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ABSTRACT

Most experimental additions of nitrogen to forest
ecosystems apply the N to the forest floor, bypassing
important processes taking place in the canopy,
including canopy retention of N and/or conversion
of N from one form to another. To quantify these
processes, we carried out a large-scale experiment
and determined the fate of nitrogen applied directly
to a mature coniferous forest canopy in central
Maine (18-20 kgNha™' y~! as NH,NO; applied as a
mist using a helicopter). In 2003 and 2004 we
measured NO;~, NH,*, and total dissolved N (TDN)
in canopy throughfall (TF) and stemflow (SF)
events after each of two growing season applica-
tions. Dissolved organic N (DON) was greater than
80% of the TDN under ambient inputs; however
NO;~ accounted for more than 50% of TF N in the
treated plots, followed by NH," (35%) and DON
(15%). Although NO3™ was slightly more efficiently
retained by the canopy under ambient inputs,
canopy retention of NH,as a percent of inputs in-
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creased markedly under fertilization. Recovery of
less than 30% of the fertilizer N in TF suggested that
the forest canopy retained more than 70% of the
applied N (>80% when corrected for N which by-
passed tree surfaces at the time of fertilizer addi-
tion). Results from plots receiving '’N enriched
NO;~ and NH," confirmed bulk N estimations that
more NO5~ than NH,* was washed from the canopy
by wet deposition. The isotope data did not show
evidence of canopy nitrification, as has been re-
ported in other spruce forests receiving much
higher N inputs. Conversions of fertilizer-N to DON
were observed in TF for both '"’NH,* and '’NO;~
additions, and occurred within days of the applica-
tion. Subsequent rain events were not significantly
enriched in '°N, suggesting that canopy DON for-
mation was a rapid process related to recent N in-
puts to the canopy. We speculate that DON may
arise from lichen and/or microbial N cycling rather
than assimilation and re-release by tree tissues in
this forest. Canopy retention of experimentally ad-
ded N may meet and exceed calculated annual
forest tree demand, although we do not know what
fraction of retained N was actually physiologically
assimilated by the plants. The observed retention
and transformation of DIN within the canopy
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demonstrate that the fate and ecosystem conse-
quences of N inputs from atmospheric deposition
are likely influenced by forest canopy processes,
which should be considered in N addition studies.

Key words: nitrogen deposition; canopy fertil-
ization; canopy N retention; throughfall; stemflow;
>N tracer.

INTRODUCTION

Productivity in many ecosystems tends to be lim-
ited by nitrogen (N) availability (Vitousek 1982).
Increasing N availability resulting from atmo-
spheric inputs that are derived from fossil fuel
consumption and fertilizer use has the potential to
overcome N limitation in terrestrial ecosystems
(Vitousek and others 1997; Galloway and Cowling
2002) and thus increase sequestration of atmo-
spheric CO, in plant biomass (Townsend and others
1996; Seivering and others 2000). Crucial to
understanding of the fate of additional N in forest
environments has been a series of studies begun in
the 1980s to test another consequence of N depo-
sition, the concept of N saturation; a state of N
availability meeting and then exceeding ecosystem
demand (Aber and others 1989). Most of these
studies showed that forests of many types and
varying historical N inputs retained a substantial
fraction of experimental N inputs, sometimes
exceeding 90%, even when additions greatly ex-
ceeded background inputs (Magill and others 1997;
Tietema and others 1998).

A number of N saturation study sites have been
used to assess the impact of added N on ecosystem
processes by adding '°N tracer additions to forest
ecosystems (nine closed-canopy forests in Europe
and North America) (Nadelhoffer and others
1999). Tracer levels of '’N were applied to the
forest floor, and then subsequent sampling of the
various compartments was used to assess the fate
of the added N, which was serving as a proxy for
enhanced atmospheric N. In general, less than 5%
(but as much as 30%) of the applied N was
incorporated into the woody biomass pool. Most
of the N was retained in the soil, with little evi-
dence for leaching losses. These tracer studies,
summarized by Nadelhoffer and others (1999),
suggested that an increase in N deposition may
lead to enhanced tree growth, but only slightly so,
in temperate forests. Other studies, however,
suggest that these tracer studies may have
underestimated the impact of N additions by not
assessing canopy-N assimilation; a mechanism
bypassed by tracer additions to the forest floor
(Lawrence and Fernandez 1991; Boyce and others
1996; Calanni and others 1999).

