2361

A tracer investigation of nitrogen cycling
in a pristine tundra river

Bruce J. Peterson, Michele Bahr, and George W. Kling

Abstract: The fate of nitrogen (N) in drainages depends in part on N storage and transformation within the river network. The
addition of an {N]NH,* isotopic tracer to a tundra river provided information on the uptake, food web transfer, and
ecosystem retention of N. The fourth-order Kuparuk River ecosystem took up 60% of thevittin 1 h and 1 km of the

point of tracer addition. Long-lived biota and epilithon retained measurable amounts of the!add@oup to 2 years. These
transformations and storages within rivers exert control over the timing of N export, the chemical form of exported N, and,
consequently, its ecological impact on downstream aquatic ecosystems.

Résumeé: Le sort de I'azote (N) dans les eaux de drainage dépend en partie de 'accumulation de N et de sa transformation
dans le réseau hydrographique. L'ajout d’un traceur isotopitid@NIH,* aux eaux d’une riviére coulant dans la toundra a

permis d’amasser de I'information sur le N (absorption, transfert dans la chaine alimentaire et rétention dans I'écosystéme).
L'écosysteme de la riviere Kuparuk, un cours d’eau du quatriéme ordre, avait absorbé 60 % dede Nt de 1 h a1 km

du point d’injection. Les éléments du biote a longue durée de vie et I'épilithon ont conservé des quantités mesuibles du
jusqu'a 2 ans apres l'injection. Ces transformations et cette accumulation dans les cours d’eau régissent le rythme
d’exportation de N, la forme chimique sous laquelle il est exporté et, par conséquent, son impact écologique sur les systemes
aguatiques situés en aval.

[Traduit par la Rédaction]

Introduction reason we chose to adeN rather thar??P was because of a
) ] o _ zero-release policy for radioisotopes at this site. However,
Nitrogen (N) serves as an essential and often limiting nutrient since both elements circulate throughout the stream food web,

for stream and river biota (Grimm and Fisher 1986; Perrin there is great similarity between the information obtained with
et al. 1987; Pringle 1987), and N cycles are subject to major gjther tracer.

disturbance by human activity (Biggar and Corey 1969; Tiede-
mann et al. 1978). As a consequence, the life processes of
streams, rivers, lakes, and many estuaries are greatly altered bPite description
changes in the amount or form of N inputs (Edmondson 1969;
Hynes 1969; Ketchum 1969). A major unresolved question in
the study of N cycles of flowing waters is how to determine the
fate of N entering rivers. Tracing N flow is difficult because
nonconservative solutes such as ammonium {)Hhitrate
(NO3), and dissolved organic N (DON) are transported down-
stream while being taken up and recycled over varying and
usually unknown distances. Phosphorus (P) also limits stream
primary production, frequently as a colimiting element with N
(Peterson et al. 1993. Studies of P cycling usingP addition
to streams have facilitated the formulation and testing o
ream P spiraling models (Newbol [.1981 W- - . . .
Ztlgﬁ the ;Eili?y tg de?iii Sét(re(zzmblg g;r::miczsat,tﬁ?esc%systemOf fish in the study reach, Arctic graylingtiymallus arcticup

scale has been more limited because of the lack of a suitable (I;’riTakr)y erOd#Cti%n.m tgs Iéuparulk is Iimiteld tg Pand sec—l
radiotracer for N. Here, we report results of an N stable isotope ©Ndarily by N when P is added simultaneously (Peterson et al.

tracer experiment designed to determine the fate ofN ~ +983)- Nin the form of i7", NOg”, and DON enters the river

entering a tundra river on the North Slope of Alaska. One Naturally with seepage water from the soils along the river
banks. Ammonium levels in river water are lower (0.1-ON)

than in soil seepage water (1-20) (M. Miller, Department of

. ) Biological Sciences, University of Cincinnati, unpublished) due

?fgs(')vled June 10, 1996. Accepted April 8, 1997. to active uptake by microbes, algae, and mosses in the river and
to nitrification. During this experiment, N and NO;~ concen-

