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Canopy uptake of atmospheric nitrogen and new
growth nitrogen requirement at a Colorado

subalpine forest

Timothy Tomaszewski, Richard L. Boyce, and Herman Sievering

Abstract: A ficld study at a Rocky Mountain spruce-{ir-pine forest was undertaken (o obtain canopy N uptake (CNU),
N reallocation, and foliar N requirement. Wot deposition, dry deposition, and throughfall fluxes of ammonium wnd ni-
trate were measured during the 2000 and 2001 growing seasons. Gstimation of CNU, for both ammonium and nitrate,
was obtained by subiracting throughfall (TF) flux from the sum of wet deposition (WD) and dry deposition (DD):
CNU = WD + DD — TR, CNU efficiency (CNU/(WD + DD)) for ammonium (0.9) was consislent across 2000 and
2001. For nitrate, this efficiency was 0.8 and 0.7 for 2000 and 2001, respectively. Foliar N requirement for growth in
2000 and 2001 was about 19 and 22 kg N-ha™'-year, respectively. Growing season estimales of CNU for 2000 and
2001 were approximately 2 and 3 kg Neha~!, respectively, Thus, CNU may contribule 10%-15% of the foliar N re-
quirement for canopy growth. Mountain upsiope winds bring substantial amounts of anthropogenic N 1o this lorest dur-
ing the growing season, thereby contributing to CNU. Given that a sizable fraction off CNU is anthropogenic in origin,
the forest's N cycle has likely undergone substantial changes on a decadal time scale,

Résumé : Unc étude au champ a &€ réalisée dans une forét d’dpinette el de sapin des Montagnes Rocheuses alin de
quantiticr le prétevement de N par la canopée, la véallocation de N el le besoin en N folinire, Les dépdts humides, les
dépots secs et les flux d'ammonium ct de nitrate du pluviolessivage ont ¢té mesuorés durant fes suisons de croissance
2000 et 2001, L'estimation du préldvement de N, tant pour Pammonium que pour le nitrate, a 616 oblenue en sous-
trayant le flux du pluviolessivage de ln somme des dépdls humides et des dépdts secs. Lefficience du préldvement de
N par fa canopée pour Pammaonium (0,9) Seait uniforme pour 2000 et 2001. Pour ie nitrate, I'efficience Gwil de 0.8 en
2000 et de 0,7 en 2001, Le besoin en N foliaire pour lu croissance a 816 de 19 kg N-ha™ en 2000 et de 22 kg Neha '
en 2001, Les estimations du prélevement de N par Ju canopée ont éLé de 2 kg Neha! en 2000 ot de 3 kg Neha! en
2001. Bn conséquence, le prélevement de N par la canapée peut contribuer pour 10 8 15 % du hesoin loliaire en N
pour la croissance de la canopée. Les vents ascendants sur ln montagne apportent des quantités subslanticlies de N an-
thropique sur cette forél durant la saison de croissance, contribuant ainsi au prélévement de N par la canopée. Ftant
donné qu'une Traction significative du prélavement de N par la canopée cst d'origine anthropique, le cycle de N dans
celle forél a vraisemblablement subi des changements substantiels sur un horizon de [0 ans,

|'Traduit par la Rédaction|
Intreduction

Nitrogen is typically a limiting nutrient at [orest ecosys-
tems (Cole and Rapp 1981), with forest ecosystemn processes
generally adapting to conditions of N limitation, Thus, atmo-
spherie deposition of anthropogenic N may significantly per-
turb forest processes (Rennenberg et al. [998). A review of
atmospheric N deposition impacts in the Rocky Mountains
of Colorado and southern Wyoming (Burns 2002) notes that

up to 7 kg N-ha 'syear-! is deposited to the cast slope por-
tion of this region, which lics ncarer to agriculural and ur-
ban sources of N, In contrast, west slope arcas ol this region
receive about 2 kg N-ha fyear™! (Bavon ct al. 2000), uro-
pean studies at spruce forests indicate that atmospheric N
deposition >20 kg N-ha~l.year! has contributed to spruce
decline at sites in the Netherlands (Boxman et al, 1995) and
in Germany (Harrison et al. 2000). However, atmospheric N
deposition <510 kg Nehayear! at N-limited coniler [or-
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est sites may stimulate growth (Schindler and Bayley 1993).
Given that anthropogenic N deposition can yield both forest
growth and forest decline, there is concern regarding the re-
sponse of forests to increased N deposition.