Retention of N by the canopy has been typically
attributed to physiological assimilation by trees
(Liechty and others 1993), but epiphytes and mi-
crobes on foliar surfaces may also contribute
appreciably to canopy-N assimilation (Carlisle and
others 1966; Friedland and others 1991; Balestrini
and Tagliaferri 2001; Papen and others 2002). In a
study that compared precipitation and thoughfall
(TF) chemistry at sites across North America and
Europe, Lovett and Lindberg (1993) estimated that
forest canopies retained about 40% of incident N;
however, the range was between 10 and 90%.
Canopy retention in these studies varied from 1 to
12 kg N ha™' y! and was highest in spruce and
spruce-fir stands. This range of N retention, if
actually assimilated by the trees, could satisfy a
significant portion of the annual N demands of
coniferous forests, which have been estimated to be
between 5 and 50 kg N ha™' y~' (Cole and Rapp
1981). Greenhouse investigations of N assimilation
by application of '>NH,'°’NO; to seedling canopies
suggested a preference by trees for NH,* (Bowden
and others 1989; Eilers and others 1992), and up-
take as high as 9 kg N ha™' y~' (Eilers and others
1992). Canopy processes may also convert added
inorganic N to other forms of N, including dissolved
organic N (DON) which is often not quantified but
remains a highly mobile N form. Balestrini and
Tagliaferri (2001) reported substantial NH,* reten-
tion with a concomitant doubling of NO5;~ con-
centration in TF. Dry deposition, precipitation
DON, canopy conversion of DIN, or release of or-
ganic N from needles, leaves, damaged foliage,
microbes and other epiphytes, as well as insect frass
are all possible sources of DON in TF, and DON is
often the major form of N in TF in unpolluted or
less polluted forests (Carroll 1980). Although pre-
vious studies suggest that canopy-N uptake could
impact C sequestration in forests, the impact likely
depends on the addition rate, N demand, and the
timing and form of N entering different ecosystem
components (Seivering and others 2000).

Despite the demonstrated importance of canopy
retention and processing of added N, the difficulty
of adding N to mature forest canopies has led most
researchers to apply N to the forest floor in sprays
or as granulated fertilizer (Wright and Rasmussen
1998; Magill and others 1997; Nadelhoffer and
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others 2002). A notable exception was a Scottish
Sitka spruce study where a young (10 yr) mixed
stand was exposed to nutrient and acid mists
(Chiwa and others 2004; Cape and others 2001).
This study used relatively high N addition rates of
48 and 96 kg Nha™' y~', and found that about
one-third of the applied N was retained by the
canopy. Here we report on the potential of a ma-
ture (~140 years old), coniferous forest canopy to
retain moderate amounts of N (~20 kg N ha™' y™')
applied directly to the canopy by helicopter spray-
ing, and quantify the transformation of N from
inorganic to organic forms, and discuss possible
implications for forest tree N demand. We
hypothesized that a large fraction (>30%) of our
18-20 kg N ha™' y~! N addition, applied during the
growing season, would be retained by the canopy
and that we would observe increases in NO;~, NH,*
and DON present in throughfall.

