ecosystem whose processing
efficiency and capabilities for nutrient cycling were related to the retention capacity of the channel
and nutrient quality of inputs within the reach.
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INTRODUCTION

Small streams draining heavily forested watersheds
depend on organic inputs from the adjacent terrestrial
environment (allochthonous) as a source of fixed car-
bon and nutrients for in situ biological processes. This
dependence on terrestrial energy sources has been
demonstrated for stream reaches where the forest can-
opy completely covers the stream, e.g., Teal 1957,

! Manuscript received 7 April 1982; revised and accepted
19 January 1983.

Minshall 1967, Fisher and Likens 1973, Sedell et al.
1974, Meyer et al. 1981, Triska et al. 1982. In open
streams, however, high in-stream (autochthonous)
production can reduce the role of allochthonous in-
puts, e.g., Minshall 1978, Busch and Fisher 1981,
Cushing and Wolf 1982. While the role of allochtho-
nous debris as the energy base of small forested streams
is well known, the role of such debris in the stream’s
nutrient balance has only recently been reported.
Meyer et al. (1981) found that falling and blown litter
contributed 28% of phosphorus input of Bear Brook,
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New Hampshire in 1968-1969 and 23% in 1974-1975
(Meyer and Likens 1979). Meyer et al. (1981) also re-
port direct litterfall is =11% of the nitrogen budget of
the same stream.

In old-growth forests of the Pacific Northwest, ni-
trogen is an element of interest, since nitrogen con-
centrations in stream water are often low, and forested
watersheds may even exhibit annual net accumulation
of nitrogen (Fredriksen 1972, Sollins et al. 1980). Ma-
jor losses of nitrogen from the forest include leaching
and mineralization of organic debris from the litter lay-
er, and direct biological losses such as litterfall.
Weathering, an important source of many nutrients, is
an insignificant nitrogen source.

Once lost to the stream, nitrogen may be exchanged
between the particulate and dissolved components by
numerous physical and biological pathways (Fig. 1).
For example, dissolved nitrogen can be taken up and

immobilized during mineralization of organic carbon
by bacteria and fungi. Large particulate organic matter
(LPOM) can serve as a nutrient source to detritus-
feeding consumers. LPOM can be converted from lit-
ter to fine particulate organic matter (FPOM) via in-
vertebrate egestion or physical fragmentation. Partic-
ulate organic nitrogen can be converted to dissolved
nitrogen via physical leaching or microbial and inver-
tebrate excretion.

The biotic interactions which occur in the particu-
late organic nitrogen (PON) pool result in an increase
in nitrogen concentration and often an increase in ab-
solute levels of nitrogen during decomposition of or-
ganic matter (Kaushik and Hynes 1968, 1971, Hynes
and Kaushik 1969, Iversen 1973, Hodkinson 1975,
Gotto and Taylor 1976, Suberkropp et al. 1976, Triska
and Sedell 1976, Davis and Winterbourn 1977, Triska
and Buckley 1978, Triska and Cromack 1980, Elwood
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et al. 1981, J. Rosset and F. Barlocher, personal com-
munication). Since nitrogen-enhancing processes are
basically microbial and the C:N ratio of litter is high,
it has been hypothesized that microbial colonization
is instrumental in the passage of fixed carbon and/or
nutrients to higher trophic levels in lotic ecosystems
(conditioning) (Triska 1970, Barlocher and Kendrick
1973, Petersen and Cummins 1974, Anderson and Graf-
ius 1975, Suberkropp and Klug 1976, Triska and Buck-
ley 1978, Anderson and Sedell 1979, Martin et al. 1980,
Triska et al. 1982). Extensive reviews of conditioning
and the invertebrate feeding process are provided in
Cummins and Klug (1979) and Barlocher and Kendrick
(1981).

Despite large inputs of litter debris into small streams,
litter and its associated biological processes in streams
have not been extensively explored as components of
a stream nitrogen budget. Two exceptions include an
early study by Bormann et al. (1969), which estimated
particulate organic nitrogen export at Hubbard Brook,
and Meyer et al. (1981), who measured litterfall and
fluvial particulate nitrogen in the nitrogen budget of
Bear Brook, New Hampshire. More traditionally, wa-
tershed budgets assumed that alterations of the stream’s
water chemistry or processing by the biota of first-
order streams were insignificant, although the poten-
tial contribution of exported energy and nutrients to
downstream food webs has long been recognized (e.g.,
Bormann et al. 1969). The objective of this study was
to estimate terrestrial nitrogen inputs, both dissolved
and particulate, the nitrogen pool associated with or-
ganic particulates and instream autotrophs, nitrogen
fixation, and other associated within-stream biological
processes on the nitrogen budget of a first-order Pa-
cific Northwest stream.

Conceptual framework

We modified the conceptual input scheme of Bor-
mann and Likens (1967, 1970) and Fisher and Likens
(1973) to highlight the biological inputs and transfor-
mations of nitrogen (Fig. 1). Input to the streams was
considered hydrological-meteorological or biological
(terrestrial and aquatic) (Fig. 1). Bormann and Likens
(1967) defined meteorologic inputs as those which re-
sult in direct entrance of organic matter into the stream
due to wind, rainfall, and other meteorologic vectors.
In addition to precipitation, they included lateral
movement, litterfall, and throughfall, which we de-
fined as terrestrial biological inputs. The first of these,
lateral movement, is equivalent to the blow-in of Fish-
er and Likens (1973). Due to the high canopy (60-90
m) and steep slopes (30-60%), wind was a minor input
vector. Lateral movement inputs resulted instead from
the force of gravity on the steep sidewalls, in con-
junction with alternate wetting and drying of litter.
Although litterfall was intensified by early autumn rains,
abscission occurred over an extended period, partic-
ularly for coniferous litter, and was considered a bi-
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ological rather than a meteorological input. The high
canopy minimized direct interception of precipitation.
Instead precipitation reached the stream indirectly by
canopy drip, which resulted in significant nutrient in-
put as throughfall. The only potential aquatic biolog-
ical input of nitrogen was dinitrogen fixation. Hydro-
logical-meteorological inputs were composed of
particulate and dissolved nitrogen from upstream
reaches, and direct subsurface flow to the study reach.
Since the entire stream constituted our study reach,
upstream import was eliminated as a separate factor.
The major output was physical export of both partic-
ulate and dissolved nitrogen. Litter storage deep in the
sediments was not considered an important factor, as
loose mineral sediments were not thick. Nitrogen out-
put due to microbial denitrification was not estimated,
since most input-output estimates were made prior to
general acceptance of the acetylene inhibition tech-
nique. Although quantification of flux within the nitro-
gen pool was not an objective of the study, estimation
of budget parameters contributed significant insight into
the impact of biological processes on the stream’s ni-
trogen budget. As most of the stream’s energy base
was allochthonous and most of those inputs were at
least partially processed within the reach (Sedell et al.
1974, Triska et al. 1982), biotic impacts on the nitrogen
budget were investigated where possible. The ap-
proach was to construct a material balance budget by
tallying hydrological-meteorological inputs, and ter-
restrial and aquatic biological inputs, minus hydrolog-
ical and biological exports and changes in particulate
organic storage. A secondary goal was assessing the
contribution of associated biological processes on the
stream’s nitrogen budget.

STUDY AREA

The study was made at Watershed 10 in the H. J.
Andrews Experimental Forest, in the western Cas-
cades of Oregon, USA. At the time of the study the
vegetation was dominated with seral 450-yr-old Doug-
las-fir (Pseudotsuga menziesii) with a well-developed
understory canopy of western hemlock (Tsuga heter-
ophylla). Local environmental variation on the wa-
tershed resulted in four major plant community types
which are described in detail by Grier and Logan (1977).
The watershed covers 10.1 ha and rises from 430 m at
the outlet stream gauging station to a maximum wa-
tershed elevation of 670 m. Mean annual precipitation
is 240 cm (Waring et al. 1978b). Overall slope of the
stream channel is 45%. Side slopes and headwall,
however, range up to 60% because of deep incision of
the basin into the main ridge.

Stream discharge typically ranges from ~0.23 L/s in
the summer to peak flows of 140 L/s during the highest
winter freshets. Mean discharge over approximately
triweekly intervals between 5 March 1974 and 18 March
1975 is presented in Table 9. The uppermost forks are
intermittent during summer. Width of the stream chan-
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TaABLE I. Mean annual element concentrations in discharge
water collected from the weir at Watershed 10. Estimates
are from a composite, discharge-proportional water sample
analyzed at ~3-wk intervals.

Mean
concen-
tration
Source Nutrient (mg/L)
R. L. Fredriksen, NO;-N 0.006
personal communication*  Kjeldahl N 0.027
Total dissolved P 0.101
Ortho-P 0.042
R. L. Fredriksen (1975)f Na 1.96
K 0.339
Mg 0.834
Ca 3.20
Alkalinity (HCO;™)  4.17

* 5 March 197418 March 1975.
+ May 1972-May 1975.

nel ranges from 0.25 m in the upper reaches to 1.0-
1.5 m at the watershed’s base. Streambed morphology
is a ‘‘stairstep’’ series of small pools connected by
free-fall zones or riffles running on bedrock. Pools are
formed mainly behind accumulations of wood debris.
The substrate consists of loose rocks and gravel from
weathered tuff and breccia material and bedrock of
unweathered tuff and breccia. As the stream was
gauged at bedrock, little water was lost due to deep
seepage. Water temperature typically ranges between
1° and 15°C (Sedell et al. 1975).

During the year of the study the pH of stream water
ranged between 6.4 and 7.4, and bicarbonate alkalinity
between 4.1 and 7.34 mg/L (Table 1). Nitrogen con-
centration was typically low in all forms, and dissolved
phosphorus was high relative to nitrogen. Mean dis-
solved Kjeldahl nitrogen was 0.027 mg/L, and nitrate-
nitrogen, 0.006 mg/L. Nitrite and ammonium were
mostly undetectable. The nitrate concentration was
historically high, due to a large pulse of nitrate of un-
known origin, whose maximum concentration was dis-
charged between 14 January and 11 February 1974.
Between 28 May 1974 and 26 February 1975, mean
nitrate concentration in continuously collected com-
posite samples was 0.001 mg/L (14 samples). Dis-
solved total phosphate had a mean annual concentra-
tion of 0.10 mg/L and orthophosphate a mean annual
concentration of 0.04 mg/L. Typical concentrations of
other major cations and anions are provided in Ta-
ble 1.

All inputs which entered the bank-full channel were
assumed to enter the water sometime during the year.
Total area of stream channel, determined by measur-
ing bank-full width every 10 m, was calculated at 767
m?. Lateral inputs were a function of total bank length,
which was estimated at 1500 m.

Between 1972 and 1975, numerous input-export
characteristics were measured: litterfall, lateral move-
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ment, standing crop, litter decomposition, seep chem-
istry, stream chemistry, particulate export, moss cov-
er, insect biomass, and insect emergence. In addition,
nitrogen fixation was measured in the stream at Wa-
tershed 2, a larger but chemically similar second-order
stream in the same forest.