Qur study site is a subalpine forest (Niwot Forest) east of
Niwot Ridge and the Continental Divide in Colorado. Dur-
ing the growing season, this site is exposed to episodic
mountain upslope flow conditions that transport N-laden air
to the site. This site receives 4-8 kg N-ha~'.year™! (Sievering
2001), which is at least twice the deposition rate to forests
on the western slope of the divide. Although many subalpine
forests in Colorado receive a significant amount of anthro-
pogenic N deposition, they are generally considered to be N
limited with minimal export of N across their forested land-
scapes (Campbell et al. 2000). One indication that the Niwot
Forest is N limited comes from a study of stream chemistry
(Hood et al. 2003). High inorganic N concentrations were
found in tundra stream water as it entered the subalpine fou-
est (Niwot Forest) ares, but thesc concentrations dropped
to zero quite rapidly within the subalpine forest. This for-
est’s N limitation and magnitude of anthropogenic N deposi-
tion make it ideal for studying N cycle perturbations.

At coniferous forests, where stemflow is insignificant (Lo-
vett 1992), canopy N uptake (CNU) may be estimated by
CNU = wet deposition + dry deposition ~ throughfall (Sie-
vering et al. 2000). We determined CNU of inorganic (NH,",
NO;y") and organic (total dissolved N minus inorganic N) N
specics by measuring the N flux in throughfall, wet deposi-
tion, and dry deposition. Uptake and emission of ammonia
were found to very nearly cancel each other out (Torizzo et
al. In press.)%; therefore, ammonia flux was not included in
the detecrmination of CNU,

The uptake of N by the canopy is primarily the result of
ion uptake by foliar and branch tissues and uptake by can-
opy lichens and microorganisms (Lovett ct al. 1989). These
uptake mechanisms lack adequate characterization; thus, one
may speculate that canopy microbes and lichens are as im-
portant for canopy retention of N as are foliar, twig, and
branch retention, However, we measured canopy lichen bio-
mass at the Niwot Forest using mmethods adapted from Lang
ct al, (1980) and determined that lichen biomass was <50 kg
dry matter-ha™!, Considerably larger lichen biomass densi-
ties, al subalpine forests in New Hampshire (120-1630 kg
dry matter-ha™), were found to have inconsequential influ-
ence on the productivity and flux of elements within the for-
ested ccosystem (Lang et al, 1980). In addition, canopy
microorganisms presumably reach small and steady popula-
tion sizes (Lovett 1992) as a result of competition for space
and frequent drying of leaf surfaces. Therefore, lichens and
canopy microorganisms at this site are not a significant sink
of N,

CNU has been defined to quantify the uptake by canopy
elements ol almospherically deposited N (Sievering et al,
2000). As such, it is determined per unit area of the canopy.
At forest sites with a closed canopy, per unit canopy area
and per unit ground area are identical. However, at forest
sites with significant canopy gaps, CNU magnitudes will dif-
fer from a corresponding per unit ground area cstimation of
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N uptake by the forest as a whole. Since N uptake by can-
opy elements is desired (and not the forest as a whole), CNU
is determined on a per unit canopy arca basis.

Coniferous forests often display significant CNU efticien-
cies (Sicvering et al, 2000; Ignatova and Dambrine 2000,
Arthur and Fahey 1993; Friedland et al. 1991), indicaling
that the canopy may represent a large sink for atmospheri-
cally deposited N. Therefore, the N deposition growth re-
sponsc may be closely tied to CNU at coniferous forests
displaying significant CNU. Since the mechanism and fate
of CNU are not fully known, it is unclear how CNU contrib-
utes to forest growth, However, studies utilizing '"N-labeling
methods indicate that wet and dry deposited N is taken up
and assimilated by foliage with a portion of the '*N going
into the foliar amino acid pool (Vose and Swank 1990;
Nussbaum et al. 1993; Boyee et al. 1996; Garten et al.
1998). Photosynthesis is known to increase with the increas-
ing N concentration of foliage (Field and Mooney 1986);
therefore, foliar uptake of atmospheric N deposition may in-
crease photosynthesis and C sequestration at forests having
N-limited growth.