MATERIALS AND METHODS
Site Description

The Howland Integrated Forest Study (HIFS) was
established in 1987 in east-central Maine (45° 12’
N, 68° 45" W). The forest is typical of the region’s
low-elevation transition spruce-fir forests, al-
though the balsam fir (Abies balsamea (L.) Mill.)
component was reduced to less than 5% of basal
area due to spruce-budworm infestation beginning
in the early 1970s. Red spruce (Picea rubens Sarg.)
and eastern hemlock (Tsuga canadensis (L.) Carr.)
are the current co-dominant species constituting
approximately 44 and 26% of the basal area,
respectively, with white pine (Pinus strobus L.; 9%),
eastern white cedar (Thuja occidentalis L.; 10%) and
red maple (Acer rubrum L.; 10%) representing the
other species common to the site (Hollinger and
others 1999). The mean tree age for the site is
140 years with some trees in excess of 200 years
old. Mean live basal area, determined from 48
forest-inventory-and-analysis plots (FIA) (USDA
Forest Service 2002) was 56.7 = 16.5 m” ha™!
(Hollinger and others 2004). Leaf area index
(silhouette method, counting overlapping needles
only once) was 6 m? m 2 and the mean tree height
was 20 m (Scott and others 2004).

Epiphytic lichens are present at the site, but have
not been quantitatively assessed on an area basis
but represent about 3% of biomass present in lit-
terfall collectors (unpublished data). The elevation
at Howland is 68 m with flat to hummocky
topography. Soils are either Aquic Haplorthods of
the moderately well-drained Skerry series or Aeric
Haplaquods of the more poorly drained Westbury

series, developed from a dense basal till that is
characteristic of the region (McLaughlin and others
1996). Annual precipitation averages 1,040 mm
with mean temperature of 5.8°C (1987-1996). The
summer mean temperature is 19°C, winter mean
temperature —8°C with a snow pack of up to 2 m
from December to March. Additional information
on the HIFS can be found in Fernandez and others
(1990), Lawrence and Fernandez (1991),
McLaughlin and others (1996) and Hollinger and
others (1999).

In 2000 and 2001 the HIFS received 0.65 and
0.8 kg N ha' y™' as dry N deposition, respectively,
and more than 50% of this as HNOs5. Dry deposi-
tion was measured weekly with three-stage filter
packs. The filter packs contained a Teflon filter for
collection of particulate species, a nylon filter for
nitric acid and an alkaline cellulose filter for sulfur
dioxide collection. Coarse particulate N inputs were
not estimated. In addition to dry inputs, the site
received 3 and 2 kg N ha™' y~' in these same years
as wet-only deposition, mostly as NO5;~, which was
measured using an Aerochem wet only precipita-
tion collector (USEPA 2004). Analysis of foliar
chemistry by Fernandez and others (1990), char-
acterized the HIFS site as deficient in N and P.
Current year red spruce foliage from 1987 was
found to contain 1.03% N and 1986 growth (past
year) contained 1.04% N, putting the site into the
““acute deficiency” classification developed by
Swan (1971). Lawrence and Fernandez (1991)
estimated that virtually 100% of ambient wet-only
NO5™~ inputs and 90% of ambient wet-only NH,*
inputs were retained in the ecosystem (that is, not
detected leaking from the solum), indicating that N
saturation at the site has yet to occur (sensu Aber
and others 1989).

Experimental Design

Aerial applications of dissolved N fertilizer to the
canopy were performed over a 21 ha area of forest
from 2001 to 2005, although here, we report only
an intensively sampled period (both TF and SF) of
2003 and 2004. A contiguous 21 ha area was
chosen to minimize edge effects and to permit
study of effects of N addition on carbon fluxes by
eddy covariance, which will be presented else-
where. A helicopter sprayed a fine mist of liquid
NH4NO; on five different dates during the growing
season (May—August). The spray application rate
delivered approximately 224 1 H,O ha™' (0.48 M
NH4NO5) with drop sizes centered at approximately
1,500 pm. The water addition was to the N treated
plots only and the rate was of sub-mm amount and
not enough to elicit a measurable TF event on a
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volumetric basis. Each of the five fertilizations
delivered 3.6 kg N ha™' as NH4NO; for a total of
18 kg N ha ! y! above ambient inputs to the
canopy. Two flight passes assured coverage of the
entire 21 ha area, aided by on-board GPS-based
navigational equipment. Spray applications were
scheduled in advance such that they were roughly
2 weeks apart spaced over the growing season. We
attempted to insure ample contact time between N
and the canopy, relying upon weather forecasts to
plan application that would likely insure at least
24 h contact before subsequent rain events. Spray
drift was minimized by flying low over the canopy
and on days of low wind.