MATERIALS AND METHODS
Terrestrial biological inputs

Nitrogen input by litterfall was estimated with 11
randomly placed 1.0-m? litter boxes which sampled
1.5% of channel area. Trap height was 0.5 m above
the water. Traps were 15 cm deep and had a removable
nylon insert with a mesh opening of 500-800 wm. Lit-
terfall was sampled approximately monthly between
March 1972 and March 1975. Data from two full years,
May 1972-May 1974, are reported here. Samples were
returned to the laboratory, air dried, and sorted into
four categories: leaves, needles, CTBW (cones, twigs,
bark, wood), and miscellaneous (frass, flower parts,
seeds, fruit, etc.). After fractionation, each category
was dried at 50°C and weighed. Nitrogen concentra-
tion was determined on composite samples by micro-
Kjeldahl analysis. Where possible, samples were com-
posited both by year and season.

Lateral movement was sampled by 30 randomly
placed rectangular boxes (0.1 m high by 0.3 m deep
by 0.5 m wide) with aluminum tray inserts. Traps were
placed on the forest floor adjacent to the streambed
with the open end (0.5 m) parallel to the stream and
facing upslope. Lateral-movement boxes sampled 1%
of bankside inputs. Samples were collected monthly
and sorted into the five categories described above,
dried, and weighed. Seasonally composited samples
of each category were analyzed for nitrogen by the
micro-Kjeldahl technique. Trays were collected, sort-
ed, and composited for nutrient analysis between
March 1973 and May 1975. Two years of data, May
1973-May 1975, are reported.

Throughfall or canopy drip was measured by con-
tinuous collection into 20-L polyethylene containers
equipped with funnels and strainers of 0.8-1.0 mm mesh
(Grier and Logan 1977, L. E. Glenn, personal com-
munication), or in precipitation gauges equipped with
funnels and glass wool stoppers (Abee and Lavender
1972). Collectors were dispersed both along the stream
and in the forest. Samples were taken approximately
monthly, filtered (0.8-um glass fiber filter) and ana-
lyzed for total nitrogen (macro-Kjeldahl).

Hydrological-meteorological inputs

The largest nitrogen input to the stream was sub-
surface runoff of precipitation modified by passing
through the litter layer and soil profile. Subsurface
runoff was estimated at five seeps, two of which were
perennial (Fig. 2). Each seep represented a subbasin
based on surface topography, and on the basis of area
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was assigned a proportional contribution of discharge.
Subbasin Left Trail (LT) is included with Right Fork
(RF) because seepage at LT was partially contami-
nated by stream water diverted underground by an
upstream debris dam, and because the vegetative com-
munity (Rhododendron macrophyllum-Berberis ner-
vosa type [Grier and Logan 1977]) is similar to RF.
Each seep was tapped with a stainless steel pipe to
facilitate sampling and minimize biological uptake of
nutrients at the seep’s surface. Sampling by on-site
personnel was approximately biweekly, with intensive
sampling during major storms. Most sampling oc-
curred between November and March, the period of
greatest precipitation. Seep samples were filtered at a
laboratory near the site, then frozen for later analysis
of nitrate and total nitrogen (organic nitrogen + am-
monium). Total nitrogen was determined by the mac-
ro-Kjeldahl method (Jackson 1958), and nitrate by the
copper-cadmium reduction method (Noonan and Hol-
combe 1975, Rand 1976). Extrapolation to N discharge
was based on water records from a gauging station at
the watershed’s base (R. Fredriksen, personal com-
munication).

Intermittent seeps were on the stream’s right fork.
When these seeps ceased flowing, their proportional
contribution was determined using the dissolved nitro-
gen concentrations from seep RF; when all right fork
seeps were dry, the most upstream seep (LF, left fork)
was used to estimate nitrogen input for the contrib-
uting area. These inputs are listed on the data tables
as ‘‘combined.” The most upstream (LF) seep was
chosen because it flowed all year, provided the largest
contributing area, and had both a north- and south-
facing component (Fig. 2). Because nitrate was almost
always at or below the limit of detection, fewer sam-
ples were analyzed for nitrate than for total nitrogen.
To determine inorganic input, samples from two years
(1974-1975) were used to enlarge the data base.
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Aquatic biological input

The only aquatic biological input of nitrogen was by
fixation on various biological substrates, particularly
by bacteria associated with wood and moss. Fixation
rates were determined on four wood types from Doug-
las-fir: heartwood blocks, twigs, bark, and wood chips.
Wood substrates were dried (50°), weighed, and placed
into litter bags (800-um mesh nylon). Bags were in-
cubated in the stream at Watershed 2, H. J. Andrews
Experimental Forest, and removed seasonally for a
period of 2 yr, as the study could not be completed at
Watershed 10 prior to clearcutting. Upon collection,
the sample was divided in half and placed in jars fitted
with serum stoppers. Part of the gaseous contents (10
kPa) of the treatment jar was replaced with acetylene
generated in the field from calcium carbide. The sec-
ond jar served as a control. Acetylene gas samples
were also checked for potential ethylene contamina-
tion. Samples were either incubated in the stream for
24 h or returned to the lab in a cooler filled with stream
water and incubated for 24 h at stream temperature.
Following incubation, a gas sample was transferred to
a nonsterile Vacutainer for analysis by gas chroma-
tography.

To determine nitrogen fixation rates associated with
moss, samples were removed from mineral substrates
submerged by stream water. Incubation time, temper-
atures, and gas sampling procedures were identical for
both substrates. Gas analysis was undertaken on a gas
chromatograph at ambient temperature using a Porpak
R 1.8-m (six-foot) column. The theoretical ratio of three
moles acetylene reduced to one mole nitrogen fixed
was used as a conversion factor (Bergersen 1970). Re-
cent estimates of nitrogen fixation on wood debris from
forested environments (Silvester et al. 1982) indicate
aratio of 5:1 may be a more realistic conversion factor
for incubations. Thus our results may be an overesti-
mate of actual fixation rates. After incubation, tissue
samples were dried at 50°, then weighed. Fixation was
calculated per gram dry mass, and the result extrap-
olated to the known standing crop.

Terrestrial biological exports

Terrestrial biological exports were measured during
a dry year, 1972-1973 (167 cm precipitation), a wet
year, 1973-1974 (305 cm precipitation), and continued
through spring 1975. During the dry year an 80-um
mesh nylon net was placed at the watershed’s base
(Fig. 2), and organic particles in excess of that size
were collected. The net, =3 m long, continually sam-
pled the entire discharge. During the wet year (1974)
increased water volume necessitated a mesh size of
1000 um to keep fine organic debris from clogging the
net. The net was emptied when filled and samples were
refrigerated prior to processing. Samples were sepa-
rated into coarse particulate organic matter (CPOM)
by litter type and fine particulate organic matter
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(FPOM) by size class using a Tyler sieve series. Size
classes of FPOM were either: large (LFPOM, 1 mm
to 250 um) or medium (MFPOM, 250 um to 80 pm).
As only CPOM was collected during 1974-1975, the
year of the budget, FPOM estimates were determined
as a proportion of the previous year’s export. After
sieving, samples were dried (50°) and weighed. Se-
lected storm samples representing a diversity of sea-
sons and discharge volumes were sorted into the four
substrate categories used for litterfall and lateral
movement. Composited samples were analyzed for ni-
trogen content using the micro-Kjeldahl determina-
tion.

Hydrological-meteorological exports

Hydrological-meteorological output was estimated
from grab samples taken at the gauging station each
time the seeps were sampled. The samples were fil-
tered and analyzed using identical methods. Addition-
al water samples were collected by a discharge pro-
portional water sampler located at the gauging station
(R. Fredriksen, personal communication). Continu-
ous samples were composited into a single 20-L poly-
ethylene bottle. Samples were returned to the labo-
ratory, filtered (0.8-um glass fiber) and analyzed at
approximately triweekly intervals. Nitrate and nitrite
were determined by the copper-cadmium reduction
method, and ammonia and total nitrogen by the macro-
Kjeldahl method. Orthophosphate was determined by
the molybdate blue method and total phosphorus by
the molybdate blue method with ascorbic acid follow-
ing digestion with persulfate and sulfuric acid (Rand
1976). For both continuous and grab samples, the sum
of nitrate, nitrite, and ammonia was subtracted from
total nitrogen to estimate dissolved organic nitrogen
(DON). Measurements of dissolved export were de-
termined from 5 March 1974 to 18 March 1975, a pe-
riod of simultaneous intensive sampling, for both grab
and continuous samples.

Particulate organic nitrogen pool

Standing crop of particulate organic nitrogen was
estimated by taking 15.25 cm diameter (0.018 m?) cores
from the stream bottom. Samples were collected
monthly for 18 mo and four times per year for an ad-
ditional year. Five samples each were removed from
riffles and pools on each date. One year’s data, May
1973-May 1974, are reported here.

CPOM was removed to a depth of 10 cm by hand
and placed in a clean 4-L polyethylene bottle. FPOM
was pumped from the bottom of the sampler with a
hand-operated pump. Samples were returned to the
laboratory, washed through a Tyler sieve series, and
sorted to the following size classes: large (LFPOM, I
mm-250 um), medium (MFPOM, 250-75 um), and
small (SFPOM, 75-0.45 um). The smallest size class
was determined seasonally. Invertebrates were re-
moved from samples by hand using a dissecting mi-
croscope. Coarse particulate organic matter >1 mm
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was dried, and then sorted into leaves, needles, CTBW,
and miscellaneous. Samples of each litter type were
analyzed for organic nitrogen content by micro-Kjel-
dahl technique seasonally. Standing crop of large de-
bris, tree limbs, branches, and boles was determined
by Froehlich (1973) using a line transect method.

Mosses

Approximately 20% of the stream bottom was bed-
rock colonized by mosses. Moss cover was deter-
mined using a gridded metre frame to estimate percent
cover. Density was determined by random sampling
of 1.0-cm squares of moss along the watercourse (J.
Lyford, personal communication). Moss was ana-
lyzed for nitrogen by the micro-Kjeldahl method and
for fixation as described previously. Estimates of cov-
er, density, and moss standing crop were normalized
to the total channel area.

Other associated biological processes

Change in nitrogen concentration of litter was mon-
itored by a leaf pack assay (Petersen and Cummins
1974). Disappearance rates were determined for needles
of Douglas-fir (Pseudotsuga menziesii), the most com-
mon litter input, and for deciduous litter of big-leaf
maple (Acer macrophyllum), vine maple (Acer circin-
atum), and alder (Alnus rubra).

Leaf litter was collected at abscission, air dried, and
strung on monofilament line to produce a 5-15 g leaf
pack. Leaf packs were oven dried (50°), weighed, and
anchored in the stream using bricks. Packs were ori-
ented upstream with current holding the pack against
the face of the brick. Leaf packs were therefore ac-
cessible to both biotic and abiotic processes. The re-
sult was a large variation in loss of mass due to phys-
ical abrasion, decomposition, and shredding by
invertebrates.

Three packs were collected monthly from the stream.
Leaf packs and bags were washed and insects and
ancillary debris were removed by hand. Contents were
dried at 50° and reweighed to calculate loss of mass.
Dried samples were combined by date and ground
through a 0.42-mm (40-mesh) screen for nitrogen and
lignin analysis. Nitrogen analysis was undertaken by
the micro-Kjeldahl technique. Lignin analysis was de-
termined by the Van Soest (1963, 1965) technique. To
obtain some index of humification, nitrogen content
complexed to lignin was also determined by Kjeldahl
analysis of lignin prepared by the Van Soest tech-
nique. To estimate total phosphorus, tissue samples
were digested with nitric acid and perchloric acid, then
analyzed using essentially the same method as the water
samples.