B.J. Petersort and M. Bahr. The Ecosystems Center, Marine tration averaged 0.2 and 1uM, respectively. DON concentra-

The Kuparuk River is a fourth-order meandering tundra river
with a mean summer discharge of 1-3/sn(Peterson et al.
1993). The 5-km study reach consists of alternating pools and
riffles with rock and cobble bottom colonized with bacteria
and diatoms along with patchy and sparse cover of filamentous
algae and aquatic mosses. The insect fauna is dominated by
filter-feeding blackflies Prosimuliumsp.), but grazing may-
flies (Baetisspp.) and chironomids (the tube-dwelli@gtho-
cladiussp.) are also abundant. The largest abundant insect is
; the caddis fly,Brachycentrus americanusgvhich along with
Baetisprovides a major portion of the diet of the only species

Biological Laboratory, Woods Hole, MA 02543, U.S.A. tions were not measured but are normally much greater than

G.W. Kling. Department of Biology, University of Michigan, NH,* and NQ;~ levels (Peterson et al. 1992).

Ann Arbor, MI 48109, U.S.A. More detailed descriptions of the site are available in

1 Author to whom all correspondence should be addressed. Deegan and Peterson (1992) Peterson et al. €)9&3d Hershey
e-mail: peterson@Iupine.mbl.edu etal. (1997).
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Methods Results
Experimental design The natural abundance distributions&@®N values from the
We simulated the constant seepage mode of Nidx from land to river biota have been reported previously (Peterson et al.

water by continuous drip addition &iN-labeled ammonium chloride 1993) and reflect the normal pattern 8N enrichment in
15 i i verine di i - . ;
E)];)(Z)Ol/oble} Ft)otgclh(;(e)\(l)?/er\ll\'l’;ﬁ:’]emeelg\t/gtfiIElr(j:]etE\e/el;Ie?cekglrsosuorl\(lie((:joirger?]?rgtl:& consumers. During this study, we monitored 8%\ values of
00 - . . .
of ammonium by less than 1%. Thus, the add&NJNH,* served as samples fr_om the refere_nce station weekly to det_ermme |fv_ar|-
ations during the experiment would complicate interpretation

a true tracer and was assumed to follow pathways identical to those . - . -
followed by NH," from natural seepage entering the river. The en- of the tracer information. There was little variation over the

riched NH,* solution held in a streamside carboy was pumped by a 7 Weeks of intensive monitoring during summer 1991. The
solar-powered dual-channel peristaltic pump into both sides of a tur- values (mear: SD) were as follows: filamentous green algae,
bulent riffle to achieve rapid mixing. We tested for mixing by sam- 2.18+ 0.18; Orthocladius 3.04+ 0.23; Baetis 2.55+ 0.39;
pling on both sides of the rivers at the first station (0.08 km) below Prosimulium 4.23+ 0.23; Brachycentrus4.83+ 0.29. As
the dripper. Results indicated incomplete mixing (~25% differences), mentioned above, these values were subtracted from the mea-
and thus, data from the 0.08-km station must be viewed cautiously. gyred values in th&N-enriched reach so that the values pre-

) sented below would be directly proportional to the adéfd
Sampling . . tracer content.
Samples of algae, moss, epilithon, and insects were collected at sta- Th ted515N val f ori d d )
tions along a transect from upstream (reference station at —0.5 km) to € correcte values of primary producers and con
5 km downstream of the dripper site. Locations relative to the tracer SUMers immediately downstream of t_hr’e' dripper increased
addition (0 km) were 0.5, 0.08, 0.18, 0.68, 0.85, 1.5, 3.0, 4.0, and at different rates and reached very different maximum values
5.0 km. The three most downstream stations were within the reach(Fig. 1; Table 1). After 4 to 6 weeks of continuot® addi-
that had been receiving P fertilization each summer since 1983. Thetion, most taxa reached relatively constant values, indicating
remaining stations were in the unfertilized portion of the river and are that their N contents were uniformly labeled. The maximum
thus suitable for travel distance and uptake rate calculations that applyobservedd'®N values were highest in filamentous algae and
tothe unperturbed reference reach. The microbial film with associated the grazing insect®rthocladiusandBaetisand lower in epili-
detritus on rocks (epilithon) was removed by wire bristle brush and 0’ (microbial film on rocks) and in the particle-filtering in-
filtered onto precombusted glass fiber filters (Whatman GF/F). Sam- sectsProsimuliumandBrachycentrusThe differing levels of
ples of moss (active growing tips), filamentous algae, and insects 15\ . . i S

