
www.elsevier.com/locate/foreco

Forest Ecology and Management 234 (2006) 344–354
Potential canopy interception of nitrogen in the Pacific Northwest, USA

Jeffrey M. Klopatek a,*, Matthew J. Barry a, Dale W. Johnson b

a School of Life Sciences, Arizona State University, Tempe, AZ 85287-4501, United States
b Environmental and Resources Sciences, University of Nevada-Reno, Reno, NV 89557, United States

Received 30 June 2005; received in revised form 18 July 2006; accepted 19 July 2006
Abstract
Nitrogen deposition is increasing worldwide from anthropogenic sources and encroaching upon previously N limited ecosystems. Recent

literature reports increases in inorganic N deposition in Pacific Northwest forests of the United States due to expanding urbanization. We examined

the contributions of atmospheric deposition of inorganic N to old-growth and second-growth Douglas-fir (Pseudotsuga menziesii) forests in the

Cascade Mountains of southern Washington State. We used ion exchange resin lysimeters (IERs) to measure throughfall and compared it to data

from a nearby atmospheric deposition recording station. Observed differences led us to install IERs above and throughout the canopy of an old- and

second-growth forest stand at the Wind River Canopy Crane Research Facility. Total NH4-N and NO3-N deposition was 4.06 and 2.06 kg/ha,

respectively, with NH4-N inputs varying seasonally. Canopy interception in the first 5 m of canopy was >80% of NO3-N deposition during the

winter months, with negative net canopy exchange (NCE) accounting for nearly 90% of NO3-N input (uptake). NCE for NH4-N during the winter

months was negligible. During the summer months, both NH4-N and NO3-N were taken up within the canopy. Contrary to the winter period, nearly

all NH4-N entering the canopy was retained. Although the pattern of canopy interception varied according to canopy architecture and age of stand,

all species were extremely efficient in reducing the input of inorganic N to the forest floor. Greater deposition in these stands as compared to the

nearby NADP site was attributed to higher precipitation. Needle concentrations of N and d15N showed no differences throughout the canopy

profile, in contrast to both C and d13C that exhibited significant increases from top to the lower levels. Differences in concentrations of C, d13C, N

and d15N were noted among the old-growth species.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been widespread concern about the increasing

effects of anthropogenic nitrogen (N) on the world’s

ecosystems (Vitousek, 1994; Asner et al., 1997; Holland

et al., 1999; Sala et al., 2000; Matson et al., 2002; Galloway

et al., 2003). Particular alarm for terrestrial systems has been

raised concerning effects of N deposition on forest ecosystems,

especially in heavily urbanized and industrialized regions

(Rennenberg and Gessler, 1999; Driscoll et al., 2003; Holland

et al., 2005). Nitrogen deposition may lead to both terrestrial

and aquatic ecosystem disruption, including species changes,

loss of species diversity, soil acidification, eutrophication and

toxic blooms, as well as an increase in greenhouse gas

emissions (Vitousek et al., 1997). However, N deposition has
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the potential of increasing productivity and C storage in N

limited terrestrial ecosystems. Recent research has reported that

N deposition is increasing around urban areas in the western US

(Holland et al., 1999; Fenn et al., 2003b; Burns, 2003) with

levels approaching those of the northeastern US (Aber et al.,

1998; Driscoll et al., 2003). The Pacific Northwest forests of the

United States have the greatest C densities of any vegetation

type in the world (Smithwick et al., 2002) and have the potential

of storing 671 Mg C ha�1 in above-ground biomass; estimates

of actual storage are less than half that amount (Turner et al.,

1995), primarily as a result of N limitations (Johnson, 1992;

Oren et al., 2001). Nadelhoffer et al. (1999), Ollinger et al.

(2002), and Aber et al. (2003) have stated that N deposition will

not lead to an increase in forest C sequestration because most of

the deposited N is immobilized within the organic forest floor.

Both Jenkinson et al. (1999) and Sievering (1999) have debated

this based on the fact that trees are capable of intercepting and

utilizing much of the deposited N before it even reaches the

ground. Reich et al. (2006) state that N variability, whether it is

available in the soil or through atmospheric deposition,
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constrains ecosystem productivity despite increasing levels of

CO2.

Tree canopies are complex biogeochemical components of

the ecosystem supporting different organisms and being sites

for accumulation and processing of nutrients and other

chemical elements (Hanson and Garten, 1992; Boyce et al.,

1996; Knopps et al., 1996; Moffett, 2000; Heitz et al., 2002).

Canopy interception studies have demonstrated that evergreen

conifers intercept and retain species of inorganic N (Eilers

et al., 1992; Thomas and Miller, 1992; Boyce et al., 1996) but

there is discrepancy over what N species are retained and what

are released (e.g., Hanson and Garten, 1992; Wilson, 1992;

Lovett, 1992; Rennenberg and Gessler, 1999). Högberg (1997)

notes that the fractional contribution of canopy N uptake is

highly variable and difficult to measure in the field. Previous

Integrated Forest Study (IFS) synthesis research (Johnson and

Lindberg, 1992) has reported that an average of 40% of the

incoming inorganic N is retained or transformed in the passage

through the canopy. In absolute terms, the net canopy effect is

greatest at those sites receiving the highest atmospheric N

inputs (Lovett, 1992), but there exists a limit of N utilization

and retention by forest ecosystems (Aber et al., 2003).