High elevation spruce-fir forests may derive a substantial
fraction, or even a majority, of their annual N requirement
for growth from reallocation (Friedland et al. 1991), CNU
has been noted to account for 8%—40% of the annual N re-
quirement for growth (Boyce et al. 1996; Harrison el al.
2000). Although CNU measures are useful in their own re-
gard, they are more meaningful when compared with a mea-
sure of total new growth N requirement (Lovett 1992).
While the annual growth of foliage, fruiting bodies, roots,
branches, and boles requires N, the new growth foliage and
roots demand the largest fraction (Schlesinger 1997). There-
fore, the magnitude of CNU, at forests receiving significant
anthropogenic N deposition compared with the magnitude of
annual foliar N requirement, may be a useful method for as-
sessing the potential perturbation of a forest’s N cycle. The
objectives of this study were to (i) estimate N fluxes to the
canopy (unit arca of canopy basis) at the Niwot Forest due to
rcallocation, root uptake, and CNU, (ii} characterize CNU
with respect to NH,*, NO;™, and organic N, and (iif) evaluate
the contribution that CNU makes to the annual N require-
ment for foliar growth at this subalpine forest site.

Materials and methods

Study site

The research area is located at the Unjversity of Colorado’s
Mountain Research Station (40°01°58"N, 105°32'47"W) ap-
proximately 6 km east of the Continental Divide and approxi-
mately 60 km west of greater Denver’s urban, agricuitural,
and industrial areas. In summer, episodic upsiope winds
bring polluted air from these urban, agricultural, and indus-
trial areas. Consequently, this casterly air is often signifi-
cantly laden with N compounds,

The study site, known as Climate Station 1 and referred to
in this paper as the Niwot Forest, was formerly deforested
by logging but is now a 90-year-old slowly aggrading forest
at an approximate elevation of 3000 m. Composition of the

2], Torizzo, C. Seibold, T. Tomuszewski, A. Tumipseed, and H. Sievering. Atmospheric deposition of nitrogen species to a coniferous, subal-

pinc forest at Niwot Ridge, Colorado. Environ, Pollution, In press,
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previous forest is not known; however, spruce and fir are the
dominant species for this ecotone. Soils are classified as
well-draincd sandy loams (0-6 cm) and sandy clay loams
(612 cm) at this site (Marr 1961). The forest consists of,
nearly entirely, Engelmann spruce (Picea engelmannii Parry
ex Engelm,), subalpine fir (Abies lusiocarpa (Hook.) Nutt.),
and lodgepole pine (Pinus contorta Dougl, ex Loud.). Tree
density is 16, 10, and 9 per 100 m? for spruce, fir, and pine,
respectively (Monson ct al. 2002). The canopy height is ap-
proximately 1t m and the canopy gap fraction is 17%. The
Niwot Forest averages about 80 ¢cm of precipitation a year,
and about 35 cm falls during the months of May-October.
The period of May—October has been identified as the sea-
sonal interval when net ecosystem CO, exchange favors
CO, uptake (Monson et al. 2002). Thus, May-October is
viewed as the growing scason.