The frequency and dose of N applications repre-
sents a compromise between competing concerns
of simulating a significant increase in N deposition
in the most realistic way possible, but at an
affordable cost. More frequent applications of
smaller doses might have been preferable, but
would have been prohibitively expensive. Repli-
cating this large-scale aerial N fertilization experi-
ment would also have been prohibitively
expensive. Hence, we can report only on how this
particular forest canopy retained the fertilizer-N
and do not attempt to infer that similar forests
would necessarily respond at similar retention
rates. Three 0.3 ha study plots (30 X 100 m), each
with 10 throughfall collectors, provide replication
of throughfall measurements within the full 21 ha
area, thus affording estimates of within-treatment
variance (Figure 1). Two of these smaller plots also
received '°N label in the fertilizer (one as ammo-
nium and the other as nitrate). Again due to cost, it
was not feasible to replicate >N treatments. Thus
the use of isotopic labeling is intended to provide
insight into N retention mechanisms by identifying
fates of applied N, rather than to provide quantifi-
able estimates based on a statistically robust repli-
cated design.

The '°N label was applied by an additional heli-
copter fertilization either as 10% enriched '>NH,Cl
(hereafter F+'°NH,) or Na'>NO5 (F+'°NOs; plot). The
>N dose added 0.3 kg N ha™' with each flight,
increasing the seasonal load of experimental N to
19.8 kg N ha™' y™! (a final enrichment of 1% '°N)
within these two plots during the 2001, 2002, and
2003 seasons. The third intensively sampled fertil-
ized plot (F/'*N) was established within the larger
fertilized area but did not receive °N label. Finally, a
control plot (C), was established at a distance more
than 200 m from the treated area to avoid spray
contamination. Each plot contained 10 randomly
placed funnel-type throughfall collectors for a total
of 40 collectors in these plots. To determine ambient

F/MN

F+"°NH,

Figure 1. Plotlayout: a 21 ha wedge centered on an eddy
covariance tower was fertilized with 18 kg N ha™' grow-
ing season™'. Three 0.3 ha plots were established within
the fertilized area within which throughfall was collected.
Two of these smaller plots were fertilized with ' >N as either
NH,* or NO5~ bringing total input to these two plots to

approximately 20 kg N ha™' growing season™".

precipitation N inputs to the forest, precipitation was
collected from three open areas (former clear-cuts)
within 1 km of the N fertilization site. Each plot also
contained approximately eight stemflow collectors;
collar-type collectors were fashioned out of
expanding foam and silicon sealant about 1 m from
the forest floor and funneled water to an opaque 10 1
bottle. Because bark was not removed to install these
collectors, we frequently monitored leakage and SF
trapping efficiency.

Sampling

The ten TF collectors were permanently placed in
each of the four plots, and the collector openings
were approximately 1 m from the forest floor and
the funnel diameter was 16 cm. Samples were
collected on a wet precipitation event basis and
immediately refrigerated at 4°C when returned to
the lab. Collection volumes (for the calculation of
flux) were recorded in the field and solutions were
filtered through a pre-washed 0.45 pm filter and
then refrigerated to stabilize the samples during the
analysis and storage phase. Filtered samples that
were not sub sampled for analysis within 48 h were
frozen after filtration until they could be further
processed. A total of 37 collar-type stemflow col-
lectors (26 in the N treatment areas and 11 in the
control area) were constructed in mid summer of
2003. Most of the stemflow collectors were placed
on spruce and hemlock although other species
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were represented. Stemflow collections were made
in tandem with the throughfall event-based col-
lections and the samples were handled and ana-
lyzed in an identical manner. Flux of stemflow N
was calculated at the stand level using stand allo-
metric data. Briefly, the total N delivered to the
forest floor in a stemflow event on an area basis,
SFN, was a product of the total stemflow N of all
trees within a plot and the total basal area of trees
in the plot divided by the total basal area of the
sampled trees:

SFN = (Total stemflow N of sampled trees)
Total basal area of all trees in plot (1)
Total basal area of the sampled trees

A weakness of this method is that it does not
allow an assessment of a confidence interval for the
estimate of stemflow N (Lewis 2003), but despite
substantial water fluxes in stemflow events, little N
was recovered (<2% of inputs) and further assess-
ment of the data did not seem warranted.

A wet precipitation event could constitute more
than one discreet rain event if rain fell on contig-
uous days or if rain did not overcome canopy water
storage capacity. In 2003 and 2004, 13 and 14 TF
collections were made that were unevenly spaced
with respect to the fertilizer applications. The dates
(Julian day) of fertilizer sprays and TF collections
are shown in Table 1. The event number to the left
of the decimal in Table 1 indicates which fertiliza-
tion (of five) the precipitation event followed and
the number to the right of the decimal indicates TF
events subsequent to the fertilization. For instance,
the TF event on Julian day 167 in 2003 TF was
labeled 2.3 as it was the third TF event after the
second foliar N application.

Analyses

Inorganic-N (NH, and NO;~) was quantified using
colorimetric analysis by the department of Plant,
Soil and Environmental Sciences Soil Analytical
Laboratory at The University of Maine. Analysis of
NO;~ and NH,* was determined on an O.1. Alpkem
A/E ion analyzer, which measures NH," by the
phenate method and NO3~ by cadmium reduction.
DON concentrations were determined by subtract-
ing inorganic N from total dissolved N (TDN),
analyzed with an automated Lachat QuikChem
8000 persulfate digestion followed by the deter-
mination of NOs;~ at the Woods Hole Research
Center, Woods Hole, MA, USA. Because samples
were filtered through 0.45 um filters, we defined
TDN and DON as smaller than this pore diameter.

After NH,*, NO5;~ and DON concentrations were
quantified, a limited number of TF event samples
were analyzed for isotopic enrichment (*’N:'*N) by
isotope ratio mass spectrometry (IRMS). Serial dif-
fusions were employed to concentrate the N from
solutions onto acidified paper disks so that they can
be analyzed on a solid state isotope ratio mass
spectrometer (Brooks and others 1989; Serensen
and Jensen 1991). Appropriate corrections were
made for incomplete mass recovery and isotopic
discriminations that occurred during the diffusion
process (Stark and Hart 1996). The same method of
concentration and trapping was performed for TDN
on a separate sub sample with persulfate-digested
aqueous samples (D’Elia and others 1977; Solo6rz-
ano and Sharp 1980; Cabrera and Beare 1993;
Pizzicannella and others 1995).

The standard calculation of the degree of isotopic
enrichment of a sample, known as the & (delta) >N
value, indicates the per mil (%,) excess >N in a sample
compared to an atmospheric N, standard (Shearer
and Kohl 1993). For this study, however, the stan-
dard was the enrichment of the NH,* and NO; ™ of the
unlabeled fertilizer (NH,", 3.66%,; NOs~, 1.80%,) for
those respective isotope analyses. For the DON iso-
tope analysis, an average enrichment of NH,* and
NO;~ components of the fertilizers were used.