Deposition studies have used the stable isotope 15N as an

indicator of deposition pathways, although its high temporal

and spatial variability, complications of separating contribu-

tions from the soil, and the difference seen within the diversity

of plant parts, make that problematical (Högberg, 1997).

However, 15N may be used to evaluate the N status of forest

ecosystems (Emmett et al., 1998; Martenelli et al., 1999) and to

detect patterns of pollutant derived N (Emmett et al., 1998;

Köchy and Wilson, 2001; Stewart et al., 2002).

We have been examining controls on C storage in Douglas-

fir forests at and surrounding the Wind River Canopy Crane

Research Facility (WRCCRF) in the southern Cascade

Mountains of Washington State (Klopatek, 2002; Harmon

et al., 2004). Nitrogen is considered limiting ecosystem

productivity in this region (Binkley et al., 1992; Binkley,

2003) and as reported by Vanderbilt et al. (2003) many areas in

the Cascades receive low precipitation N inputs. Because of this

N fertilization is a common practice to increase yields in forests

of the Pacific Northwest (Canary et al., 2000). However, Fenn

et al. (2003b) reported significant regional increases in wet N

deposition, using data from a National Atmospheric Deposition

Program (NADP) recording station less than 15 km from the

WRCCRF. Using lichens as indicators, Geiser and Bachman

(2001) and Geiser and Neitlich (2003) correlated concentra-

tions of inorganic N air pollutants with the loss of some lichen

species in the area encompassing the above NADP site. They
Table 1

Stand characteristics of the young Douglas-fir and the old-growth Douglas-fir site

Stand Age (years) Density (trees ha�1) Abov

Young 25 1529 46.5

Old-growth �550 437 206.1

a Thomas and Winner (2000).
b Harmon et al. (2004).
c N. McDowell and B. Bond, Oregon State University, Corvallis (unpublished d
found that concentrations were significantly higher than on

other national forests and were comparable to urban sites. As

levels of N deposition are predicted to increase due to

expanding urbanization and transport from Asian countries

(Wilkening et al., 2000), we wanted to assess the amount of N

deposited within these forests as it may generate significant

ecological change (Nordin et al., 2002; Fenn et al., 2003a). We

hypothesized that (i) N deposition would be greater at the

WRCCRF than at the nearby NADP because of greater annual

precipitation, (ii) that throughfall amounts of NH4-N and NO3-

N would be significantly reduced by the forest canopies, and

(iii) that concentrations of 15N would differ according to height

in the canopy, reflecting anthropogenic source of N. Here we

report on inorganic N deposition in forest stands of the Pacific

Northwest and the pattern of throughfall as it passes through the

canopies of an old-growth and a young forest stand, as well as

pattern of tree canopy N and 15N concentrations.

2. Site descriptions

The research was carried out in the Wind River Experi-

mental Forest in the Gifford Pinchot National Forest in south

central Washington. We report throughfall data for three �25-

year old and three old-growth (>500 years) Douglas-fir

(Pseudotsuga menziesii var menziesii Franco) ecosystems,

referred to as crane, spur and trout. Both the young and old-

growth stands were similar in vegetation composition. The

canopy level research was conducted at one old-growth and one

young stand (the crane sites) whose canopies were accessible

through towers. That old-growth stand, located at the

WRCCRF, is an Ameriflux site which is instrumented for

quantifying carbon fluxes and storage. It is dominated by large

Douglas-fir and western hemlock (Tsuga heterophylla (Raf.)

Sarg.). Other species include western red-cedar (Thuja plicata

Donn.), western white pine (Pinus monticola Dougl.), Pacific

silver fir (Abies amabilis (Dougl.) Forbes), and grand fir (Abies

grandis (Dougl.) Forbes). The young stand is dominated by

Douglas-fir with western hemlock. Stand leaf area index (LAI)

for the old-growth stand is estimated to be between 8.2 and 9.3,

and for the young stand between 6.1 and 7.2 (Table 1). The LAI

supports a very high biomass at the Wind River stand, but it is in

the low to middle portions of the range for old-growth forests in

this region (Smithwick et al., 2002; Parker et al., 2004). Forest

stands in this area are noted as being N limited (Binkley et al.,

1992). Understory vegetation [e.g., Oregon grape (Berberis

nervosa Pursh), salal (Gaultheria shalon Pursh), vine maple

(Acer circinatum Pursh) of both the young and old-growth

stands are typical of the Washington southern Cascades on
s where canopy effects were measured

eground biomass (Mg C ha�1) LAI (m2 m�2) Height (m)

6.1–7.2a 17
b 8.2–9.1c 60

ata).
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well-drained soils. A complete description of the WRCCRF can

be found in Shaw et al. (2004) with biomass and carbon pools of

the old-growth stand in Harmon et al. (2004).