RESULTS
Terrestrial biological inputs

Big-leaf maple and vine maple litter was the major
deciduous leaf input to the stream. Although vine ma-
ple decomposed faster than big-leaf maple, the two
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TABLE 2. Input of nitrogen introduced by litterfall to the stream channel at Watershed 10, H. J. Andrews Experimental
Forest. The contribution of coarse wood debris (CWD) and microparticulate nitrogen is excluded.

Needle Leaf CTBW* Miscellaneous
Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
Litterfall N input (mg-m~2-mo~?)
May 15.41 37.20 0.22 0.22 18.41 3.13 1.63 4.42
Jun 48.63 64.89 0 3.13 8.10 17.40 5.67 1.08
Jul 73.04 50.39 1.34 1.56 12.97 6.72 21.20 1.67
Aug 84.89 87.48 2.23 6.46 18.73 5.96 3.06 0.56
Sep 89.97 92.73 1.89 5.48 22.22 7.07 3.23 0.59
Oct 116.65 78.40 9.76 46.67 5.18 15.31 3.65 0.91
Nov 122.12 108.71 119.07 84.09 4.56 57.11 4.12 23.52
Dec 39.33 20.59 10.41 1.30 6.32 9.49 2.97 10.13
Jan 50.56 9.71 2.60 0.38 34.89 13.38 15.76 14.88
Feb 14.82 8.92 0.17 0.17 4.00 6.56 1.88 12.90
Mar 21.56 43.13 0.22 3.26 4.69 34.81 1.62 13.95
Apr 15.33 25.35 0.21 0.21 9.93 7.77 2.26 6.51
Annual input (g/m?)
0.69 0.63 0.15 0.15 0.15 0.19 0.07 0.09
Year 1 (May 1972-Apr 1973) Year 2 (May 1973-Apr 1974)
Total annual input 811.16 g Total annual input 810.65 g
Total annual input 1.06 g/m? Total annual input 1.06 g/m?

* Cones, twigs, bark, wood.

species were combined to estimate nitrogen input. Both
were processed faster than coniferous needles (Sedell
et al. 1975). Deciduous leaf input was 11% of litterfall
nitrogen. Seasonally, most nitrogen input (68%; 80%
1972-1973, 55% 1973-1974) occurred during autumn,
particularly November (Table 2). Leaf litter input was
intermittent from February through August as leaves
entrained by the canopy were slowly released. Partial
decomposition in the canopy apparently increased ni-
trogen concentration, since nitrogen concentration of
litter was lower at abscission (Table 3). This factor
was considered in calculating nitrogen input. Estimat-
ed annual nitrogen input by leaf litter was 0.15 g/m? in
both years.

Needles were the major nitrogen component (49%)
in litterfall (Table 2). Needlefall input began in June
with the onset of moisture stress and continued with
increasing intensity through November. Input during
June and July consisted primarily of hemlock with in-
creasing amounts of Douglas-fir in succeeding months.

Needle litterfall during summer and fall was lowest
in nitrogen concentration (Table 3). Presumably most
nitrogen was reabsorbed prior to natural abscission
(Whittaker et al. 1979). During winter and spring, green
needles were a smaller but more concentrated input.
Winter input was often storm generated, when wind
or wet snow in the canopy removed fine twigs with
attached live needles. Annual nitrogen input by needle
litterfall was 0.66 g/m?2.

Cones, twigs, bark, and wood (CTBW) accounted
for 13% of litterfall nitrogen input (Table 2). Monthly
nitrogen input ranged from 3 to 57 mg-m2-mo-!,
mostly as a continuous shedding of small twigs. Oc-
casionally more catastrophic events, such as a major

limb or bole falling in the vicinity of a litter trap (No-
vember 1973), resulted in a large nitrogen input. Ni-
trogen concentration of twigs, the primary CTBW
component, remained nearly constant seasonally (Ta-
ble 3). Mean annual nitrogen input of CTBW was 0.17
g/m?2.

TaBLE 3. Nitrogen concentration (percent) by season, for
selected biological substrates from Watershed 10, H. J.
Andrews Experimental Forest.

Miscel-
Needle Leaf CTBW* laneous

Litterfall

Winter (Dec-Feb) 0.54 0.60 0.34 0.96

Spring (Mar-May) 0.71 0.70 0.36 0.75

Summer (Jun-Aug)  0.42 0.72 0.31 0.90

Fall (Sep-Nov) 0.46 0.63 0.38 0.98
Lateral movement

Winter (Jan—Mar) 0.54 0.76 0.30 1.10

Spring (Apr-Jun) 0.77 0.58 0.36 1.05

Summer (Jul-Sep) 0.66 0.65 0.39 1.03

Fall (Oct-Dec) 0.48 0.60 0.29 1.00
Particulate nitrogen pool

Winter (Dec—Feb) 0.66 0.87 0.29 0.62

Spring (Mar-May) 0.74 0.86 0.24 0.66

Summer (Jun-Aug)  0.53 1.11 0.31 0.80

Fall (Sep-Nov) 0.52 1.16 0.29 1.00
Fine particulate

nitrogen pool Large Medium Small

All seasons 0.71 0.75 1.44
Export

Winter (Dec—Feb) 0.63 0.98 0.48 1.11

Fall (Oct-Dec) 0.56 1.04 0.37 1.47

* Cones, twigs, bark, wood.
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TaBLE4. Nitrogen introduced by lateral movement of organic material to the stream channel at Watershed 10, H. J. Andrews

Experimental Forest.

Needle Leaf CTBW* Miscellaneous
Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
Lateral-movement N input (mg-m~2-mo™?)
May 16.46 22.19 11.33 9.88 19.53 331.55 10.74 35.15
Jun 38.33 20.73 8.88 6.61 91.58 19.44 52.28 17.20
Jul 33.14 18.40 21.36 7.65 38.20 21.76 26.18 17.56
Aug 14.12 22.50 7.05 8.87 31.19 33.25 11.81 23.63
Sep 25.93 23.56 13.70 17.21 47.72 75.23 40.47 9.57
Oct 38.68 25.89 20.45 46.51 50.43 91.24 17.67 25.11
Nov 48.95 28.94 119.66 77.58 101.53 29.66 37.81 20.10
Dec 30.65 30.05 26.59 29.01 29.94 123.61 36.27 34.41
Jan 29.79 23.77 25.92 16.96 41.57 61.75 30.29 20.12
Feb 21.93 21.46 21.43 15.32 26.79 55.78 43.99 18.18
Mar 19.41 15.23 17.43 20.97 176.60 91.14 37.51 22.84
Apr 28.19 11.08 13.74 11.30 43.52 55.62 44.72 21.11
Annual input (g/m?)
0.35 0.26 0.31 0.27 0.70 0.99 0.39 0.27
Year 1 (May 1973-Apr 1974) Year 2 (May 1974-Apr 1975)
Total annual input 133572 ¢ Total annual input 1373.54 g
Total annual input 1.74 g/m? Total annual input 1.79 g/m?

* Cones, twigs, bark, wood.

Miscellaneous inputs consisted of all other litter par-
ticulates (>800 nwm) not easily grouped into the pre-
vious categories. The composition was primarily
mosses and lichens (mainly Lobaria sp.) from the can-
opy. In season, floral parts, seeds, and insect frass
contributed to the miscellaneous category. Nitrogen
concentrations were uniformly higher in miscellaneous
than in other litter categories (Table 3). Decomposition
rate of miscellaneous debris was not determined but
was presumably rapid, relative to other litter inputs,
due to higher nitrogen concentration. Miscellaneous
inputs were 6% of litterfall nitrogen (Table 2), with a
mean annual input of 0.08 g/m2. Microparticulate in-
puts (MICRO PN [<800 um]) were not estimated by
us but were determined by G. C. Carroll and L. H.
Pike of the University of Oregon. Their results are
reported in Sollins et al. (1980). Estimates, made from
the particulate component of throughfall, were be-
tween 50 and 150 kg-ha~'-yr~!. We used an interme-
diate value of 100 kg-ha='-yr—! dry mass to calculate
nitrogen input. Nitrogen concentration, from a com-
posite of 100 of their samples, was 1.75 + 0.21 (SE)
percent of dry mass. This translates to 0.18 g-m—2-
yr~, 13% of litterfall nitrogen. A final source of litter-
fall nitrogen was coarse wood debris (CWD). Sollins
et al. (1980) estimate input from logs at 1.1 kg-ha!-
yr~tor 0.11 g/m?. We used this estimate in our study.

Monthly comparison of inputs between years indi-
cates some variation due in part to differences in col-
lection dates and storm patterns. Seasonally, input
amounts of all litter are similar, and on an annual basis
are almost identical. Grier and Logan (1977), who es-

timated litterfall for 2 yr on the terrestrial component
of Watershed 10, also found that yearly totals (includ-
ing green litter) differed from the yearly average by
<1%. Thus litterfall provided a remarkably uniform
input of biologically fixed carbon and nutrients be-
tween years, but with strong seasonal trends.

Lateral nitrogen input

Conifer needles, the primary source of litterfall ni-
trogen, were the second largest lateral input. Nitrogen
from coniferous needles constituted 17% (20% 1973—
1974; 15% 1974-1975) of lateral movement (Table 4).
Lateral movement of needles had seasonal trends sim-
ilar to those of litterfall, but was more uniform
throughout the year. As with litterfall, lateral needle
inputs were highest during autumn. Fall, winter, and
spring nitrogen concentrations were similar to those
of litterfall, whereas summer concentrations were
higher (Table 3). The summer increase may result from
partial decomposition on the forest floor, with asso-
ciated increase in nitrogen concentration. Mean an-
nual nitrogen input by lateral movement of needle lit-
ter was 0.31 g/m2.

Lateral movement of leaf litter added almost as much
nitrogen to the stream as lateral needle input and al-
most twice as much as leaf litterfall. Most lateral leaf
input was big-leaf maple and occurred during autumn.
Unlike leaf litterfall, significant but decreasing inputs
occurred December—May as leaves continued to slide
downhill. For example, only 34% of total nitrogen in-
put by leaf litter occurred during November for lateral
movement, compared to 68% for litterfall. Nitrogen
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concentrations from composite samples of lateral
movement during autumn were similar to those of lit-
terfall, 0.63% and 0.60% N, respectively (Table 3).
Winter concentrations of nitrogen in lateral movement
were slightly higher than those in litterfall, but summer
concentrations were slightly lower. Leaf litter was 16%
of lateral-movement nitrogen and amounted to 0.29 g-
m~2-yr! (Table 4). As with litterfall, miscellaneous
organic particulates had the highest nitrogen concen-
tration of any lateral input (1.05%). Nitrogen contri-
bution to the stream was 0.33 g-m~2-yr~!, four times
the contribution of miscellaneous litterfall. Miscella-
neous particulate nitrogen was 19% of lateral move-
ment input and lacked seasonal trends.