Wet deposition and throughfall flux

Event precipitation was collected in a clearing with two
Aerochem precipitation collectors (26 cm in diameter). For
throughFall collection, 22 troughs of various dimensions, for
a total sampling area of 1,55 m? were distributed beneath
spruce, fir, and pine. The allocation of troughs beneath these
species approximated the relative cover of each species. The
22 throughfal] collection troughs were partitioned into five
collection sites with collection areas of .28, 0.31, 0,29,
0.31, and 0.36 m?,

Care was tuken Lo ensure that troughs were completely be-
neath the crown. The throughfall collection troughs slope
slightly downhill so that throughfall will drain into subterra-

nean Nalgene bottles. An aluminum screen at the bottom of

the trough prevents litter from entering into the Nalgene col-
lection bottle, A segment of viny! tubing connected the
throughfall (roughs to their collection bottles. Throughfall
troughs were typically orfented such that onc end was
against the bole, while the other end approached the edge
of the crown. The bottles were placed in holes measuring
20 cm deep to ensure cooler temperatures and downward
flow and their tops were covered with opaque plastic wrap.
The cooler underground environment, coupled with the lack
of light, constituted an effort to prevent microbial and photo-
Iytic degradafion of the sample,

During sample collection, throughtall volumes were
bulked for each of the five sites and volumes were recorded,
A 60- to 125-mL aliquot from each of the five bulk samples
was taken for analysis of total dissolved N and inorganic N
(NH,* + NO5™). Wet deposition collectors were taken to the
laboratory for weighing (to determine volume) prior to tak-
ing a 60- to 125-mL. aliquot for analysis. During Lransport,
thiroughfudl sumples were kept cool with ice packs, Lvent
wet deposition and throughfall collection troughs were
rinsed with deionized water every 12 days. Rinsing cleaned
the collection troughs of debris and accumulated dry fall.
Wet deposition and throughfall samples were collected
within 2-4 h of cach precipitation event’s endpoint,

Throughfall and wet deposition collectors become con-
taminated with small amounts of dry fall, pollen, insects,
and litter, which may contain N compounds, Detcrmination
of the appropriate blank subtraction for wet deposition and
throughfal! inorganic and total dissolved N was measured by
pouring known amounts of deionized water into throughfali
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and wet deposition collectors. Subscequently, this water wus
analyzed for total disselved N and inorganic NH,* and NO;y.
This rinsing procedure was performed afier collectors had
ample time to become contaminated. The greatest length of
time that a collector went without an event or a rinse was
3 days. Therefore, in an effort to be conservative, blanks
were measured only after 3 days of going without a rinsc.
The blank mean and standard deviation, calculated with sev-
eral blanks, were added together in the determination of the
blank subtraction.

Growing season uncertainty cstimates for wet deposition
and throughfall arc the products of their blank subtractions
and seasonal precipitation events (Table 1). The uncertainty
for the sum of the 25 total dissolved N cvents was deter-
mined similarly (Table 2). Morcover, the uncertainty associ-
ated with the growing season CNU and sum of the 23
organic N cvents is the added uncertainties of their compo-
nent fluxes (Tables | and 2).

Dry deposition

Dry deposition of N is in the form of several nitrate spe-
cies (total is designated as NO,), NH,*, and ammonia. Am-
monia deposition and emission have been shown Lo very
ncarly cancel each other at this site (Torizzo et al. In
press.)®; thus, it is not considered [urther. HNOy has been
shown to contribute about 80% of NO, dry deposition
(Torizzo et al. In press)®. The HNO; dry deposition contribu-
tion was determined by flux-gradient measurement
(Sievering et al. 2001). Nitric oxides (NQ,) and NGy~ depo-
sition contribute essentially all of the remainder (~20%) Lo
the dry deposition of NQ,; their contributions were esli-
mated using combined site-specific concentration and depo-
sition velocity data (Fahey ct al. 1986; Parrish et al. 1986;
Torizzo el al. In press.2).

New growth foliar N requirement

Branches were harvested periodically, throughout the
growing season of 2001, for new growth foliar dry mass and
mass %N measures. Branches were cut at the bole-branch
interface. A single branch was taken from the botlom, mid-
dle, and top ol the crown for each tree sampled, Harvested
branches were removed from spruce, fir, and pine trees
across five size classes. The size classes were delined by
diameter at breast height (0-5, 5-10, [0-15, 1520, and
20 cm). The branch Iength, determined by the fongesl axes,
wag measured, New growth foliage was removed and dricd.
New growth foliage dry mass per centimetre of branch was
determined. The mass %N of foliage was determined on a
LECO-CHN (St. Joseph, Mich.) clement analyzer. Scaling
from a grams o N per centimetre of branch basis (o a kilo-
grams of N per hectare basis was made possible through the
use of allometric formulations developed by Sparks et al.
(2001),

Sparks et al. (2001) developed these allometric formula-
tions by synthesizing information obtained from tree har-
vests and forest surveys at the Niwot Forest. Harvesting
wholc trees of various size classes and species led to the
purametesization of total branch length (sum ol the longest
axes per branch) per upper, middle, and lower portions of
the crown. Forest surveys provide the frequency of cach tree
species size class per hectare of forest.