The climate is temperate winter wet, summer dry with over

2500 mm of annual precipitation, of which less than 10% falls

between June and September. Mean annual temperature is

8.7 8C. The old-growth stand at the WRCCRF is situated at an

elevation of 370 m, while that of the young stand is 560 m.

Other stands for the initial throughfall studies were located at

500–600 m. While all stands were on similar aspects with

minimal slope, the complex topography surrounding the sites

undoubtably influenced their precipitation patterns that were

not measured individually. All the young stands were

previously old-growth before they were cut and all exhibited

gaps and without canopy closure.

3. Materials and methods

We set up a series of ion exchange resin lysimeters (IERs) to

evaluate patterns of inorganic N throughfall in the second- and

old-growth forest stands. We constructed the IERs similar to

those described by Susfalk and Johnson (2002). The lysimeters

were constructed of ABS (rigid, black plastic) pipe couplers,

6 cm deep with an inner diameter of ca. 5.25 cm. Two sections

of ABS pipe [4 cm deep (top) and 1 cm deep (bottom) with an

i.d. of 5 cm] were cut and used to sandwich in two layers of

nylon fine-mesh netting that held 20 g of mixed-bed ion-

exchange resin (RexinTM, Fisher Scientific Co., Fair Lawn, NJ).

We set out the lysimeters in Spring 2001 and collected them the

following Spring, 2002. Twelve IERs were placed in each of

three young and three old-growth stands in a stratified-random

framework. All IERs were positioned using a stratified, random

design. We also installed lysimeters beneath the forest floor and

20 cm below the soil surface; the belowground data from that

experiment will be reported in a future publication. Preliminary

results from the lysimeters on the forest floor initiated our

examination of the effects of the tree canopy.

In the following autumn, to examine the N interaction

within the tree canopy, we constructed a series of gimbals

attached to 15 cm long ABS pipe so that the IERs could be

fitted to the top of the pipe. The gimbals were made to ensure

that the surface of the lysimeter remained parallel to the ground

surface and could be attached to the branches with plastic zip

ties. We installed the series of lERs above and down through

the canopy to the forest floor at the WRCCRF old-growth and a

nearby second-growth stand where access to the canopy was

possible. The old-growth stand, with numerous trees >65 m

tall, was instrumented from the WRCCRF canopy tower, a

model Liebherr 550 HC (Morrow Crane Inc., Salem, OR) with

a jib height of 74.5 m and a range of 87 m to position the

lysimeters. Lysimeters were placed on the jib of the crane 20 m

above the canopy and on meteorological towers in a nearby

meadow away from the influence of the forest. IERs were

placed in four replicate trees of three species, Douglas-fir,

western hemlock and western red cedar in the old-growth

stand, while only Douglas-fir was available in the second

growth stand. Individual trees were fitted with IERs at the mid-
point of the branch 5 m below the top in a selected tree with

subsequent instruments placed below at 10 m intervals until

the last of that tree’s branches above the forest floor.

Throughfall was measured with IERs (without gimbals)

placed on the forest floor below the selected tree canopies

distance 0.5 m from the bole. Trees in the second-growth stand

were �17 m tall, and were instrumented from a temporary

tower constructed within the stand. All three species differ in

their canopy architecture (Van Pelt, 2002; Parker et al., 2004).

Douglas-fir concentrates its leaf area in the mid to upper

canopy. Western hemlock stratifies its leaf area throughout the

entire canopy. Western red cedar, being somewhat shorter than

the other two species, has a conical distribution of leaf area.

The canopy IERS were initially installed in September 2002

and replaced in mid-April 2003 (the winter sampling period)

when the lysimeters were taken from the gimbals and replaced

with lysimeters with fresh resin. The second set of IERs were

collected in the following September and represented the

summer sampling period. The timing of the sampling periods

corresponds to the water year for the region. The collected

lysimeters were taken back to the laboratory and air dried. The

resin was extracted, shaken in 100 ml of 2 M KCl for 1 h,

filtered, and the elutrant analyzed for NO3-N and NH4-N on a

Bran-Luebbe TrAAcs 800 Autoanalyzer.

Our adsorption and recovery of dissolved N with the ion-

exchange resins was determined by dripping various standard

solutions of NO3-N and NH4-N through IERs in the laboratory.

It was found to be similar to that of Langlois et al. (2003) with

an efficiency of >90% for NO3-N and approximately 80% for

NH4-N. For calculation of the total levels of adsorbed N we

corrected our data for the adsorption efficiency to reflect total

for NO3-N and NH4-N. (The concentrations obtained were

divided by the absorption efficiencies to obtain the corrected

values of NO3-N and NH4-N.) Snowfall, especially heavy

accumulations, presents a problem as the catchment area of the

lysimeters was only 4 cm deep. Fortunately, during the

collection period only two or three periods occurred where

snowfall exceeded this depth for a brief period in December.

3.1. NADP data

Atmospheric N deposition data were available from the

NADP monitoring location OR98 located at Bull Run, Oregon

that closed operation in October 2003. This site was located

along the Columbia River at an elevation of 267 m,

approximately 20 km from the WRCCRF (Fig. 1). A new site,

WA98 Columbia River Gorge, has been established on the

Washington State side of the river, but comprehensive data were

not available for the study period. The deposition data were

obtained from the NADP web site (http://nadp.sws.uiuc.edu).