enrichment achieved by the various taxa are an indication

were collected from riffle rocks with forceps. Insects were held in . . 16 .
0.2uM filtered lake or river water in glass vials overnight to clear Of their relative degree of dependence on tHe-enriched

their guts. Samples were dried at 50°C and shipped to The Ecosystem§“3510|Ved NH*. For example, filamentous green algae
Center Stable Isotope Laboratory in Woods Hole, Mass., for analysis. achievedd'®N values (Table 1) close to the calculat&dN
15N was determined by combustion of dried samples and the isotopevalue for the dissolved Nf pool (1000%.). We assume that
ratio was measured on a Finnigan Delta S mass spectrometer. Resultthis indicates a strong preference for dHas compared with
are expressed @8N values wher@'*N = (ReampdRsiandara 1) X 1000 NO,™. This occurred in spite of the fact that NQvas present
whereR =*N:*N and the N isotope standard is air. in higher concentrations than NHthroughout the experiment

In this paper, all reported™N values have been corrected by (mean concentrations 1 and QuM, respectively). Primary
subtracting the natural abundar®éeN value of similar samples from producers such as mosses and the diatoms that support the

the reference reach from the measudenhless otherwise noted. Thus hi id Orthocladiushad | 15\ tent flecti
the reported values are proportional to the tracer content rather thanc1ironomia rthocladiushad lower contents retiecting

also reflecting the natural variations due to N sources and trophic level UPtake of dissolved N© in addition to NH". Note that we
(Peterson et al. 1993 The range in natural abundanséN values are inferring thed'N values of the diatoms on th®rtho-

in this river is typically from 1 to 9%o, and therefore, these adjustments cladius tubes from thed'®N values (maximun¥ 419%.) of

are in most cases relatively minor due to the high enrichment. Note Orthocladius the consumer (Hershey et al. 1988).

that the variation between replicate samples in enrichment studiesis  The longitudinal distributions of tracé®N in primary pro-
larger in absolute terms than in natural abundance studies. For examgjcers and in grazers along the sampling transect were quite
ple, an enriched sample 8#*N value ~400%. might vary by 20 or  .qnistent throughout the study (Fig. 2). The unusually con-
30%o in duplicate samples whereas a natural abundance value Of4'0%%tant discharge of about 3fa and consistently low NH con-

would be unlikely to vary by more than 1.0%.. While there are many - . h ;
possible reasons for the larger variation in enrichment studies, mostCentratlon of about 0.AM during the experiment contributed

are due to natural processes, not to analytical errors, which averagd® this consistency. The distribution &N with distance in
less than 0.2%o. attached primary producers that assimilated ,Niirectly

We used two similar equations to estimate residence times of N in from the water was used to calculate an average travel distance
various compartments and NHtravel distances (Ball and Hooper  of 1.0 km for dissolved NKf, which corresponds to uptake of
1961). The travel distance downstream (uptake distance) was esti-about 60% within 1.0 km of travel. The mayfBaetis which
mated from the best fit to a similar relationsh@;= C,igi,€ * where grazes on epilithon, and the tube-dwelli@gthocladiushad a
C = 3"N value,d = distance, and mean travel distarrc@/¢. Travel  gimilar longitudinal'®N distribution to epilithon and attached
distances reporteq here are not correcte(_:i for lateral seepage inputs (ﬁlamentous algae. Thus the calculated apparenNkavel
NH,* or for recycling of NH*. Thus, we view the calculated values distance is similar if we use the data for consun@rtho-

as apparent travel distances. The travel distance for fine particulate N ) . .