The major lateral nitrogen input was CTBW. Var-
ious types of wood debris contributed 0.85 g-m~2-yr-1,
48% of total lateral movement (Table 4). Seasonal
composite samples ranged between 0.29 and 0.39%
total nitrogen concentration (Table 3). Concentrations
were lowest during late autumn and highest during
summer. CTBW was the most variable debris cate-
gory, due to the heavier mass of individual pieces, and
random input. With the exception of CTBW, lateral
movement was only 75% as great in year 2 as in year
1. The reason for the apparent annual difference is
unknown, and examination of monthly input (Table 4)
indicates no special trends. Total annual nitrogen input
was nearly identical due to a large input of wood debris
in May 1974. Overall, the data indicate that surface
erosion provided a steady contribution of organic de-
bris. This more uniform input scheme mitigated the
strong seasonal input of leaf litterfall and helped insure
a constant source of organic debris for biotic process-
ing.

Dissolved nitrogen input
Throughfall

Dissolved inputs consisted of subsurface flow and
throughfall. Throughfall was a potential source of bi-
ologically labile nitrogen. Only 5-30% of precipitation
reached the stream by direct interception. The re-
mainder was nutrient enriched by dripping through the
canopy, which provided 20-32 m?2 of leachable foliar
surfaces per square metre of forest floor (Grier and
Logan 1977, Waring et al. 19784). This estimate of
foliar surface did not include a high density of nitro-
gen-fixing lichens that inhabited the overstory. Abee
and Lavender (1972) estimated mean annual through-
fall nitrogen inputs at 0.34 g-m~2-yr—'in a study of six
old-growth stands. Highest nitrogen input in through-
fall was at 0.40 g-m~2-yr-!. Using data from C. C.
Grier (personal communication) for collections along
the stream, throughfall input was 0.40 g-m~2- yr-! dur-
ing 1974 and 0.35 g-m~2-yr~! during 1973. L. E. Glenn
et al. (personal communication) estimated throughfall
at Watershed 10 to be 0.27 g-m~2-yr—* during 1973 and
0.21 g-m~2-yr-! during 1974 from a set of six sample
collectors placed along the stream. The reason for in-
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put differences is not known, but may have been re-
lated to sample preservation, the number of samplers,
or their distribution. Kimmins (1973) indicated that the
number of collectors required for adequate estimation
of throughfall is larger than the number used in the
individual studies cited. All throughfall N input esti-
mates varied within a range of 0.20-0.40 g-m~2-yr—1,
depending on year and sampler location, with most
values at the higher end of that range. An estimate of
0.30 g-m™2-yr~! represents a reasonable estimate of
annual throughfall nitrogen input. This estimate is
slightly lower than the 0.34 g-m=2-yr—! canopy solu-
tion, including stemflow, which was used by Sollins et
al. (1980), for their terrestrial nitrogen budget at Wa-
tershed 10.

Subsurface inputs

Seep inputs varied seasonally both in volume and
nutrient concentration. Differences in seep chemistry
were attributed to drainage area and soil depth. Based
on seep chemistry, annual dissolved organic nitrogen
input from subsurface flow was estimated at 8.49 kg,
or 10.56 g/m? of channel. Annual nitrate input was an
additional 0.38 kg or 0.50 g/m? (Table 5). Thus only
5% of dissolved inputs were inorganic, with 95% or-
ganic nitrogen. Our calculation of dissolved-nitrogen
input may be an underestimate for two reasons. First,
seep inputs were estimated by a series of grab samples
rather than by continuous monitoring. Because DON
concentration varies with streamflow (highest in rising
flows, lowest in falling; Fredriksen 1972, Kennedy and
Malcolm 1978) grab sampling can miss some initial
periods of high nitrogen concentration. Second, nitrate
was not present in detectable quantities during many
periods of high discharge when even trace quantities
would extrapolate to significant input.

Special geological features of many seeps caused
nitrogen input to differ from that expected by area
alone. For instance, Left Fork (LF) drained 32.5% of
the watershed, but contributed 46% of subsurface ni-
trogen (Fig. 2, Table 5). This was an area of deep soils
and permanent discharge. Tipping Bucket (TB), which
drained 24% of the watershed area, contributed only
16% of dissolved nitrogen. This area had deep soils
and also a subterranean lava dike that slowed runoff
and allowed additional time for nitrogen uptake and
sorption. Right Seep (RS), draining only 6.8% of wa-
tershed area, also contributed 16% of dissolved nitro-
gen. RS was an area of very shallow soils and rapid
runoff. Total nitrogen concentrations at RS during ear-
ly autumn storms were equivalent to those at LF, but
were 2-2.5 times higher during late autumn and early
winter. Concentrations at RS were approximately four
times higher than TB during equivalent periods. As
expected, overall input was related to discharge. Pe-
riods when absence of flow resulted in combining of
seeps represented only 1% of total subsurface input
(Table 5).
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Dissolved-nitrogen input 5 March 1974-18 March 1975 as subsurface runoff estimated at five seeps from Watershed

10, H. J. Andrews Experimental Forest. (- - -) indicates absence of flow during sample interval.

Seep
Discharge Opposite
interval Left fork Tipping bucket Right fork Right seep seep *“‘Combined’’*
Dissolved-nitrogen input (g)

5-27 Mar 177.23 119.89 53.80 74.16 40.12
28 Mar-19 Apr 107.45 95.41 69.57 158.79 117.06
20 Apr-9 May 6.47 2.76 s s s 8.55
10-23 May 110.64 36.77 19.60 12.93
24 May-17 Jun 60.00 34.27 62.94 41.56
18 Jun-11 Jul 79.15 43.37 32.89
12-31 Jul 22.30 6.78 s 49.86

1-19 Aug 15.42 1.89 2.01 1.33
20 Aug-9 Sep 182.04 0.12 3.73 2.46
10-30 Sep 123.79 4.72 2.45 1.61

1-11 Oct 21.84 0.18 0.40 4.30 0.46
12-25 Oct 21.84 0.18 0.40 4.30 0.46
26 Oct-13 Nov 56.83 13.86 33.49 18.74 s 13.32
14 Nov-2 Dec 999.85 145.58 161.45 110.26 .- 64.20

3-24 Dec 939.41 492.22 441.11 493.53 194.57
24 Dec-15 Jan

16 Jan-3 Feb 707.85 299.91 150.42 468.99 97.20

4-26 Feb
27 Feb-18 Mar 62.85 14.45 e e - 83.15
NO;N 62.96 170.65 100.04 14.32 36.17
Seep total 3757.92 1483.01 1101.41 1347.39 486.04 311.86
Total dissolved

nitrogen 8487.43

* When seeps ceased flowing, their proportional contribution was determined using the dissolved-nitrogen concentrations
from seep RF, which was still flowing. (See Methods: Hydrological-meteorological inputs).

To assess the significance of dissolved nitrogen flux
seasonally we emphasized discharge patterns and ma-
jor particulate input events rather than calendar sea-
sons. So defined, the four seasons of our study were
approximately: Autumn (1 October-2 December),
Winter (3 December-19 April), Spring (20 April-17
June), Summer (18 June-30 September). The autumn
season, 1 October-2 December, was the most active
period of dissolved nitrogen retention. DON input was
1.73 kg and output 0.82 kg, indicating a net retention
of almost 0.9 kg DON by various physical, chemical,
and biological mechanisms. Biological retention was
facilitated by high particulate organic loading. In lit-
terfall =32% of needle litter nitrogen and 87% of leaf
litter nitrogen fell during these 2 mo. Autumn also co-
incided with the beginning life cycle of many inver-
tebrates. Anderson and Cummins (1979) note that the
life cycle of many shredder invertebrates is ‘‘keyed to
the autumnal pulse of leaf fall with major growth dur-
ing late autumn and winter.”’ Potential biotic interac-
tions were further facilitated by low discharge (<3%
annual discharge), which maximized water contact with
biologically active surfaces. This combination of fac-
tors presumably promoted microbial uptake on litter
substrates, resulting in nitrogen retention with subse-
quent passage to higher trophic levels.

A second period of high nitrogen retention was sum-
mer, 18 June-30 September (66%). In summer, sub-

surface nitrogen input was estimated at 0.58 kg and
output 0.19 kg. Only 6% of annual DON input and
<2% of discharge occurred during summer. As a re-
sult, although summer was a period of intense nitrogen
flux, it was nearly insignificant to the annual nitrogen
budget.

The winter storm season, 2 December—19 April, was
characterized by high streamflow and low nitrogen
concentration in stream water. This 42 mo season had
89% of annual discharge. Some 69% of DON input
(5.55 kg) and 78% (5.00 kg) of DON output occurred
during winter. Despite high winter flows, net retention
of DON (0.55 kg) was observed. This is less than half
the 1.30 kg retained during the summer—autumn peri-
od, when <5% of discharge and 27% of DON was
input to the stream.

Spring, 20 April-17 June, was a 2-mo period of rap-
idly declining discharge. About 6% of annual discharge
occurred during spring. DON input and output nearly
balanced, 0.39 kg vs. 0.43 kg, respectively. Leaf litter
input was especially low in spring and followed the
period of maximum surface scouring of epilithic and
organic surfaces.

Annual net DON retention by the stream ecosystem
was a high but realistic approximation of potential re-
moval by litter decomposition pathways. Annual DON
retention was =1.70 kg; litter inputs of all types av-
eraged 2.32 kg. Our leaf pack studies indicate an =~50%
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TABLE 6. Nitrogen introduced seasonally by fixation (as
measured by acetylene reduction) for four wood sub-
strates. Data collected from incubated substrates at Wa-
tershed 2, H. J. Andrews Experimental Forest, and ex-
trapolated to known standing crop.

Seasonal acetylene
reduction rates

(nmol-g~1-d-?) Nitrogen
fixed

1 Apr- | Nov- (g-m=2-
Substrate type 31 Oct 31 Mar yr )
Twigs 1129 21 0.09
Bark 269 6 0.17
Chips 993 4 0.10
Wood (3-10 cm diameter) 160 8 0.34

concentration gain in nitrogen following leaching and
up to 100% nitrogen concentration increase in other
litter inputs (Table 3). While much of the apparent gain
resulted from carbon mineralization, a 50% gain by
litter detritus would require 1.15 kg of nitrogen. Fur-
thermore, the large amount of residual wood debris
and fine organic particulates provided additional up-
take sites. Therefore, the observed retention of dis-
solved nitrogen represents a reasonable nitrogen de-
mand for carbon mineralization.

Aquatic biological input

Maximum nitrogen fixation (as measured by acety-
lene reduction) occurred during late summer (Table 6).
Little or no activity was observed from late autumn
through spring. Rates of nitrogen fixation on various
wood types were extrapolated to the composition of
the CTBW pool for wood debris <10 cm in diameter,
and for seasons when fixation was observed. Nitrogen
fixation was not attributed to large branches and bole
wood, due to absence of reliable estimates. More re-
cently, N-fixation has been detected in large boles in
the H. J. Andrews Experimental Forest, but confined
to discrete sites of activity that are difficult to extrap-
olate to an areal basis (Silvester et al. 1982). Rates of
fixation were low on fine wood debris and required
24-h incubations, which may overestimate fixation
(Silvester et al. 1982). Despite low rates, standing crop
of CTBW was high, so the potential contribution of
nitrogen fixation to the budget was significant. The
greatest contribution to the particulate nitrogen pool
from nitrogen fixation was associated with branch wood
debris (BWD) at 0.34 g/m2. Branch wood was 3-10 cm
diameter. Contributions to the particulate nitrogen pool
for small wood substrates were 0.09 g/m? for twigs,
0.17 g/m? for bark, and 0.10 g/m? for small wood chips.
Total nitrogen fixation on various wood substrates was
estimated at 0.70 g-m~2-yr-1, higher than the 0.008 g/
m? estimated by Meyer et al. (1981) from terrestrial
wood studies by Roskoski (1977).