Urbanization has been substantially increasing in upwind areas

from the NADP station and this has been reported to be

increasing N deposition. Total wet deposited inorganic N at the

NADP station is shown in Fig. 2. High interannual variability is

present and although an increasing trend is apparent, it is non-

significant (r2 = 0.156, Pr > F = 0.069). Similar results were

obtained for both NH4-N and NO3-N deposition.

http://nadp.sws.uiuc.edu/


J.M. Klopatek et al. / Forest Ecology and Management 234 (2006) 344–354 347

Fig. 1. Location of Wind River Canopy Crane Research Facility (WRCCRF) in

the southern Cascade Mountains of Washington State. OR98-location of NADP

station that ended monitoring in October 2003; WA98-NADP station that began

recording data in summer 2003.
3.2. Plant sampling and analysis

In September 2003, at the time of the final lysimeter

collection, plant needles from branches adjacent to each of the

IERs were collected. We selected the most recent needles

(second year) that were present during the entire collection

period. The age of the needles and the time of sampling were

chosen to examine stable isotopic N (Chang and Handley, 2000;
Fig. 2. Annual inorganic N deposition at the NADP station located 15 km from

the WRCCRF.
Chambers et al., 2004) to highlight any pattern from atmo-

spheric deposition (Stewart et al., 2002). Needles were dried at

65 8C and ground with a Wiley mill to pass an 80 mesh sieve.

The samples were analyzed for concentrations and natural

abundances of total C and N. Isotope ratios and concentrations

of C and N were measured with a PDZ-Europa IRMS consisting

of an elemental analyzer and a gas purification module

interfaced to a mass spectrometer. All N isotope ratios are

expressed relative to the international standard (N2 in air) while

C isotopes use the Pee Dee Belemite. All ratios are expressed in

delta notation (d) calculated according to the following

equation:

dx ¼
�

Rsample

Rstandard � 1

�
� 1000 ð%Þ

dx is the isotope ratio of C and N in d units, relative to the

standards and Rsample and Rstandard are the 13C/12C and 15N/14N

ratios of the samples and standards respectively.

3.3. Statistical analyses

Statistical analyses were performed on a personal computer

using SAS (SAS, 1995). For the IER data, a one-way analysis of

variance was performed using Tukey’s test. For evaluating

differences in the elemental concentrations and isotope ratios of

the needles by height and species, the ANOVA routine of the

PROC GLM was used. For this study, effects with probabilities

of p < 0.05 were assumed to be significant.

4. Results

4.1. Throughfall

Precipitation from 2001 to 2003 showed the typical wet-

winter dry summer pattern, but also showed interannual

variability (Fig. 3). Annual precipitation varied from just over

1900 mm in 2001 to 2230 mm in 2003. No distinct pattern was
Fig. 3. Daily precipitation amounts recorded at the Carson Fish Hatchery near

the study sites. (A) The period during which the three second- and three old-

growth stands were sampled for throughfall. (B) When the intensive canopy

interception studies were performed.
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Fig. 4. Amount of NH4-N and NO3-N collected in throughfall IERs in three

second- and old-growth stands in the Wind River Experimental Forest. Error

bars are standard error of the mean. Names underneath the stands correspond to

their location. The crane stands were the primary stands for the canopy research

in this study.

Fig. 5. Change in amounts of the NH4-N and NO3-N deposition as collected thro

Mountains of South Central Washington. The left-most point of each graph represents

amount captured at the forest floor. The winter sampling period was from mid-Se
observed across the stands during the sampling period from

2001 to 2002, although between stand differences were

observed (Fig. 4). The N deposited at the NADP station was

1.16 and 1.38 kg ha�1 of NH4-N and NO3-N, respectively.

Greater NO3-N was observed at the NADP station than in the

forest stands, despite the NADP station receiving nearly

300 mm less precipitation. The throughfall amount measured

by the IER’s averaged 1.07 NH4-N and 0.86 NO3-N at the

young and 0.98 NH4-N and 0.45 NO3-N at the old growth

stands, respectively.

4.2. Canopy interception

Canopy data reflect the 2002 to 2003 precipitation period

(Fig. 3). During the winter period in the old-growth stand the

total measured amount of NH4-N and NO3-N entering the

canopy was 1.17 and 1.11 kg ha�1, respectively (Fig. 5). No

trend was observable for NH4-N as it fell through the canopy;

the total amount reaching the forest floor was approximately

equal to that entering the canopy. However, in the old-growth

stand all three tree species displayed significant interception of

NO3-N with the pattern differing by height between species
ugh the canopy in an old-growth and young Douglas-fir stand in the Cascade

the concentration before entering the canopy. The right-most point indicates the

ptember 2002 to mid-April 2003. Error bars are standard error of the mean.
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Fig. 6. Winter differences in net canopy exchange (NCE) of NH4-N and NO3-N

in the old-growth and young Douglas-fir stand at the WRCCRF. NCE was

determined as the difference between bulk deposition (total), measured above

the canopy, and throughfall, measured at the forest floor. DF: Douglas-fir; WH:

western hemlock; WRC: western red cedar. Error bars are standard error of the

mean.