Canopy N retention estimation

Estimation of canopy retention was made using two
methods, which we refer to as inorganic N retention
and fotal N retention. Inorganic N retention refers to
the difference in NO;~ and NH," dissolved in the
helicopter applications and NO5;~ and NH,* present
in throughfall. Total N retention refers to the differ-
ence in total N into and total N out of the canopy,
accounting for DON present in incident precipitation
and that which was released from the canopy. We
also measured the N which bypassed the canopy
entirely at the time of spraying. We placed 4.5 cm
diameter paper filters in 40 empty litterfall traps on
the day of spraying and then collected them within
3 h after the spray. These filters were then leached
with 30 ml of a 0.5 M K,SO, solution, which we
then submitted for DIN analysis. The flux of N that
bypassed the canopy was estimated for each fertil-
ization event, and these data were then used to ad-
just initial canopy retention estimates.

To compare measured canopy retention with
annual forest tree N requirement, FIA performed in
2001, 2003, and 2005 were used to calculate the
average annual live tree biomass accumulation and
to partition the whole tree biomass (above and
belowground) into foliage and wood components
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Table 1. Fertilization Spray Dates and Subsequent Throughfall (TF) Collection Dates

Spray no. Julian day Event no.’ Precipitation® (mm) TF volume as a percent
of incident rainfall (%)

2003

Spray 1 139 1.0 NA NA

TF 145 1.1 133+ 2.6 71 = 31

TF 147 1.2 6.8 £ 0.9 81 + 33

TF 153 1.3 28.8+7.6 86 + 30

Spray 2 154 2.0 NA NA

TF 156 2.1 23.6 £5.7 90 = 28

TF 162 2.2 3.8+1.3 22 £ 22

TF 167 2.3 329 +4.7 95 + 37

Spray 3 177 3.0 NA NA

TF 182 3.1 4.9 + 2.6 52 + 38

TF 190 3.2 69 +1.3 62 + 34

TF 194 3.3 12.5+£2.9 76 £ 32

Spray 4 195 4.0 NA NA

TF 208 4.1 114+ 1.3 43 + 31

Spray 5 211 5.0 NA NA

TF 216 5.1 134+ 1.6 83 + 32

TF 220 5.2 12.2 £ 0.8 86 + 31

TF 224 5.3 72.0 £ 3.1 91 + 35

2004

TF 140 0.1 18.0 + 7.8 60 + 39

TF 148 0.2 26.9 £ 20.4 92 £ 59

Spray 1 148 1.0 NA NA

TF 155 1.1 17.0 £ 0.2 69 £ 11

Spray 2 156 2.0 NA NA

TF 162 2.1 4.5+ 4.1 75 £ 20

TF 173 2.2 13.6 + 0.2 70 £ 29

Spray 3 175 3.0 NA NA

TF 181 3.1 4.4 +5.1 64 + 33

TF 185 3.2 274+ 238 85 £ 25

Spray 4 189 4.0 NA NA

TF 194 4.1 49.7 ND 82 + 23

TF 202 4.2 94+64 84 + 45

TF 208 4.3 233 +£5.5 69 + 30

Spray 5 212 5.0 NA NA

TF 217 5.1 12.6 + 0.5 59 + 32

TF 222 5.2 29.1 £ 1.1 86 + 27

TF 229 5.3 48.2 + 2.1 87 + 31

TF 238 5.4 27.9 £ 0.7 69 + 28

Cumulative precipitation preceding TF collection and TF volumes as a percent of precipitation inputs.

NA = not applicable.

"Whole numbers (1 to 5) were assigned to the fertilization events and subsequent throughfall events assigned numbers to the right of the decimal according to their proximity to

the spray fertilizer event.

2Precipitation depth was an average of a tipping bucket type automated collector and two open funnel throughfall type collector placed in clear cuts within 1 km of the treated

area.

using the allometric equations of Young and others
(1980). After partitioning the net increase in bio-
mass (new growth and death) into foliage and
wood compartments, these estimates were multi-
plied by the respective mean N concentrations of
those tissues to calculate an annual forest tree N
requirement on an area basis.