Nitrogen fixation on moss was estimated in June
1975 and June and August 1976. Fixation was assumed
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to occur primarily during the warm months as ob-
served for wood. Acetylene reduction per unit dry mass
averaged 8769 nmol-g=!-d-!. Areal conversion of ni-
trogen amounted to 0.06 g-m~2-yr-!. Examination of
moss plants did not reveal the presence of algal sym-
bionts; therefore, fixation was presumably accom-
plished by bacterial association. Bacterial association
between a moss and a nitrogen-fixing Azotobacter sp.
has been reported by Snyder and Wullstein (1973).

Fixation of nitrogen on leaf material collected from
the stream produced negative results. However, Ho-
warth and Fisher (1976) have reported low rates of
nitrogen fixation on leaf litter in experimental streams.
Further evidence of fixation during the initial stages
of decomposition of mangrove leaves (Gotto and Tay-
lor 1976) and in cypress litter (Dierberg and Brezonik
1981) indicates fixation can occur at significant rates
at that time in the decomposition process.

Particulate nitrogen pool

Because the stream’s morphology was extensively
controlled by debris dams, these wooden structures
represented a large nitrogen pool. The standing crop
of coarse wood debris (CWD) >10 cm diameter,
amounted to 12 kg/m? particulate organic matter.
Analysis of heartwood blocks disclosed a total-nitro-
gen concentration of 0.04%. This estimate is low com-
pared to P. C. MacMillan and J. E. Means (personal
communication) who estimated nitrogen content of
0.10% in fallen logs in a midaltitude Douglas-fir stand
on the H. J. Andrews Experimental Forest. Even us-
ing the lower estimate (assuming N accretion after tree
fall), the minimum standing crop of nitrogen in the
stream from coarse wood debris was 3.8 g/m2. As the
biological role of this long-term pool is virtually un-
known, the amount of nitrogen from large bole wood
which enters the food chain was not determined. The
most likely biological role of coarse wood debris in
small streams is formation of FPOM by physical
scouring and surface microbial activity. Maximum
processing rate of coarse wood debris is 2-5% per year,
based on disappearance rates of heartwood blocks
(Triska and Cromack 1980) and is far slower for the
larger pieces. A secondary role for wood debris is hab-
itat for a wide variety of tunneling and surface-inhab-
itating invertebrates (Anderson et al. 1978).

Compared to CWD and BWD, CTBW has a much
faster turnover rate. Gilson respirometry (Gilson 1963)
conducted monthly at ambient stream temperature
showed ~18% annual decomposition for fine twigs.
Fine twigs, bark, and wood chip substrates exhibited
mineralization of 14-23% loss of mass within the 1st
yr of stream incubation. Nitrogen concentration of
composite standing crop samples ranged between 0.25
and 0.31% nitrogen by micro-Kjeldahl analysis. High-
est nitrogen concentration was observed during sum-
mer (0.31%) when microbial activity measured by both
respirometry and plate counts was highest. Nitrogen
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TaBLE 7. Standing crop of nitrogen associated with various particulate organic materials from the stream channel of Wa-
tershed 10. Each monthly estimate is the result of 10 core samples (15.25 cm diameter), 5 each from riffles and pools.

Large FPOM  Medium FPOM

Needle Leaf CTBW* Miscellaneous (0.25 mm) (0.075 mm)
Nitrogen standing crop, ¥ = SE (g/m?)
1973
Mar 0.31 = 0.19 0.14 = 0.08 1.63 + 0.72 0.34 + 0.19 0.35 + 0.16 0.58 + 0.15
Jun 0.19 + 0.07 0.06 = 0.05 2.40 + 0.80 0.41 = 0.07 0.30 = 0.07 0.60 + 0.19
Jul 0.33 = 0.15 0.03 = 0.02 0.61 + 0.20 0.30 + 0.10 0.62 + 0.16 1.59 + 0.30
Aug 0.24 = 0.06 0.03 =+ 0.02 1.76 + 0.98 0.92 + 0.40 0.66 + 0.18 1.07 = 0.17
Sep 0.26 = 0.06 0.04 + 0.02 1.11 + 0.41 0.67 = 0.17 0.31 = 0.06 0.43 + 0.07
Oct 0.51 = 0.19 0.09 + 0.03 1.58 + 0.60 0.81 + 0.21 0.33 + 0.08 0.55 + 0.12
Nov 0.59 + 0.13 0.09 = 0.03 3.70 = 1.11 2.44 + 0.59 0.90 + 0.31 0.64 + 0.23
Dec 0.34 + 0.16 0.16 = 0.09 3.55 + 1.06 0.48 + 0.18 0.88 + 0.31 0.89 + 0.26
1974
Jan 0.15 = 0.08 0.05 = 0.02 2.94 + 1.44 0.73 = 0.29 0.82 = 0.30 0.95 = 0.29
Feb 0.08 + 0.03 0.05 + 0.02 3.22 + 1.35 0.32 + 0.10 0.61 + 0.15 0.58 + 0.12
Mar 0.09 + 0.02 0.09 + 0.04 2.84 + 0.87 0.32 + 0.12 0.59 + 0.29 0.78 + 0.45
Apr 0.17 + 0.06 0.18 = 0.08 0.84 = 0.31 1.15 = 0.40 0.62 + 0.18 0.74 + 0.20
Mean annual 0.27 0.08 2.18 0.74 0.58 0.78

* Cones, twigs, bark, wood.

concentration dropped to 0.29% during fall and winter
and to 0.24% by spring (Table 3). The small differences
in nitrogen concentration probably reflect changes in
our sample composition rather than biological activity,
since samples were composites of a wide variety of
wood types. In controlled litterbag studies, nitrogen
concentration does increase during decomposition of
fine wood debris (Triska and Cromack 1980). The ni-
trogen pool in CTBW samples averaged 2.18 g/m? (Ta-
ble 7).

Standing crop of both coniferous and deciduous leaf
litter constituted a source of biologically available ni-
trogen. Mean standing crop of nitrogen was 0.27 g/m?
for needles and 0.08 g/m? for deciduous leaves (Table
7). Proportionally, the nitrogen pool in leaf litter was
77% in needles and 23% in deciduous leaves. This is
comparable to input composition of 68% and 32%, re-
spectively, but with some suggestion that needle litter
is more effectively transported. As with inputs, con-
centrations of nitrogen in standing crop varied season-
ally. Needle litter N concentrations were lowest June—
November, the time of major needle input (Table 3).
Nitrogen concentrations were higher winter through
spring, as observed in previous decomposition studies
of needle litter (Triska et al. 1975). The highest nitro-
gen concentration occurred during spring, the time of
needle litter consumption by invertebrates (Sedell et
al. 1975), and may represent an important nitrogen
pool for shredding invertebrates during final instars.
The needle litter component of the nitrogen pool was
largest in October and November, the months of max-
imum needle input (Table 7). However, coniferous
needles were present throughout the year.

Big-leaf maple and vine maple leaves were the most
readily available source of nitrogen for leaching and
consumption by higher trophic levels. Mean estimate

of nitrogen in leaf standing crop was low (0.08 g/m?),
despite large inputs during November. Leaves were
readily incorporated into small debris dams not sam-
pled by coring the stream bottom. Debris dam mea-
surements were conducted during summer, after leaf
decomposition; hence mean standing crop underesti-
mated this contribution. Estimates of nitrogen con-
centration from summer and fall composite samples
had the highest nitrogen concentration of any litter
debris.

LFPOM and MFPOM of unidentifiable origin con-
stituted a major component of the stream’s nitrogen
pool (totalling 1.36 g/m?). LFPOM was especially
prominent during late autumn and early winter (No-
vember—January) (Table 7). This size-class possibly
originated from physical, microbial, and invertebrate
processing of deciduous litter that entered during Oc-
tober and November. MFPOM was prominent at the
same time, particularly during December and January.
A second period of accumulation occurred during low
discharge (July and August). MFPOM deposition dur-
ing midsummer may have resulted from microbial ac-
tivity on wood, or chemical flocculation. SFPOM,
measured quarterly, is not included on Table 7, but it
was the largest component of the FPOM nitrogen pool,
at 3.41 g/m?.

The mean nitrogen concentration of FPOM (Table
3) is based on few samples due to the difficulty of
obtaining FPOM free of fine sediment. Nitrogen esti-
mates from FPOM were obtained from export sam-
ples, which contained the least inorganic sediment.
Nitrogen concentrations were corrected for ash and
extrapolated to the core estimates of standing crop.
The FPOM nitrogen pool at 4.77 g/m? was the stream’s
largest pool of particulate organic nitrogen.

Two minor nitrogen pools were moss and inverte-
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brate consumers. Moss, where present, had an ash-
free dry mass (AFDM) standing crop of 40 g/m?. Mean
moss AFDM standing crop amounted to 8 g/m? for the
entire stream bottom, ~2.5 times the 3.1 g/m? reported
by Fisher and Likens (1973). Nitrogen concentration
of moss averaged 0.92% for nine samples analyzed, or
0.07 g/m2.

Annual moss primary production was not deter-
mined and few literature estimates are available. Fish-
er and Likens (1973) estimated gross primary produc-
tion of moss at 2.14 g/m? annually at Bear Brook, New
Hampshire. Net primary production could not be de-
termined because moss and its surface microbial flora
had a respiration rate that exceeded gross primary pro-
duction. As moss grows slowly, most gross primary
production is probably expended as respiration. Tamm
(1953) found that nutrient uptake (N, P, K) by the
forest moss Hylocomium splendens occurred simul-
taneously with growth, and that the nitrogen content
did not decrease in older segments. Assuming the above
is true for aquatic mosses, annual increments of growth
would occur primarily by direct uptake from stream
water. The lifespan of mosses varies by species (Bink-
ley and Graham 1981), and observation of particulate
organic export indicated that winter scour removes
substantial biomass annually (included in miscella-
neous export). Assuming 40% of standing mass rep-
resents that year’s net production, and that uptake
equals the nutrient content, the annual amount of ni-
trogen captured for elaboration of moss tissue would
be only 22.58 g/channel (0.03 g/m?) over the entire study
reach. The amount of nitrogen flux within the moss
community for tissue maintenance is unknown.