@ 2003 NRC Canada
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Table 1, Growing season
ne forest canopy.

) flux estimates and uptake efficiencies for NH.™ and nitrate (DD is NO, = HNO; + NO, + PAN + particulate N) at the Niwot Ridge

subalpi

Nitrate

Ammonium

Inorganic
CNU

Uptake

Uptake

Growing

efficiency

CNU

DD (NO,)

WD

P

efficiency
0.92 (0.12)

CNU

TF

DD

WD

season
2000
2001

2.07 (0.45)
2.82 (0.43)

0.82 (0.27)
0.70 (0.20)

1.30 10.35)
1.28 (0.26)

0.29 (0.02)
0.54 (0.03)

0.81 (0.29)
0.31 (0.12)

0.78 (0.05)
Note: Numbers in parentheses are = uncertainty estimates. Unis are in kilograms N per hectare per growing season. WD, wet deposition: DD, dry deposition; TF, throughfall: CNU. canopy N uptake.

1.51 (0.11)

0.77 (0.09)
1.54 (G.17)

0.07 (0.013
0.17 (0.02)

(.06 (0.03)
0.05 (0.03)

0.78 {0.03)
1.66 (0.1

050 (0.11)
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n
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Table 2. Total dissolved nitrogen (TDN), inorganic N, and or-
ganic N flux estimates (kilograms N per hectare) in wet deposi-
tion (WD) and in throughfalt (TF),

TDN Inorganic N

Wb 2.92 (0.20) 1.99 (0.28)
T 1.57 (0.11) 0.59 (0.08) 0.99 (0.1v)
Net exchange 1.35 (0.31) 1.40 (0.36) ~(.07 (0.67)

Note: Numbers in parentheses are & uncertainly estimates, Flux esti-
mates, the sum ol 25 precipitation events sampled during the 2001 grow-
ing season, are based on 60 days ol essentially contiguous sampling taken
within (he 180-day growing scason of Table 1,

Organic N
0.93 (0.48)

In the calculation of new growth foliar N (kilograms of N
per hectare), branch dry mass is divided by branch length to
yield grams dry mass per centimetre of branch. This value iy
then multiplied by the corresponding mass %N value to pro-
duce units of grams of N per centimetre of branch, The total
branch Jength of the appropriate crown section multiplied by
grams of N per centimetre of branch yields the total grams
of N for the crown section, The total grams of N of each
crown section is appropriately combined to yield total grams
of N for a species size class. The known number of trees per
hectare of forest for each species size class is then multi-
plied by the corresponding grams of N of each species size
class. The total grams of N per hectare of each of the three
species’ five size classes may then be combined to yield total
foliar new growth grams of N per hectare, This value is con-
verted to units of kilograms of N per hectare and divided by
0.83 to adjust for canopy gap fraction (17%). Consequently,
the new growth foliar values are presented on a canopy area
basis, since 1.0 ha of forest floor would correspond to
0.83 ha of canopy cover. This correction was needed to per-
form the by-difference calculations of N reallocation and the
porfion of root uptake contributing to foliar growth, A prop-
agation of error produced estimated uncertainties (-, +) for
the 2000 (19 kg N-ha™') and 2000 (22 kg N-ha™') new
growth foliar N requirements of (5, 25) and (6, 29), respec-
tively.