Fig. 7. Change in amounts of the NH4-N and NO3-N deposition as collected thro

Mountains of South Central Washington. The left-most point of each graph represents

amount captured at the forest floor. The summer sampling period was from mid-A
(Fig. 5). There was a significant decline of the NO3-N in the first

5 m of canopy with both Douglas-fir and western hemlock

reducing input levels by nearly 80%. The young Douglas-fir

also exhibited a significant reduction in NO3-N although

deposition levels were lower. Stemflow in these species is

minimal (Kimmins, 1997) and thus we can attribute the

difference between bulk deposition and throughfall as the net

canopy exchange (NCE). Simply stated NCE is the amount of

element entering the forest from the atmosphere that never

reaches the ground. Our use of NCE (a negative value indicates

a reduction in throughfall) refers to the particular species not

the ecosystem as throughfall was only measured underneath the

selected trees. NCE of NO3-N was more than 90% in all trees

sampled in the old-growth stand (Fig. 6). In the young Douglas-

fir stand there was positive NCE for both NH4-N and NO3-N.

No differences among species nor between stands were

detected in the amount of NO3-N retained by the canopy.

For the summer period the total amount of NH4-N and NO3-

N entering the canopy was 2.82 and 0.95 kg ha�1, respectively.

Similar to the winter period, a decline in NO3-N was also

significant, but not as precipitous (Fig. 7). During the summer,

in contrast to the winter period, NH4-N exhibited a significant
ugh the canopy in an old-growth and young Douglas-fir stand in the Cascade

the concentration before entering the canopy. The right-most point indicates the

pril to mid-September 2003. Error bars are standard error of the mean.
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Fig. 8. Summer differences in net canopy exchange (NCE) of NH4-N and NO3-

N in the old-growth and young Douglas-fir stand at the WRCCRF. NCE was

determined as the difference between bulk deposition (total), measured above

the canopy, and throughfall, measured at the forest floor. DF: Douglas-fir; WH:

western hemlock; WRC: western red cedar. Error bars are standard error of the

mean.
decline with canopy height, with a NCE ranging from 86–90%

of NH4-N and 67–79% of NO3-N in the old-growth stand

(Fig. 8). In contrast to the winter period, the NH4-N levels

collected on the forest floor were lower than those of NO3-N.

Samples taken in the young stand showed a different pattern for

both NH4-N and NO3-N where both elements declined

substantially in the first 5 m of the canopy, with NH4-N

leveling off and NO3-N actually increasing. The young

Douglas-fir stand again showed the greatest retention of

NH4-N of approximately 95%. Inputs (1.65 kg ha�1 NH4-N

and 0.83 kg ha�1 NO3-N) into the young stand were

significantly lower than in the old-growth stand (Fig. 8). There

were no differences in amount of inorganic N retained among

tree species, nor between elements in the old growth stand

(Fig. 8).

4.3. Needles

There was no significant pattern for either N or d15N with

canopy position (Table 2), although there were significant

differences between tree species that corresponded to patterns

found with the stable carbon isotope (Table 3). A distinct

pattern for d13C existed for all three species with the
Table 2

Mean (n = 4) concentrations of C and N and isotopic signatures, d13C and d15N, of sec

canopy of three tree species in an old-growth forest stand at the Wind River Cano

Height (m) Douglas-fir Western red ce

%C d13C %N d15N %C d13

�5 50.3 S26.7 1.21 �3.47 51.5 S2
�15 49.7 �26.9 1.10 �3.92 51.7 �2

�25 49.2 �27.9 1.35 �3.72 50.9 S2
�35 50.0 S28.2 1.21 �3.75 50.7 S2

Values in bold within a column, comparing upper canopy to lower canopy, are sig
discrimination being less in the upper as compared to the

lower canopy and the pattern differed among the three species

due to stomatal limitations of carbon use (Winner et al., 2004).

Western hemlock exhibited also showed more C per needle

weight in the upper canopy (Table 2).

5. Discussion

Inorganic N deposition has been increasing with expansion

of urban areas in the Pacific Northwest, although we did not find

the trend statistically significant in wet deposition N at NADP

stations downwind from Portland, Oregon (Fig. 2). Our initial

throughfall data surprised us in that they showed no significant

difference between the second- and old-growth stands,

although the stands differed in species composition and

biomass. Unfortunately, we cannot compare that data with

precipitation values as only the data from the NADP site were

available for comparison, and that site received at least 300 mm

less precipitation than the forest stands. However, the individual

stand NO3-N throughfall values reflect the relative LAI of each

stand and that of the NH4-N the overall N status of each stand

(Klopatek, unpublished data).