Invertebrates were partitioned on the basis of func-
tional groups (Cummins 1973, 1974, 1975). Inverte-
brate data from core samples indicated shredder plus
collector functional groups averaged 70% of total in-
vertebrate biomass. Grazers constituted <1% of in-
vertebrate biomass, which reflected the terrestrial na-
ture of the fixed carbon inputs and shading by the
canopy. Measurement of ammonia production con-
ducted by Grafius (1977) on Lepidostoma quercina, a
common shredder invertebrate, was used to compute
invertebrate ammonia production. Ammonia-N re-
leased under laboratory conditions (15°C) averaged 3.7
mg-g dry mass-d-!. Shredder invertebrates, including
Lepidostoma sp., constituted most invertebrate bio-
mass in the stream.

Invertebrate biomass was lowest in January due to
the small size of early instars and high waterflow that
confined invertebrates to protected areas. Maximum
mean biomass (dry mass), determined from core sam-
ples, was 1.45 g/m? during August, a period of low
flow. The annual mean of insect biomass was 0.194
g/m* of wetted channel. As a nitrogen pool, mean in-
vertebrate biomass amounted to 0.02 g/m? channel.
Potential production of ammonia was estimated
monthly, assuming a wetted area of 300 m? during De-
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TABLE 8. Nitrogen loss from Watershed 10, 1 October 1973—
30 September 1974 resulting from export of particulate or-
ganic matter.

CPOM FPOM
N loss N loss
Substrate (g/m?) Size (g/m?)
First quarter
(1 Oct-31 Dec)
Needle 0.11 Large and medium 0.15
Leaf 0.02 Small 0.70
CTBW 0.19
Misc. 0.15
Second quarter
(1 Jan-31 Mar)
Needle 0.04 Large and medium 0.13
Leaf 0.01 Small 0.65
CTBW 0.27
Misc. 0.08
Third and fourth quarter
Combined 0.003 Large and medium 0.005
Small 0.025

cember-May at base flow and 150 m? during June—
November at base flow. Annual ammonia-nitrogen
contributions to the nitrogen pool by invertebrates was
estimated at 0.20 kg for the entire stream, or 0.26 g/m?
channel. Emergence of 470 mg/m? dry mass (Graf-
ius 1974) constituted an additional 0.06 g/m? of wetted
area annually, or 0.02 g/m? of stream channel, an in-
significant part of the stream’s nitrogen budget.

Nitrogen export

Major nitrogen loss from the stream occurred during
winter periods of high discharge. Some 95% of the
dissolved organic nitrogen left the stream between Oc-
tober and April. Annual dissolved organic nitrogen
losses amounted to 6.42 kg for the watershed or 8.38
g/m? of stream bottom (Table 9). Nitrate loss was es-
timated at 0.33 kg for the watershed, or 0.43 g/m? of
stream channel. This estimate is based on grab sam-
ples at the base of the stream, collected simultaneous-
ly with seep samples. Our grab sample estimates were
comparable to the continuous sampler estimate of 6.07
kg DON (R. Fredriksen, personal communication) or
7.92 g/m2.

Because particulate organic matter was effectively
captured and decomposed within the stream, process-
ing of particulate organic inputs was high and output
was dependent on total runoff. Most particulate or-
ganic output (Table 8) occurred during the first quarter
(October—December). In this period, the first major
storms flush the stream of debris accumulated during
low summer discharge. Virtually all measurable par-
ticulate output occurred between October and March.

Output of nitrogen as needle litter amounted to 0.15
g/m?, or 115 g/yr. Output as intact needles was only
16% of input. Deciduous leaves were incorporated even
more readily into debris dams, so only minor amounts
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TABLE 9. Export of dissolved organic nitrogen (DON) based
on water samples collected at the base of Watershed 10, 5
March 1974-18 March 1975. (---) indicate no DON ex-
port samples were taken 25 December 1974-15 January
1975 or 4-26 February 1975. DON concentration 16 Janu-
ary-3 February was used to compute DON export for the
total interval.

Mean DON

discharge export

Discharge interval (L/s) (2
5-27 Mar 1974 13.66 181.77
28 Mar-19 Apr 5.94 702.61
20 Apr-9 May 1.73 11.37
10-23 May 4.47 162.12
24 May-17 Jun 1.61 252.27
18 Jun-11 Jul 0.74 130.06
12-31 Jul 0.35 32.18
1-19 Aug 0.22 1.41
20 Aug-9 Sep 0.14 13.91
10-30 Sep 0.09 11.35
1-11 Oct 0.03 1.70
12-25 Oct 0.03 1.70
26 Oct-13 Nov 0.37 131.15
14 Nov-2 Dec 2.47 684.11
3-24 Dec 11.97 2890.00

25 Dec-15 Jan 1975 17.60 cee
16 Jan-3 Feb 8.03 1161.61

4-26 Feb 12.02 e
27 Feb-18 Mar 8.61 59.56
Total 6428.88

were exported as recognizable leaf fragments. Partic-
ulate nitrogen loss as leaf litter amounted to only 0.03
g-m~2-yr~! or 7% of annual deciduous leaf input. The
amount of nitrogen lost as CTBW varied, depending
on discharge. In 1974-1975, with discharge of 173 cm,
0.46 g-m~2-yr~! was lost as woody debris, ~33% of
the annual input. This is the estimate used in the bud-
get. In 1973, a very dry year (80 cm discharge), vir-
tually no wood was exported.

Nitrogen not exported as intact litter was either min-
eralized, leached, or converted to FPOM. FPOM ni-
trogen output in the large and medium size-classes
alone amounted to 0.28 g/m? channel, a larger nitrogen
loss than needle and leaf material combined. Estimates
of small FPOM nitrogen output were not undertaken
at Watershed 10 prior to clearcutting. This fraction
constituted >80% of transport in Devil’s Club Creek,
another first-order stream of similar gradient in the H.
J. Andrews Experimental Forest (Naiman and Sedell
1979). Assuming the nitrogen concentration of 1.44%
nitrogen and equal susceptibility to export as Devil’s
Club Creek, estimated nitrogen loss was 1.38 g-m~2-
yr~1. Total nitrogen export was 11.36 g-m~2-yr—1.

DiscussioN

Early carbon budgets made by stream ecologists
(Teal 1957, Minckley 1963, Minshall 1967, Tilly 1968)
emphasized the role of fixed carbon from allochtho-
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nous sources as the biological energy base of small
forested streams. They concluded that carbon fixed
within the terrestrial system dominated that fixed within
the aquatic system to provide the stream’s energy base.
Until the work by Fisher and Likens (1973), dissolved
organic carbon was not considered a significant input
to the carbon budget of streams, and no previous stud-
ies considered inorganic carbon as a component of the
carbon budget. As a result, carbon budgets have been
valuable in understanding the energetics of streams,
but are not nutrient budgets for carbon.

Early budgets for nutrients other than carbon often
took the opposite approach. These nutrient budgets
for watersheds have followed the logic developed by
Bormann and Likens (1967): basically, that loss of dis-
solved nutrients from the terrestrial component of a
watershed can be measured at its base. Emphasis was
placed on geological outputs, primarily dissolved in-
organic nutrients (Bormann et al. 1968, Likens et al.
1970), while particulate and dissolved organic nitrogen
and potential fixation and transformation of nitrogen
between the soil system and the base of the watershed
were deemphasized.

More recently Woodall (1975), in a study of small
mountain streams, indicated salamanders and crayfish
were major agents of nutrient flux in the detritus pool
and may constitute an important nutrient sink. Hynes
et al. (1974) also speculated on the role of leaves in
both releasing nutrients and serving as a nitrogen sink.
Meyer and Likens (1979) and Meyer et al. (1981) re-
port significant input of phosphorous and nitrogen from
allochthonous organic debris to Bear Brook, New
Hampshire. Thus the flux of allochthonous debris and
associated physical, chemical, and biologic processes
can constitute or modify significant components of
stream nutrient budgets.

Biological input-output

In this study, terrestrial biological inputs (litterfall,
lateral movement, and throughfall) contributed ~20%
of the annual nitrogen budget, and once within the
stream represented a biologically available source of
particulate nitrogen, especially leaf litter inputs. Vir-
tually all species of leaf litter entering the stream had
the potential for microbial mineralization within 1 yr
(Sedell et al. 1974, 1975, Triska et al. 1975, Triska and
Sedell 1976). Although mineralization of litter-associ-
ated nitrogen could be accomplished entirely by mi-
crobial decomposition, enzymatic reduction of size
class (Suberkropp 1980), physical fragmentation, and
invertebrate consumption can restrict direct microbial
mineralization to <25% of leaf litter inputs (Cummins
and Klug 1979).

The proportion of leaf litter nitrogen subjected to
physical or chemical transformation in the particulate
nitrogen pool depends upon the stream’s retention ca-
pacity. In this study, bed roughness (generated largely
by organic debris dams) captured =87% of nitrogen
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associated with intact leaf litter. This effective reten-
tion by the stream’s morphology allowed nitrogen as-
sociated with litter to enter biological pathways de-
spite the exporting influence of unidirectional flow.

Once litter entered the water, processing occurred
by both physical and biological vectors, including
leaching, microbial mineralization, and reduction in
size class. Four days of leaching at 5°C in three springs
of the Washington Cascades resulted in a loss of 42%,
62%, and 50% of the nitrogen capital for vine maple,
Douglas-fir, and big-leaf maple litter, respectively
(Triska and Sedell 1976). These species provide the
overwhelming predominance of leaf litter inputs to the
stream at Watershed 10, and represent a potential con-
tribution of 0.16 kg DON from deciduous leaf litter,
and 0.48 kg DON from coniferous leaf litter.

Despite nitrogen loss by leaching, a seasonal in-
crease in nitrogen concentration was typically ob-
served on all litter substrates (Table 3). Nitrogen con-
centration of various litter substrates was lowest at
abscission and increased as decomposition proceeded.
Nitrogen in needle litter even had an absolute gain
from the low concentration which resulted from leach-
ing (Triska and Buckley 1978). Maximum absolute ni-
trogen content typically occurred at 30-40% loss of
mass for leaf packs of Douglas-fir needle litter.

Post-leaching replenishment of nitrogen presumably
occurred by uptake of dissolved nitrogen as stream
water passed over microbially colonized surfaces.
While most DON was undoubtedly refractory, signif-
icant uptake, biological utilization, and subsequent
output in a different form has been reported (Cummins
et al. 1972, Wetzel and Manny 1972). The com-
position of DON (labile vs. refractory) for the esti-
mated 0.83 g/m? leachate and 10.56 g/m? subsurface
input is unknown; however, only 8.38 g/m? was ex-
ported. Inorganic nitrogen uptake is also active on mi-
crobially colonized litter surfaces (Hynes and Kaushik
1969, Howarth and Fisher 1976). However, low seep-
water concentrations minimized its potential impact in
this study.

Increase in nitrogen concentration does not guar-
antee biological availability. Complexation with re-
fractory carbon, particularly lignin and phenolics, re-
sults in residues characterized by: (1) an increase in
nitrogen content particularly associated with lignin, (2)
decrease in particle size, and (3) resistance to decom-
position. Such residues have been reported in lotic
environments by Suberkropp and Klug (1976), Sub-
erkropp et al. (1976), and Odum et al. (1979). After 33
d of stream incubation at Watershed 10 the percent of
litter nitrogen associated with the lignin fraction in-
creased from 13 to 40% in alder, 17 to 67% in Douglas-
fir, 9 to 26% in vine maple, and 24 to 74% in big-leaf
maple. Nitrogen complexation has been observed to
inhibit consumer assimilation despite lowering of C/N
ratio (Ward and Cummins 1979), although Martin et
al. (1980) report that some invertebrate species may
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have evolved a digestive strategy of high gut pH to
utilize nitrogen-lignin complexes.