Laboratory analysis

Wet deposition and throughfall samples were filtered with
a hand pump using Whatman 0.45-um filter paper. A 10- to
60-mL sample for inorganic analysis of NH* and NO;™ was
refrigerated at 4 °C for later analysis, Volume permitting, an
additional aliquot of 10-60 mL was frozen for analysis of
total dissolved N using an Antek 9000 N analyzer. Samples
were stored in Nalgene bottles. Inorganic N from wet depo-
sition and throughfall was measured on a Lachat Quick
Chem 8000 speetrophotometric flow injection analyzer (de-
tection: NH,*, 0.36 uequiv,'L“', relative standard deviation
1.00%; NO;~ + NO,, 0.05 pequiv..L™, relative standard de-
viation 0.39%).

Results and discussion

Wet deposition

During the growing season of 2000, the wet deposition of
both NO;™ and NH,* was 0.78 kg N-ha™'. This is half as
much inorganic N in wet deposition as occurred during the
growing scason of 200] (Table 1). The mean inorganic N

© 2003 NRC Canuda
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concentration of wet depesition events was 141 mg.L”
(SN = 1.26) and .30 mg-L.”! (§D = 0.71) for the 2000 and
2001 growing seasons, respectively. The 50-year mean for
May-October precipitation flux to the forest is 35 cm (SD =
7.3 cm) (T. Ackerman, petsonal communication); however,
in 2000, it was only 20 cm whereas in 2001, it was 30 cm.
Since wet deposition N concentrations did not differ signifi-
cantly from 2000 to 2001, the increase of inorganic N depo-
sition during the 2001 growing season is largely due to
increased precipitation. Precipitation during both growing
seasons was below the 50-year mean so that recorded wet
deposition inorganic N fluxes may be less than long-term
mean values.

Dry deposition

The dry deposition of NO, in 2000 was greater than ni-
trate wot deposition; yet, in 2001, nitrate wet deposition was
nearly five times greater than the dry deposition of NO,.
This is partly due to the 50% greater precipitation during the
growing season of 2001 but is primarily duc to the much
lower 2001 HNO; air concentrations. Ammonium dry depo-
sition was about the same in 2000 and 2001, reflecting the
fact that its concentration did not vary significantly in these
two years. Overall, despite 2001 N dry deposition being only
409% of that in 2000, the total inorganic atmospheric N depo-
sition was 45% greater for 2001 (Table 1).

Canopy N uptake

The majority of CNU during 2000 was as nitrate-N
(Table 1), while CNU in 2001 was distributed almost evenly
between nitrate and NH,*. A substantial decrease in nitrate
dry deposition was responsible for the smaller contribution
of nitrate (relative to 2000) towards total inorganic CNU in
2001. Just as the inorganic N flux in wet deposition in-
creased proportionally with greater precipitation, so did the
magnitude of CNU. Therefore, the long-term trend for grow-
ing season N deposition and CNU is likely greater than the
rates measured during 2000 and 2001, since both years ex-
hibited below-average precipitation.

Nitrogen uptake efficiencies

The NH,* uptake cfliciency |[CNU/(wet deposition + dry
deposition)| of 0.9 (Table 1) was consistent across both the
2000 and 2001 growing seasons, Uptake cfficiencies for
NO4~ were found to be 0.8 and 0.7 during the 2000 and
2001 growing seasons, respectively. Comparison of N uptake
efficiencies on an event basis, across our 2001 growing sea-
son, yiclded some interesting results. For example, uptake
cfticiencies for NO;~ were highly variable across precipita-
tion evenls (8D = (0.30), whereas event variability of NI"
uptake efficiency was relatively small (SD = 0.07). High
canopy NH,* uplake is often reported for coniferous forests,
while uptake of NO;™ is less common (Parker 1983). Mea-
sureruents at 4 northeastern U.S. forest have indicated NOy~
uptake efficiencies as high as 0.9 (Sievering et al. 2000).