For the 1-year period from mid-September, bulk deposition

inputs of NH4-N and NO3-N at the old-growth stand were 3.99

and 2.06 kg ha�1, respectively. These values were somewhat

greater than that experienced for the same time period at the

Bull Run NADP station (3.84 NH4-N and 1.76 NO3-N kg ha�1)

and supported our initial hypothesis that increased precipitation

results in increased deposition. Precipitation at the NADP site

for the period was 1664 mm, whereas the recorded precipitation

at the Carson Fish Hatchery near the WRCCRF, was 2748 mm

of which 85% fell during the winter period of this study. By

using the volume-weighted mean concentration (load/concen-

tration) of the NADP, the greater precipitation at the WRCCRF

easily accounts for the increased N loading. The annual wet

deposition values of NH4-N and NO3-N are similar to those

reported earlier for the IFS sites located in Washington (Lovett,

1992) where they reported wet fall or bulk deposition

accounting for approximately 60% of the deposited inorganic

N. The IERs are similar to the bulk deposition collectors used

by Lovett and Lindberg (1993) in that they are constantly open

and do not discriminate between wet and dry deposition. Their

capacity for measuring dry and fog deposition is unknown and

there is a considerable amount of cloud and fog activity at the

old-growth stand during the fall and winter months, which may
ond year needles descending from the top of the canopy (0 m) down through the

py Crane Research Facility, Washington State

dar Western hemlock

C %N d15N %C d13C %N d15N

5.5 1.17 �3.31 51.6 S26.9 0.97 �5.28

6.4 1.03 �3.35 50.8 �27.9 0.95 �5.60

7.0 1.17 �3.12 50.6 �28.5 1.02 �5.69

7.6 1.15 �3.44 49.9 S29.4 1.03 �5.80

nificantly different ( p < 0.01).
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Table 3

Mean concentrations of C and N and isotopic signatures, d13C and d15N, of second year needles from three old-growth and one second-growth tree species at the Wind

River Canopy Crane Research Facility

Stand species element Old-growth Second-growth

Douglas-fir Western red cedar Western hemlock Douglas-fir

%C 49.5 a 51.2 c 50.7 b 49.7 a

d13C �27.4 b �26.5 a �28.3 c �29.9 d

%N 1.22 c 1.13 bc 1.00 a 1.07 ab

d15N �3.71 ab �3.30 a �5.58 c �4.18 b

Means are derived from samples taken throughout the canopy of four trees per species (old-growth, n = 16; second-growth, n = 11). Different letters following values

in each row indicate significant differences (a = 0.05).
account for its higher depositional rates than the second-growth

stand. If we use the 60% ratio (bulk or wet/total) found by

Lovett and Lindberg (1993), we estimate that approximately

10 kg ha�1 of inorganic N was deposited in the old-growth

stand. The source of much of the N is probably attributable to

the encroaching urbanization up wind from the WRCCRF

(Lovett et al., 2000; Fenn et al., 2003b). Trans-Pacific air

pollution has also added to increases in regional N deposition

(Wilkening et al., 2000).

Our use of the IER on the forest floor 0.5 m from the bole

may have biased the NCE estimations. Both Bouten et al.

(1992) and Keim et al. (2005) have shown that Douglas-fir

tends to channel intercepted precipitation to the outer edges of

the branches producing a drip line. However, our data show that

over 90% of the NO3-N was reduced before it reached the lower

level. Only the data for summer NH4-N, which often was

erratic, was affected by this bias. Lovett and Lindberg (1993)

reported net canopy uptake of NH4-N in most forest stands,

including a Douglas-fir forest on the western slopes of the

Cascade Mountains in Washington State. Our data showed no

measurable NH4-N canopy uptake during the winter months but

did show uptake during the summer collection period. Our

findings were consistent with Lovett and Lindberg (1993) wet

deposition results for the other Washington site showing a

negative net-throughfall of NO3-N as it passed through the

canopy. Higher fluxes in precipitation than throughfall of NO3
�

were apparent in both collection periods. Canopy interception

loss of rainfall was similar for both young and old-growth

stands, ranging from 20 to 25% (Pypker et al., 2005)

Our values of NCE are considerably greater than those

reported in IFS synthesis research (Johnson and Lindberg,

1992). Our study showed that there were seasonal differences in

NCE for NH4-N with no measurable canopy effect during the

winter months. This may be a function of the physiological

state of the trees and epiphytes during these months—low

photosynthesis, reduced growth, and limited seasonal demand

for N (Paw et al., 2004). As indicated by Lovett and Lindberg

(1993) and shown by Rennenberg and Gessler (1999) the NCE

of inorganic N is greatest in stands with epiphytes. Epiphytic

lichens and mosses are a major component within the old-

growth canopy (Harmon et al., 2004). The biomass of the

lichens in the WRCCRF old-growth stand has been reported to

be nearly 200 g m�2 as compared to over 1800 g m�2 for tree

foliage (Harmon et al., 2004). Lichens in this area have shown

effects of an increase in N deposition as some sensitive species
have declined (Geiser and Neitlich, 2003). Lichens and

bryophytes definitely affect the flux of nutrients in the

throughfall (Knopps et al., 1996), yet they are virtually absent

from the upper 5 m of the canopy in the old-growth stand and

from nearly the entire canopy of the young stand where

interception was significant (Figs. 5 and 7).