Petersen and Cummins (1974) estimate invertebrate
processing of 15-20% of leaf litter inputs to a third-
order stream in Michigan. Such litter consumption by
invertebrates results in both passage of nutrient to
higher trophic levels and fragmentation of egested ma-
terials. At Watershed 10, low invertebrate biomass in
the stream indicates a smaller role for invertebrates.
Consumption rates for Douglas-fir litter reported by
Grafius (1977) varied from 0.10 mg-mg=!-d-! (Lepi-
dostoma quercina) to 0.84 mg-mg=1-d-! (L. unicolor)
depending on invertebrate instar, temperature, food
density, and litter conditioning time. Assuming a con-
sumption rate of 0.3 mg-mg~!-d-?, litter nitrogen turn-
over would be 0.13 g/m? of wetted area. Based on a
300 m? wetted area, invertebrate turnover was only
=~4% of leaf litter nitrogen. Since only 18% of needle
litter nitrogen and 5% of leaf litter nitrogen was ex-
ported in the form of intact litter, physical fragmen-
tation and microbial processing were presumably more
important proportionally at our site than in more pro-
ductive higher order streams.

A potentially important loss of nitrogen not deter-
mined in this study was microbial denitrification. Hill
(1979, 1981) reported denitrification was a major nitro-
gen sink in Duffin Creek, Ontario, and recent inves-
tigations indicate 80-90% of nitrate removed from
Duffin Creek sediments is via denitrification (A. R.
Hill 1983 and personal communication). Kaushik
and Robinson (1976), Sain et al. (1977), and Chatarpaul
et al. (1979, 1980) also report significant denitrification
in laboratory experiments using fine stream sediments.
Background NO,-N in the above studies generally ex-
ceeded 1000 ug/L. Swank and Caskey (1982) report
denitrification in a second-order mountain stream fol-
lowing disturbance by road building and clearcutting
in stream reaches impacted by high sediment loading.
Background NO,-N concentrations in these upland
areas were raised to 160-200 ug/L. from a predistur-
bance concentration of ~20 ug/L. Denitrification was
not estimated in our study since most measurements
were made prior to general acceptance of the acety-
lene inhibition technique. Although denitrification is
of potentially great importance in streams dominated
by fine sediments and high nitrate loads, some sub-
sequent estimates indicate it may be less important in
highly oxygenated, gravel-bottom streams with low ni-
trate concentration. Meyer et al. (1981) indicated de-
nitrification was probably insignificant at Bear Brook,
New Hampshire, based on low levels of activity ob-
served in denitrifier cultures and microcosm studies
by Sloane (1979). Triska and Oremland (1981) and J.
H. Duff (personal communication) report significant
denitrification associated with algal mats from high-
nitrate waters (>800 ug/L) but insignificant denitrifi-
cation in mats (J. H. Duff, personal communication)
or sediments (R. S. Oremland, personal communica-
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tion) from a pristine stream environment (20-40 ug/
L). Ventullo and Rowe (1982) also report denitrifica-
tion associated with epilithic communities in streams;
however, exogenous addition of nitrate was required
to induce N,O production. Hill (1981), who compared
five streams characterized by high nitrogen depletion
during transport, reported that high nitrate concentra-
tion appeared to be the main factor accounting for high
nitrate loss. Nitrate was nearly undetectable in input
seepage water (<10 ug/L) at our site and constituted
<5% of nitrogen output. Channel disturbance was also
minimal. As a result the role of denitrification is un-
known, but probably not a significant component of
the stream’s nitrogen budget.

Ammonia is produced as the major nitrogen waste
of both microbial mineralization and consumer metab-
olism. Ammonia concentrations in stream water were
low on both an instantaneous and annual basis, mostly
below the limits of detection. Total annual production
of ammonia nitrogen by stream invertebrates (0.26 g-
m~2-yr~!) and microbial metabolism was probably fol-
lowed by rapid sorption or uptake on detrital surfaces.
Within the stream network lies some potential for ni-
trification, as nitrate concentration does increase in a
downstream direction (Gregory1980).

Hydrological-meteorological input-output

Although our goal was to examine in detail the role
of allochthonous organic particulates as a nitrogen
source, 77% of nitrogen export was in the form of
dissolved nitrogen. The dissolved nitrogen fraction
consisted of DON (95%), nitrate (5%), and insignifi-
cant amounts of nitrite and ammonia. This dissolved
nitrogen composition contrasts with Bear Brook, New
Hampshire, where 87% of nitrogen transport was ni-
trate and ammonia, and only 13% was DON (Meyer
et al. 1981). The major difference between sites was
the absence of nitrate in our stream. Two potential
sources of nitrate at Bear Brook include higher nitrate
input in precipitation (nitrate concentration doubled
between 1955-1979, Bormann and Likens 1979), and
nitrification on the watershed. Vitousek et al. (1982)
estimated nitrogen mineralization by a trenching ex-
periment at 17 sites in four states. They reported the
highest potential nitrate production in a New Hamp-
shire northern hardwood site, while net nitrate pro-
duction lagged by months at a poor site Douglas-fir
forest in Washington. Meyer et al. (1981) also reported
nitrification activity on selected stream substrates from
experiments at Bear Brook by Sloane (1979). Vitousek
et al. (1982) suggest at least nine processes are poten-
tially responsible for delaying solution losses of ni-
trate. In the absence of a controlled study, the mech-
anism for low nitrate input-output at Watershed 10 is
unknown.

Element limitation

Low dissolved nitrogen and high dissolved phos-
phorus (relative to nitrogen) concentrations in stream
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water (Table 1) support the conclusion that nitrogen
limited biological production in the stream at Wa-
tershed 10. Elwood et al. (1981) define a nutrient as
limiting if an increase in supply of that nutrient affects
the parameter in question. A parameter whose value
is limited by a given nutrient may also respond to a
simultaneously limiting nutrient or to changes in other
rate-controlling factors. Using this definition, light was
the rate-controlling factor to epilithic algal autotrophs,
and nitrogen the limiting nutrient. Gregory (1980), who
experimentally added both light and nutrients to the
stream at Watershed 10, found no enhancement of pri-
mary production or chlorophyll a by nitrate addition
alone. Standing crop of chlorophyll ¢ was 5 times
greater when light was added alone, and 20 times
greater when both light and nitrate were added. In
more open-canopy sections of larger streams in the
same forest, Gregory (1980) found significant diel fluc-
tuations in nitrate concentratfon, whereas orthophos-
phorus concentration had no diel pattern at any site.
Factors controlling primary production by bryophytes
are unknown. Mosses are adapted to low light condi-
tions and had nitrogen fixation associated with epi-
phytic bacteria. Assuming some fraction of nitrogen
fixed by epiphytic bacteria is eventually available,
bryophytes are presumably less nitrogen limited than
epilithic algae.

Another index of nutrient limitation is determination
of element ratios. The atomic element ratio of algal-
zooplankton tissue composition calculated by Redfield
et al. (1963) is 106 C:16 N:1 P, and that of cuitured
algal tissue is as high as 30 N:1 P (Rhee 1978). The
atomic N:P (total dissolved nitrogen : total dissolved
phosphorus) at our site was only 0.74:1 and DIN : ortho
P was even lower at 0.32:1. This compares with a N:P
ratio of 440:1 for fluvial inputs and 291:1 for sub-
surface inputs at Bear Brook, New Hampshire (Meyer
et al. 1981). Our stream water N:P is also lower than
the dissolved inorganic nitrogen: soluble reactive
phosphorus atomic ratio of =30:1 at Walker Branch,
Tennessee (Elwood et al. 1981). Both of the above
locations were considered phosphorus limited. The low
N:P ratios from stream water indicate biotic produc-
tion is far more likely to be nitrogen limited at our site
than streams in the eastern United States.

Low N:P ratio was also reflected in litter inputs, and
in litter tissue undergoing decomposition in the stream
at Watershed 10. Litter inputs had atomic N:P (Kjel-
dahl nitrogen : organic phosphorus) ratios of 7:1 for
coniferous litter, 7.5:1 for deciduous litter (big-leaf
maple), and 26:1 for twig litter. Greater leaching of
phosphorus than nitrogen, however, raised N:P to 18:1
for coniferous litter and to 19:1 in deciduous leaf
litter (big-leaf maple) as a result of immersion. Low
level PO,-P enrichment experiments (60 ug/L) by El-
wood et al. (1981) resulted in N:P ratio of =19 after
32 d in red oak leaf packs. They found that mass loss,
P content, N content, and respiration were not signif-
icantly different than litter exposed to even higher
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phosphorus enrichment (450 ug/L). Since mean ortho-P
concentration in stream water at our site was 42 ug/L,
it is not likely that phosphorus was limiting decom-
position processes. High atomic C:N ratios in decom-
posing litter substrates (¢ = 131:1 coniferous litter,
104:1 deciduous litter) instead indicate demand for ni-
trogen for carbon mineralization from the watershed’s
nitrogen-dilute waters (DON, 27 ug/L; NO,-N, 6 ug/L).
Previous studies on nitrate addition in controlled
experimental channels at 5°C, however, failed to stim-
ulate decomposition (Triska and Sedell 1976). Perhaps
as in the case of light for the autotrophic community,
some additional factor such as low temperature masked
the effect of nitrate addition on litter decomposition in
the above study. Based on theoretical element com-
position nitrogen would be assumed limiting to both
autotrophic production and litter decomposition in the
stream at Watershed 10.

Nitrogen associated with inorganic
particulates

Nitrogen input-output associated with inorganic
particulates was not specifically included in our study;
however, the significance of erosional processes is
currently being examined by F. J. Swanson (personal
communication). Available data include a mean an-
nual estimate of suspended sediment from Watershed
10 of 90 kg-ha='-yr~! between 1969—1973 (Fredriksen
1975, Swanson et al. 19824). Suspended sediment ex-
port was estimated with a discharge proportional water
sampler, which weighted sediment load identically to
dissolved constituents. The above estimates include
the total suspended component of water samples, and
therefore include nitrogen we measured as FPOM. As-
suming most sediment export occurs during fall and
winter, and in years of greatest discharge, then 0.53%
nitrogen concentration (¢ nitrogen concentration fall-
winter 1972, Fredriksen 1975) would result in a nitro-
gen loss of 6.25 g-m~2-yr!, 3.8 times that listed as
FPOM. The largest inorganic particulate input to the
stream was surface erosion (the inorganic component
of lateral movement). Swanson et al. (19824) estimated
surface erosion of inorganic particulates at 480 kg/yr
to the stream channel at Watershed 10. Assuming a
nitrogen content similar to suspended sediment, nitro-
gen input associated with inorganic particles would be
3.32 g-m~2-yr!. Atmospheric dust input was an ad-
ditional 0.06 g-m~2-yr~! (Sollins et al. 1980). Using
these preliminary figures, surface erosion plus atmo-
spheric input at 3.38 g-m~2-yr—'is less than export of
4.63 g-m ?-yr! (suspended sediment — FPOM). If
large mass movements such as soil creep, or episodic
inputs such as root throw or debris torrents are in-
cluded, however, significant retention of nitrogen as-
sociated with the particulate inorganic load is predict-
ed within the channel (Swanson et al. 19824). Since
nitrogen is not a component of most minerals, asso-
ciated nitrogen presumably represents sorption or
flocculation of organic nitrogen with fine soil particles,

STREAM NITROGEN BUDGET

135

especially clay fractions, which probably participate
minimally in nitrogen cycling.