A study at a Rocky Mountain subalpine forest (Loch
Vale), similar to the Niwot Forest, found an NH,* uptake ef-
ficiency of approximately 0.7 with no significant uptake of
nitrate (Arthur and Fahey 1993). However, the Loch Vale
forest canopy may cxhibit a positive uptake efficiency for ni-
trate and a larger than approximately 0.7 uptake efticiency
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for NH‘}*. Throughfall collectors were scattered randomly

about the forest floor during the Loch Vale study (Arthur
and Fahey 1993). Therefore, incident precipitation may have
entercd throughfall collectors through gaps in the forest can-
opy, thereby masking N uptake by the canopy. The Niwot
Forest and Loch Vale subalpine forest may be more similar
than they appear. For example, our NH,* uptake cfficiency
on a unit area of canopy basis (0.9) is actually approxi-
mately 0.7 on the unit arca of ground basis used by Loch
Vale researchers.

The greater N loading to the forest in 2001 did not elicit
any substantial changes in the NHg* uptake efficiencics.
Therefore, there is no cvidence to suggest that we are up-
proaching a maximum level of NH,* uptake by the forest
canopy. Although nitrate uptake efficiency dropped from (.8
in 2000 to 0.7 in 2001, the nitrate uptake flux (1.3 kg N-hy !
per growing season) was unchanged across the two growing
seasons (Table 1). Thus, there does not appear to be any sub-
stantial resistance of nitrate or NH,* uptake despite the in-
creases in atmospheric N deposition, However, the decrcased
nitrate uptake efficiency in 2001 may be in some way related
{o the increased NH,* loading that scason.

Organic N deposition: canopy neutrality

Total dissolved N was determined for 2001 wet deposition
and throughfall samples (Table 2). Organic N in wet deposi-
tion and throughfall was then determined by dilference: total
dissolved N — (NH,* + NO;”). Net canopy exchange of or-
ganic N was estimated by subtracting organic N in through-
fall from that in wet deposition. There was no statistically
significant net canopy exchange of organic N, although the
trend does suggest a slight leaching of organic N. Interest-
ingly, for I8 of the 25 precipitation events, canopy retention
of organic N was recorded. Net canopy organic N losses for
scven other events, which also exhibited rclatively larger
precipitation volumes, were relatively large and more than
compensated for the accumulation during the remaining 18
events. Accumulating organic N may not be flushed out
of the canopy until large-volume precipitation cvents oceur.
However, this remains speculative until data regarding or-
ganic N speciation in wet deposition and throughfall are
available.

A substantial portion of the tolal N in wet deposition is
organic, about one-third; in throughfall, it is two-thirds. The
majority of precipitation events exhibited an increase in Lhe
organic N concentration of throughfall versus that in wet de-
position, Typically, this increase was not sufficient to make
the throughfall organic N flux exceed the wet deposition or-
ganic N flux, since throughfall water flux was only 25%-
30% of the wet deposition waler flux at this site. Despite the
large inorganic N uptake, the canopy appears Lo be neutral
with respect to net organic N uptake.

Canopy new growth N: CNU contribution

To determine foliar new growth N requirement, foliage is
typically sampled at the time of maximum tissue N content.
For conifer first-year foliage, this condition is often the case
at the end of the growing season (Fahey and Birk 1991). We
observed this pattern to be true across our periodic sampling
throughout the growing season of 2001, In 2000, the foliar N
requirement had been estimated to be 9 kg N-ha! (Sparks
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Table 3. Foliar N requirement, root N uptake into foliage, can-
apy N uptake (CNU), and realiocation (by difference) in kilo-
grams N per hectare per growing season during the 2000 and
2001 growing scasons,

Foliar N Root N

Souree requirement  uptake CNU - Reallocation
2000

N contributed 19 5-6 2 f1-12

% o N required ~30 ~10  ~060
2001

N contributed 22 4-5 3 1415

% of N required ~20 ~15  ~65

Nofe: Best estimate values are shown (see text),

2001). Therefore, the 2000 growing season CNU of 2.1 kg
N-ha™! contributed about 10% of the foliar N requirement, In
2001, the foliar N requirement was about 22 kg N-ha™' (Ta-
ble 3). Therefore, CNU of 2.8 kg N-ha™! during the growing
season of 200! contributed about 15% of the foliar N re-
quirement,