Statistical Analyses

The TF-N flux data calculated for this study was
highly wvariable; within-plot variability often ex-
ceeded that of between-plot variability. Thoughfall
N flux differences over the growing season were
analyzed using a multivariate-repeated measures
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analysis that partitioned variation by treatment,
time (event) and collector, nested within treat-
ments. A univariate analysis of variance, though
more sensitive and able to discern time by treat-
ment effects, was not possible due to inequality of
variance across event dates. Means separation by
Tukey’s HSD (alpha = 0.05) and P-values were
calculated for each event. Flux data for NO;~,
NH,", and DON were transformed by using the
natural log for all data, and where necessary, con-
stants were added before the transformation.

Mean N retention by the canopy is presented
with associated standard deviations and final
uncertainties were propagated by a Monte Carlo
method. For the two TF collections that were
analyzed for isotopic differences, an analysis of
variance was used to examine the differing fates of
'>’NO5~ and '’NH," in the canopy. Delta (5 '°N)
values were natural log transformed and a constant
was added before the transformation. Comparisons
were made among the plots that received '>NO5~
(F+'°NOs), '>NH,* (F+'°NH,), only unlabeled fer-
tilizer (F/'*N plot), and only ambient N deposition
(control, or C plot).

REesuLTs AND DiscussioN
Possible Fates of Experimental N

Of the fertilizer N that was sprayed above the forest
canopy, possible fates for the N include: (1)
Bypassing the canopy entirely at the time of the
application, (2) Wash off during rain events and
recovered as NO;~, NH,* or DON in throughfall or
stemflow. (3) Gaseous loss by volatilization and (4)
Retention onto foliar and bark surfaces within the
canopy. To investigate interactions among precipi-
tation volume, chemistry, and the fate of dissolved
N therein, we measured incident rain and canopy
water retention (Table 1). Canopy retention of
precipitation was highly variable and often not
associated with the amount of incident rainfall,
although more than 50% was recovered in TF
when the precipitation events was greater than
5 mm. A range of 22-95% of incident rainfall was
recovered in throughfall and stemflow, with an
average of 70%.

Fertilizer N that was not intercepted
by the canopy

The mean experimental N that bypassed the forest
canopy completely for the five fertilization events
ranged from 0.93 to 2.9 kg N ha™! season™' and
was different among plots and between years
(Table 2). Thus, 5-to—16% of the experimental N

bypassed the canopy entirely at the time of appli-
cation. We observed that the non-labeled fertilizer
plot (E/'N) almost always had a greater flux of
canopy bypass-N than the other two plots, despite
the F+'°’NH, and F+'°NO; plots having received
slightly higher doses of N in 2003 (Table 2). The N
that bypassed the canopy, as determined by filter
papers collected immediately after the spray, would
have also fallen into the TF funnels and therefore is
included in the TF estimates. The larger amount of
experimental N that never contacted the canopy in
the F/'N plot may help explain why more N was
measured in the TF of that plot (Table 2). We
attribute the differences in flux means between plots
to differing canopy architectures in the three trea-
ted plots that would influence canopy retention
and resultant TF N flux.

Throughfall and Stemflow N Flux

In both 2003 and 2004, the seasonal flux of inor-
ganic TF N in the treated plots was 15 to 50 times
the inorganic N flux in the control plot; the
experimental input to the treated plots exceeded
ambient deposition by a similar magnitude (Ta-
ble 2). Despite differences in experimental and
ambient inputs, the canopies retained in excess of
60% of inputs. Nitrate was the dominant form of N
in TF for the treated plots (Table 2), whereas DON
dominated control plot TF N (Table 3).

In 2003, ambient TF NO5~ and NH,* fluxes were
8 and 7% of the total N in TF, respectively. Largest
N form in ambient TF, constituting approximately
85% of total N. These trends were similar in 2004
(Table 3). However, when fertilizer-N was applied
to the canopy at the rate of 3 kg N ha™' spray
event™', DIN became the dominant contributor to
TF-N despite high canopy N retention. In 2003 and
2004, the percentage of total TF-N as NO5~ in all
treated plots ranged from 46-t0-49%. This result is
consistent with observations of elevated NO5~ flux
in TF when N deposition is elevated due to human
activities (Friedland and others 1991; Balestrini and
Tagliaferri 2001).