Based on 3 years data, annual litterfall in the old-growth

stand is 255 kg ha�1 and 2200 kg ha�1 for epiphtyes and

conifer foliage, respectively accounting for 0.23 kg N ha�1 and

9.5 kg N ha�1 (Klopatek, unpublished data). If we can assume

that the old-growth stand is in quasi-steady state (Field and

Jörg, 2004), then lichens and bryophytes can only be potentially

responsible for only a fraction of the N taken up within the

canopy. Most of the reduction in inorganic N, as it descends

through the forest canopy, is probably taken up by the trees

themselves supporting our second hypothesis (Lovett and

Lindberg, 1993; Eilers et al., 1992; Gebauer et al., 1994; Boyce

et al., 1996; Tietema et al., 1998). Furthermore, the amount of N

measured as NCE represents a substantial portion of the N lost

in litterfall emphasizing the N limitations in this ecosystem.

Our selection of second-year needles should have high-

lighted any differences in d15N (Chang and Handley, 2000;

Chambers et al., 2004). Yet, similar to Gebauer and Schulze

(1991) who examined other conifers, no pattern was observed

in either d15N or N concentration through the canopy. There

was no corresponding trend relative to the observed intercep-

tion patterns (Figs. 5 and 7), and thus our third hypothesis was

not proven. Western hemlock foliage had the most depleted 15N

values and western red cedar the least. Western red cedar is a

facultative arbuscular mycorrhizal species and dependent on

mineralized N (Chang and Handley, 2000), thus its d15N should

be more positive than the other two species that are

ectomycorrhizal. Ectomycorrhizal species are thought to

discriminate against 15N, yielding more negative values in

the foliage (Högberg, 1997). In addition, western red cedar

occurs in areas of the WRCCRF with wetter soils and higher N

concentrations. Both these factors may contribute to its foliage

being less isotopically N depleted. However, there was no

correlation between leaf C isotope discrimination and foliar N

contents for any of the species as suggested by Sparks and

Ehleringer (1997). The pattern of d13C was consistent with

earlier findings of Fessenden and Ehleringer (2003) and Winner

et al. (2004) who reported greater discrimination with increased

moisture stress moving higher in the canopy. The second-

growth Douglas-fir had lower tissue concentrations of N than
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the old-growth, as well as more depleted 15N indicating a

greater N limitation. This was supported by N use efficiency

being greater in the second-growth stand (Klopatek, unpub-

lished data). The d13C were also more depleted at the second-

growth stand indicating less moisture stress.

N emissions are predicted to increase in this region with

increasing urbanization (Geiser and Bachman, 2001; Fenn et al.,

2003b) and trans-Pacific origins (Wilkening et al., 2000; Richter

et al., 2005). It is assumed that added N will increase ecosystem

productivity and C sequestration within many of these N limited

forests (Fenn et al., 1998; Reich et al., 2006). However, structural

changes may occur and not only within the forest canopy (Geiser

and Neitlich, 2003). For example, western red cedar with greater
15N depletion and less foliar N as compared to the other two

species may be construed as experiencing a greater N deficiency

and a tighter N cycle (e.g., Martenelli et al., 1999). Catovsky and

Bazazz (2002) have shown that hemlock seedlings were the only

species showing positive survival responses to added inorganic N

in eastern temperate forests. The addition of added N to these

forests may promote changes in species composition as well as

biomass (Nordin et al., 2002). Nordin et al. (2002) showed that

changes in key ecosystem components can occur at low rates of

additional N input. They found that a critical load of

6 kg ha�1 year�1 was enough to cause vegetation change in

the boreal forest. While the resulting effects of increased N

deposition may be debated (e.g., Nadelhoffer et al., 1999; Fenn

et al., 2003a), it is assumed that added inorganic N will increase

productivity and C sequestration of most second-growth forests

in the region (Reich et al., 2006). However, the ecosystem

consequences of added N to the old-growth stands remains a

question.

The two forest stands in this study showed a marked

reduction of inorganic N as it passed through the canopy.

However, many of the second-growth forest stands in the region

have a considerable amount of red alder (Alnus rubra L.),

known for its contribution of N through fixation. As discussed

by van Miegroet et al. (1992) and Compton et al. (2003), even

small additions of N to these systems can lead to an increased

leaching of NO3-N from the ecosystem. In one of our highly

fertile Douglas-fir study plots with red alder (not reported on in

this article), leaching of NO3-N down the soil profile was

readily apparent. This emphasizes the need for careful

monitoring of N deposition and ecosystem processes in this

region with long term studies.

Acknowledgments

We are indebted to the staff at the Wind River Canopy Crane

Research Facility for their continued assistance, including

Annette Hamilton, Mark Creighton, and Dr. Ken Bible. This

research was funded by the Western Regional Center

(WESTGEC) of the National Institute for Global Environ-

mental Change (NIGEC) through the U.S. Department of

Energy (Cooperative Agreement No. DE_FC03_90ER61010).

Any opinions, findings and conclusions or recommendations

expressed herein are those of the authors and do not necessarily

reflect the view of the DOE.
References

Aber, J.D., McDowell, W., Magill, A., Berntson, G., Kamakea, M., McNulty, S.,

Currie, W., Rustad, L., Fernandez, I., 1998. Nitrogen saturation in temperate

forests. Bioscience 48, 821–934.