Canopy N budget: reallocation and root uptake

Changes in N concentration over the life of needles
roughty reflect reallocation rates. Nambiar and Fife (1991)
pointed out that it is more quantitatively accurate to measure
changes in needle mass in addition to chauges in N concen-
tration. Flowever, to assess the approximate magnitude of
foliar reallocation, we examined new growth and litterfall
foliar N concentrations. The C to N ratios of foliar new
growth {at the end of 2001) and of litterfall needles were
about 50 and 110, respectively. Therefore, reallocation of N
within the forest canopy over the life of the needles is on the
order of 50%-60% of the foliar N requirement, assuming
that additional C gain over the life of the needle is minimal.
New growth N provided by reallocation varies greatly across
species and study sites; mature conifer forests range from
30% to 80% (Cole and Rapp 1981; Friedland et al, 1991;
Helmisaari 1992; Birk and Vitousek 1986).

A more accurate approximation of the magnitude of N
supplied to foliage by reallocation was obtained using the
following formula: Reallocation = N g — litterfall N
(Fahey and Birk1991). Three years (1999-2001) of litterfail
data (L. Scott-Denton, personal communication) were used to
estimate that litterfall foliar N loss was 7-8 kg N-ha~!.ycar~!
as needle litter. Considering that the canopy is nearly in
steady state (Sparks 2001), root N uptake into foliage and
CNU must replenish this lost N in needle litter. Given that the
foliar new growth N requirement for 2000 and 2001 was
found to be 19 and 22 kg N-ha™', respectively, reallocation
was approximately !1-12 and 14-15 kg N-ha™, respectively,
more than half of the N required for foliar new growth (Ta-
ble 3). Reallocation, as a percentage of foliar N requirement,
appears to corroborate the observations of foliar and litterfall
N concentrations. Given that CNU contributed 2-3 kg N-hu'
per growing season, the portion of root N uptake partitioned
to the canopy should be in the range of 4-6 kg N-ha~'.year™!
(Table 3).

Canopy N uptake: perturbation of the natural N cycle
Forests on the eastern slope of the Continental Divide

Can. J, For. Res. Vol. 33, 2003

(where N deposition is enhanced) are known to have lower
organic horizon and foliar C to N ratios (Baron et al. 2000;
Rueth and Baron 2002). This is strong evidence that anthro-
pogenic N deposition has been altering the N cycle at these
east slope forests. Nitrogen wet deposition at the Niwot Sad-
dle, which is in near proximity to the Niwot Forest, is nearly
the highest in Colorado (Rueth and Baron 2002). The Niwot
Forest’s canopy takes up approximately 85% of the growing
season wet plus dry inorganic N deposition, making the can-
opy the largest forest sink for N deposition. If the N concen-
tration of foliage increases with CNU, then photosynthesis
and current-year growth (bole, branch, root, foliage) may
be enhanced. Furthermore, given that CNU may represent
10%-15% of the new growth foliar N requirement, it is
likely that changes are occurring on a shorter time scale than
chronic N loading might otherwise suggest. The high N up-
take efficiencies at the Niwot Forest, together with the high
NH,* uptake efficiency of 0.7 observed at the Loch Vale
forest (Arthur and Fahey 1993), indicate that the canopy
may be a large sink for N deposition across a broad region
of Colorado.

Conclusions

Organic N contributed about one-third of N in wet deposi-
tion during the 2001 growing season. However, the magni-
tude of organic N flux in throughfall was essentially the
same as the organic N flux in wet deposition; thus, the can-
opy was neutral with respect to net organic N exchange. The
canopy retained inorganic NH,* and nitrate with relatively
high efficiency, 90% and approximately 75%, respectively.
CNU of atmospherically deposited N contributed 10%-15%
of the total N requirement for new growth foliage. Realloca-
tion supplicd more than hall of the foliar N requirement.
Disruption of the background natural N cycle at this forest is
likely, given that a majority of the atmospherically deposited
N is anthropogenic. Since the canopy is the largest sink for
N deposition, understanding the fate of CNU and its poten-
tial role in C sequestration is paramount to understanding
the impacts of N deposition at this and possibly other Colo-
racdo subalpine forests,
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