assimilated by blackflies was estimated by best fit of blackfiN cladiusor Baetlsr_ather than th_e prlmary_producgr data to per-
value distribution with distance to a mixing equation ¥ content form the calculation. From this uptake information, the mean
of fine particulate organic N (FPON) that included upstream inputs, discharge and the volume of the reach, we calculate an average
epilithic sloughing, FPON sedimentation and resuspension, and residence time of Nk in the river water of approximately 1 h

downstream transport through a series of 100-m stream segments. during the 6 weeks of continuo?@N addition. Note that these
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Fig. 1. Time course obN values at a single station for selected components of the river ecosystem. The increase in 1991 during tracer
addition is plotted versus day relative to the start®Ff addition. Declines in subsequent years whéN]NH,* was not added are indicated as
June, July, or August samplings. The 1992 samplé3rtfocladius Baetis andProsimuliumrepresent new cohorts wheréamchycentrus

has a multiyear life cycle and samples are of the same cohort.
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are long-term averages and are not corrected for recycling ordripper but higher values at stations 0.68 and 0.85 km down-
seepage of NKE. These values are not directly comparable stream (Fig. 2). Even farther downstream the values declined,
with values obtained from short-term solute release studies.and at 3 km thé**N values were similar to those at 0.08 km.
However, we note that samples Ofthocladiuscollected at This downstream location of th®N maximum inProsim-
day 3 indicated an apparent travel distance for,NtHat was uliumis due to their mode of feeding and might be explained
similar to the distance calculated from week 5 samples, evenas follows. Because blackfly larvae ingest fine particles carried
though we expected recycling to increase the apparent travelby the current, much of their food at the stations near the drip-
distance over time. per consisted of unlabeled particles imported from upstream
Prosimulium a filter-feeder, had a different downstream of the >N addition site. Farther downstream, they ingested an
&N distribution than algae or grazing insects. This insect had increasing proportion of particles generated within tpg-
low 3N values at the first two stations downstream of the enriched zone by sloughing of epilithon and resuspension of
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Table 1. Corrected maximumd*N for Kuparuk River biota during the 1993N addition and the
day and distance downstream at which the maximum occurred.

Sample type Corrected maximudtPN Day Distance (km)
Filamentous algae 871 13 0.08
Moss Schistidiunsp.) 185 35 0.18
Epilithon 108 35 0.08
Orthocladiussp. 419 20 0.18
Baetissp. 279 42 0.08
Brachycentrusp. 95 42 0.18
Prosimuliumsp. 72 20 0.68
Rhyacophilasp. 92 42 0.08
Tipulid 7 42 0.18
Young-of-year Arctic grayling 91 47 0.80

Fig. 2. 3'*N values of Kuparuk River biota along downstream transects of sampling stations after 1 and 5 weeks of continuous enriched
[**N]NH ,* tracer addition at 0 km.
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Fig. 3.5"N values of samples collected in late June 1992, the year undoubtedly due to the slowing of metabolic processes during

after the™N addition. the long frozen period of October—May. Probably much of the
June 1992 5N loss that occurred was due to natural metabolic turnover

of N before the fall freeze and during the interval between thaw
100 and the June sampling rather than to physical removal and

replacement of the epilithon. A small fraction of the trat®t
was still measurable in the epilithon anddrachycentrugfter
2 years in June 1993 (Fig. 1).

Discussion

8"°N (®/00)

No previous'®N tracer studies of streams are available; hence
the closest comparisons that can be made between this tracer
study of the N cycle are with prior radiolabeled phosphate
([3?P]PO*) studies of the P cycle because in both tracer stud-
0 1 2 3 4 5 ies, it is possible to estimate travel distances and to trace the

; ; nutrients throughout the trophic structure. Comparisons be-
Distance from dripper (km) tween the current experiment and stream,N&hd NG~ up-
take and travel distance measurements based on enrichments
(increases in concentration, not in isotopes) are biased by the
overestimate of uptake distance associated with the enhanced