Aber, J.D., Goodale, C.L., Ollonger, S.V., Smith, M.-L., Magill, A.H., Martin,

M.E., Hallet, R.A., Stoddard, J.L., 2003. Is nitrogen deposition altering the

nitrogen status of northeastern forests? Bioscience 53, 375–389.

Asner, G.P., Seastedt, T.R., Townsend, A.R., 1997. The decoupling of terrestrial

carbon and nitrogen cycles. Bioscience 47, 226–234.

Binkley, D., 2003. Seven decades of stand development in mixed and pure

stands of conifers and nitrogen-fixing red alder. Can. J. For. Res. 33, 2274–

2279.

Binkley, D., Sollins, P., Bell, R., Sachs, D., Myrold, D., 1992. Biogeochemistry

of adjacent conifer and alder-conifer stands. Ecology 73, 2022–2033.

Bouten, W., Heimovaara, T.J., Tiktak, A., 1992. Spatial patterns of throughfall

and soil water dynamics in a Douglas-fir stand. Water Resour. Res. 28,

3227–3233.

Boyce, R.L., Friedland, A.J., Chamberlain, C.P., Poulson, S.R., 1996. Direct

canopy nitrogen uptake from 15N-labeled wet deposition by mature red

spruce. Can. J. For. Res. 26, 1539–1547.

Burns, D.A., 2003. The effects of atmospheric nitrogen deposition in the Rocky

Mountains of Colorado and Wyoming, USA—a critical review. Environ.

Pollut. 127, 257–269.

Canary, J.D., Harrison, R.B., Compton, J.E., Chappell, H.N., 2000. Additional

carbon sequestration following repeated urea fertilization of second-growth

Douglas-fir stands in Washington. For. Ecol. Manage. 138, 225–232.

Catovsky, S., Bazazz, F.A., 2002. Nitrogen availability influences regeneration

of temperate tree species in the understory seed bank. Ecol. Appl. 12, 1056–

1070.

Chambers, C., Marshall, J.D., Danehy, R.J., 2004. Nitrogen uptake and turnover

in riparian woody vegetation. Oecologia 140, 125–134.

Chang, S.X., Handley, L.L., 2000. Site history affects soil and plant 15N natural

abundances (d15N) in forests of northern Vancouver Island, British Colum-

bia. Funct. Ecol. 14, 273–280.

Compton, J.E., Church, M.R., Lamed, S.T., Hoggsett, W.E., 2003. Nitrogen

export from forested watershed in the Oregon Coastal Range: The role of

N2-fixing red alder. Ecosystems 6, 773–785.

Driscoll, C.T., Whitall, D., Aber, J., Boyer, E., Castro, M., Cronan, C., Goodale,

C.L., Groffman, P., Hopkinson, C., Lambert, K., Lawrence, G., Ollinger, S.,

2003. Nitrogen pollution in the northeastern United States: sources, effects,

and management options. Bioscience 53, 357–374.

Eilers, G., Brumme, R., Matzner, E., 1992. Above-ground N-uptakefrom wet

deposition by Norway spruce (Picea abies Karst.). For. Ecol. Manage. 51,

239–249.

Emmett, B.A., Kjønaas, O.J., Gundersen, P., Koopmas, C., Tietema, A., Sleep,

D., 1998. Natural abundance of 15N in forests across a nitrogen gradient.

For. Ecol. Manage. 101, 9–18.

Fenn, M.E., Baron, J.S., Allen, E.B., Rueth, H.M., Nydick, K.R., Geiser, L.,

Bowman, W.D., Sickman, J.O., Meixner, T., Johnson, D.W., Neitlich, P.,

Haeuber, R., 2003a. Ecological effects of nitrogen deposition in the western

United States. Bioscience 53, 404–419.

Fenn, M.E., Haeuber, R., Tonnesen, G.S., Baron, J.S., Grossman-Clarke, S.,

Hope, D., Jaffe, D.A., Copeland, S., Geiser, L., Rueth, H.M., Sickman, J.O.,

2003b. Nitrogen emissions, deposition, and monitoring in the western

United States. Bioscience 53, 391–403.

Fenn, M.E., Poth, M.A., Aber, J.D., Baron, J.S., Bormann, B.T., Johnson, D.W.,

Lemly, A.D., McNulty, S.G., Ryan, D.F., Stottlemeyer, R., 1998. Nitrogen

excess in North American ecosystems: predisposing factors, ecosystem

responses, and management strategies. Ecol. Appl. 8, 706–733.

Fessenden, J.E., Ehleringer, J.R., 2003. Temporal variation in 13C of ecosystem

respiration in the Pacific Northwest: links to moisture stress. Oecologia 136,

129–136.

Field, C.B., Jörg, K., 2004. The carbon balance of and old-growth forest:

building across approaches. Ecosystems 7, 525–533.

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P., Howarth, R.W.,

Cowling, E.B., Crosby, B.J., 2003. The nitrogen cascade. Bioscience 53,

341–356.



J.M. Klopatek et al. / Forest Ecology and Management 234 (2006) 344–354 353
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