The nitrogen budget

After all major inputs and outputs were considered,
a nitrogen budget for the stream was constructed. To-
tal nitrogen input was estimated at 15.25 g-m~2-yr-!
(Fig. 3). Hydrological inputs of nitrogen account for
11.06 g-m~>-yr~! or 73% of the input total, 0.50 g/m?
of which was dissolved inorganic nitrogen. Dissolved
nitrogen on an instantaneous basis was never an im-
portant component of the standing crop, but DON was
69% of input nitrogen. Biological uptake and/or sorp-
tion to debris captured ~25% of the DON load. DON
utilization was greater than indicated by input-output
because leaching and decomposition of particulate or-
ganic inputs were an additional source of DON.
Throughfall amounted to 2% of nitrogen inputs (0.30
g-m~2-yr~!) from leaching in the canopy. Direct inter-
ception of precipitation was not a significant nitrogen
input to the stream. Internal fixation of molecular ni-
trogen was =~5% of the nitrogen budget, or 0.76
g-m~*-yr-'. Major terrestrial biological sources of ni-
trogen were CTBW and leaf litter.

Wood debris was stored annually. Stored wood
formed debris dams which captured organic particu-
lates, created habitat, and produced FPOM. Leaf and
needle litter also contributed to the particulate organic
nitrogen pool but intact leaf litter was only 3% of the
standing crop. Particulate biological inputs, primarily
litterfall and lateral movement, amounted to 3.13
g-m 2-yr'!, or 20% of the nitrogen input. Of these
sources, leaf and needle litter, the most easily pro-
cessed particulate organic inputs, contributed 1.41
g/m?, only 0.18 g/m? (or 13%) of which was exported in
a recognizable state. The remainder was either leached,
converted to FPOM, or mineralized. Nitrogen in wood
debris amounted to 1.13 g/m? input and 0.46 g/m? ex-
port; the remainder passed into storage, less that which
was leached or fragmented to FPOM. FPOM, the ma-
jor product of particulate organic processing, had a
nitrogen input of 0.18 g/m? but amounted to 4.77 g/m?
on the stream bottom. Total nitrogen output as dis-
solved components was 78%. This estimate is identical
to the total solution losses reported by Bormann et al.
(1969) for 1966 at 78% but lower than the 94% solution
loss reported in 1965 from Hubbard Brook, New
Hampshire, or 96% for Bear Brook, New Hampshire
(Meyer et al. 1981). Total nitrogen input exceeded out-
put by 34% in this study, compared to 8% reported by
Meyer et al. (1981) at Bear Brook, New Hampshire.
The difference is due to storage of nitrogen as refrac-
tory particulate organic matter and to the far higher
input of dissolved inorganic nitrogen at Bear Brook.
Both budgets indicated significant uptake by the stream
ecosystem.

Independent estimation of input-output constituents
indicated significant particulate organic storage. The
particulate component of the nitrogen pool consisted



136

HYDROLOGICAL
11.06

NO5-N 0.50
DON 10.56
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TOTAL NITROGEN INPUT

4.1]9
TerrestriaI/Aquatic

THROUGHFALL 0.30

LITTERFALL 1.35 TWIGS 0.09
NEEDLE 0.66 BARK 0.17
LEAF 0.15 CHIPS 0.10
CTBW 0.17 BWD 0.34
CwWD 0.11 MOSS 0.06
MICRO PN 0.18
MISC. 0.08

LATERAL MOVEMENT 1.78
NEEDLE 0.31
LEAF 0.29
CTBW 0.85

MISC. 0.33

Ecological Monographs
Vol. 54, No. 1

BIOLOGICAL

N-FIXATION 0.76

(PON) 11.93

PARTICULATE ORGANIC NITROGEN POOL

FiG. 3.

FPOM 4.77 LPOM 7.16
LFPOM 0.58 NEEDLE 0.27
MFPOM 0.78 LEAF 0.08
SFPOM 3.41 CTBW 2.18
MISC. 0.74 TOTAL
CWD 3.80 NITROGEN
I\C/:IOOSEUOMOJRS 0.02 Emergence 0.02 \ OUTPUT
Drift (unknown) 11.36
\'> Particulate Organic Nitrogen 2.53
LPOM 0.87 FPOM 1.66
NEEDLE 0.15 LFPOM
DON LEAF 0.03 Mepom 1028
b CTBW 0.46 SFPOM 1.38
MISC. 0.23

CwWD 0.00

Dissolved Nitrogen 8.81

DON 8.38

N03-N 0.43

Denitrification
(unknown)

Nitrogen budget for the stream at Watershed 10 (g/m?), indicating the source and magnitude of annual nitrogen

inputs, mean pool size, and annual exports. Acronyms are defined as follows: DON, dissolved organic nitrogen; DIN,
dissolved inorganic nitrogen; CTBW, cones, twigs, bark, and wood (>1.0 mm and <15.0 cm); CWD, coarse wood debris
(>15.0 cm diameter); BWD, wood blocks (to estimate N-fixation associated with wood debris); MICRO PN, nitrogen input
associated with microparticulate litterfall (<800 um diameter); LPOM, large particulate organic matter (>1.0 mm diameter);
FPOM, fine particulate organic matter (<1.0 mm diameter). DON and DIN as an instantaneous pool are not significant (Ns).

of three major components: (1) total wood (51%), 5.98
g/m?, (2) leaf litter (3%), 0.35 g/m?, and (3) FPOM (40%),
4.77 g/m?. Particulate storage of wood debris (CTBW)
was an annual event whose magnitude was determined
by storm frequency and discharge pattern. In 1974-
1975, nitrogen addition was estimated at 0.57 g/m? as
CTBW, which was 4% of total nitrogen input. CTBW
is readily incorporated into the nitrogen pool, has a
long turnover time, and is resistant to export (Triska
and Cromack 1980, Swanson et al. 1982b). Such re-
fractory organic debris has been recognized as an es-
sential stabilizing property of ecosystems (O’Neill et
al. 1975, Reichle et al. 1975, Webster et al. 1975).
Nitrogen in coarse wood debris (CWD) was present

at a minimum of 3.80 g/m?, a pool equal to ~25% of
the nitrogen budget. Coarse wood is processed by both
biologic and hydrologic means with a time frame in
excess of 100 yr. Finer wood components (CTBW)
constitute a nitrogen sink of some 2.18 g/m?, =~15% of
the annual nitrogen budget, and are similarly pro-
cessed in perhaps 10-20 yr. Due to slow processing
times, wood accumulates on the stream bottom, forms
habitat, and captures leaf litter (Triska and Cromack
1980, Swanson et al. 1982b).

Including the 5% of the nitrogen budget represented
by fixation, 34% of the nitrogen input passed into stor-
age during our study year (February 1974-1975). Thus
the stream was not operating under annual steady-state
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conditions as found by Fisher and Likens (1973) for
organic carbon. Steady state, if it exists, operates on
a time frame related to the decomposition rate of the
most significant refractory input and to the cycle of
storm events that purge the channel of stored debris.
Both Meyer et al. (1981) and Triska et al. (1982) em-
phasized the importance of year-to-year variation in
discharge in examining annual nutrient budgets. Fur-
thermore, Swanson et al. (19824) estimate that mas-
sive debris torrents at Watershed 10 (occurrence in-
tervals ~580 yr) result in export of organic particulate
matter equal to almost 30% of the organic budget of
all intervening years. Thus events with occurrence in-
tervals of half a millennium help shape the export his-
tory of a watershed. Between these long intervals of
accumulation and export the large reservoir of refrac-
tory detritus aids in the internalization of the nitrogen
cycle despite the open nature of the lotic ecosystem.

SUMMARY

Except for potential minor losses to the atmosphere,
the stream at Watershed 10, whose channel area was
<0.1 ha, transported or accumulated virtually all nitro-
gen losses of the 10.1-ha watershed. Although induced
by physical vectors (gravity, wind, precipitation), al-
most all nitrogen inputs to the stream were derived from
biotic processes in the forest. Major biotically derived
inputs (litterfall, throughfall, lateral movement, DON
in groundwater, and fixation) constituted >90% of ni-
trogen input to the stream. Inorganic nitrogen inputs,
nitrate, nitrite, and ammonium in subsurface flow con-
stituted <5% of input nitrogen. Of the 92% of organic
nitrogen input excluding fixation, 76% was dissolved
and 24% was particulate. Although nitrogen loss on a
per hectare basis was small for the 10.1-ha watershed,
all particulate and dissolved losses passed through or
were accumulated in an environment encompassing
<1% of the watershed area. This concentration per-
mitted the establishment of a separate ecosystem whose
processing efficiency and capacity for nutrient cycling
are related to the stream’s retention capacity and car-
bon quality of inputs within the reach.

Although formation of the input-output budget pro-
vided only the most minimal glance at internal dynam-
ics, certain potentials for internal nitrogen cycling were
observed. Leaf litter, which may lose up to 50% of its
initial nitrogen content to the dissolved nitrogen pool,
regained lost nitrogen within 40 d by various process-
es. During biological mineralization, nitrogen was
complexed to leaf lignin, a process similar to humifi-
cation in terrestrial environments. Microbial mineral-
ization, invertebrate consumption, and physical abra-
sion resulted in the formation of FPOM from wood
and litter debris. FPOM generated in this manner was
characterized by a nitrogen content of leaf litter and a
total fiber content of wood. FPOM constituted a ni-
trogen sink equal to 32% of the annual nitrogen budget
and constituted 66% of the particulate nitrogen export.
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Biologically preprocessed detritus was, therefore, a
major nitrogen contribution to downstream biological
communities.

The events described above occurred within a first-
order stream of a major drainage. Nitrogen that es-
capes the first order, while classified as export, con-
stitutes the upstream input to a second-order stream.
At each successive stream order the distance between
uptake and release of nitrogen, spiraling length (Web-
ster et al. 1975, Webster and Patten 1979, Newbold et
al. 1981, Elwood et al. 1983), may vary, and biotic com-
munity structure can be modified in response to up-
stream import (Vannote et al. 1980). Some imported
DON becomes available for microbial utilization, and
inorganic nitrogen becomes available for uptake by
periphyton and riparian vegetation. Nitrogen tied to
detrital tissue becomes available to shredding inverte-
brates and fine particulate organic matter to collector
organisms. In addition to leaching and biological pro-
cessing, nitrogen incorporated in particulate organic
matter may be returned to the terrestrial landscape by
deposition on flood plains. Physical abrasion in con-
Jjunction with biotic activity will result in an overall
size reduction of output compared to input, even for
wood debris. Through each link in the lotic network,
biotic processes will present numerous opportunities
for internal cycling before nitrogen lost from the ter-
restrial landscape finally reaches the river’s estuary.
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