—o— Epilithon

—— M@DTU’LS concentrations required (Mulholland et al. 1990; Webster
--0-- Rhyacophila et al. 1991). Our uptake distance estimates are based on long-

term average®'°N values rather than one-time estimates ob-
tained with short-term solute addition experiments designed to
fine particles, and thus assimilated higher amounts of tracerestimate uptake distances. N fertilization studies such as that
I5N. The longitudinal distribution of the tracé!N values in of Newbold et al. (1988) provide information on the impact
Prosimuliumindicated that the fine particles ingested and as- of N enrichment on stream processes such as primary produc-
similated had an average travel distance of 1.0 km. Studiestion and decomposition, but do not usually provide tracer in-
conducted with'“C-labeled natural fine organic particles in formation (however, see Peterson et al. 199&iven these
temperate streams of similar size have given comparable esti-caveats and the observation that N$ not the primary limit-
mates of travel distance (Cushing et al. 1993). ing element in the Kuparuk, we offer a few cautious compari-
The 15N tracer addition was stopped in mid-August 1991 sons.
after 6 weeks of continuous addition. By mid-August, water ~ The cycling of N in streams bears many similar features to
temperatures were falling, most insects had emerged, and fistthe P cycle as defined witf?P additions. Mulholland et al.
were migrating to overwintering lakes and springs. The (1990) found that¥P]PQ,*" had an uptake distance of from
Kuparuk freezes solid with no flow from October until the 29 to 164 m in Walker Branch, while Ball and Hooper (1961)
following May when high runoff due to snowmelt typically found uptake distances of from 400 to 10 000 m in the West
occurs. After the snowmelt discharge, we sampled in late JuneBranch of the Sturgeon River depending on reach and year.
1992 to determine if the tracer N had been exported due toUptake distances are a complex function of nutrient concen-
metabolic turnover of N, insect drift, scouring of rock surfaces, tration, biotic and abiotic uptake activity, and physical charac-
and organic sediment export. Some components such as filateristics of streams. In relatively small, shallow, and swift
mentous algae and the diatom-feeding chironom®idho- streams and rivers, most uptake is by benthic primary produc-
cladius contained very low amounts of tracer the following ers, detritus, and sediments. In this case, for a given nutrient
summer (Fig. 1). These organisms presumably assimilated un-concentration and uptake rate, the travel distance will increase
labeled NH* and NO;~ coming from upstream. However, we as stream depth and water velocity increase. Thus, we would
found that the epilithon, mosses, and large insects such asexpect the Kuparuk to have a greater Nhiptake distance
Brachycentrusand the predaceous caddi&hyacophilasp., than Walker Branch on the basis of physics alone, as discharge
which have multiyear life cycles, were still strongly labeled in Walker Branch was between 2 and 10 L/s for these mea-
with 15N (Figs. 1 and 3). There was no evidence that'fine surements. However, it is interesting that the average
distributions of these components had been displaced down{3?P]PQ,%~ uptake distance of about 1.3 km in the Sturgeon
stream, which illustrated the ability of the epilithic film, River is similar to the NiF* uptake distance of about 1.0 km
mosses, and insects to withstand scouring and displacemenin the Kuparuk. The mean discharge in both rivers was about
during high discharge (Fig. 3). Observations and aerial photo- 1.0 n¥/s and both were infertile with relatively low summer
graphs of the stream bottom during snowmelt in other years temperatures. These comparisons between*Nid PQ3"
have shown that a large fraction of the bottom is covered by uptake are deceptive because N@& not considered and in
anchored ice, which diminishes the potential scouring of a the Kuparuk, N@ is usually in higher concentration and prob-
large proportion of the stream bottom (B.J. Peterson, personalably travels farther than either RO or NH,*. It would be
observations). The slow rate of declinedtN values of epili- useful to determine the relationships between stream discharge
thon andBrachycentrusover the winter in comparison with  (or dimensions) and nutrient travel distances in the field by
the rapid labeling during a few weeks in the previous July is performing stream-order comparisons within one type of
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stream. This could be done with stable N isotédéfor either supported by National Science Foundation grants (OPP
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