Significant between-plot differences in DIN
fluxes derived from the N treatments dropped off as
subsequent precipitation events washed experi-
mental N from the canopy, we present data for
2004 only for simplicity, however both years yiel-
ded similar trends (Figure 2). After NO;~ and NH,"
were washed from the canopy, these fluxes ap-
proached baseline or ambient conditions. We
attribute this temporal pattern to the fertilization
dose and rainfall frequency and intensity rather
than phenological processes. Although it is possible
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Table 2. Flux and Canopy Retention of Ambient and Experimental Nitrate and Ammonium Inputs in
Control (Ambient Deposition) and Three Experimental Plots

Year/N Input Not intercepted Throughfall N retained Canopy N Canopy N
form/plot (kg N/ha) (kg N/ha)’ (kg N/ha) (kg N/ha) retention (%) retention contact
corrected
2003 Nitrate flux
Control 0.4 NA 0.07 ( 0.33 83 NA
F/'N 9.4 1.2 (1.4) 3.62 ( 5.78 61 74
F+'°NH, 9.4 0.8 (1.0) 2.67 ( 6.73 72 80
F+'°NO; 11.2 0.6 (0.7) 2.82 ( 8.38 75 80
2004 Nitrate flux
Control 0.3 NA 0.09 ( 0.21 70 NA
F/MN 9.3 1.2 (1.4) 3.92 ( 5.38 58 70
F+'°NH, 9.3 1.0 (1.8) 2.43 ( 6.87 74 85
F+'°NO; 9.3 0.8 (0.4) 3.22 ( 6.08 65 73
2003 Ammonium flux
Control 0.2 NA 0.08 ( 0.12 60 NA
F/™N 9.2 1.7 (1.9) 2.33 ( 6.87 74 94
F+'°NH, 11.0 0.8 (0.9) 1.93 ( 9.07 82 90
F+!°NO; 9.2 0.4 (0.4) 1.68 ( 7.52 82 86
2004 Ammonium flux
Control 0.3 NA 0.09 ( 0.21 70 NA
F/'N 9.3 1.2 (1.4) 2.48 ( 6.82 73 86
F+'°NH,4 9.3 0.9 (0.8) 1.33 ( 7.97 86 96
F+'°NO; 9.3 0.9 (0.3) 1.90 ( 7.40 80 87
NA = not applicable.
! Experimental N inputs only.
Table 3. Total Throughfall N Flux May—-August 2003
Nitrate flux Ammonium flux DON flux Total N flux
(kg N ha™') (kg N ha™") (kg N ha™') (kg N ha™')
2003
Control plot 0.07 (0.02) 0.08 (0.04) 0.78 (0.25) 0.93
F/'N plot 3.62 (2.03) 2.33 (1.34) 1.51 (0.68) 7.45
F+!°NH, 2.67 (1.56) 1.93 5) 1.01 (0.36) 5.68
F+'°NO; 2.82 (1.50) 1.68 1) 1.60 (1.25) 6.10
2004
Control plot 0.09 (0.06) 0.09 (0.03) 0.70 (0.22) 0.87
F/™N plot 3.92 (1.74) 2.48 (1.75) 1.55 (0.48) 7.95
F+!°NH,4 2.43 (1.47) 1.33 (0.93) 1.30 (0.45) 5.05
F+'°NO; 3.22 (0.89) 1.90 (0.64) 1.46 (0.71) 6.58

Major N species (NO5~, NH," Dissolved Organic Nitrogen (DON), and sum (total N flux) shown for an unamended plot (control) and three plots receiving 18 kg N ha™"
(F/14N plot) or 19.8 kg N ha™" (F+15NH4 and F+15NOs plots, 2003 only) additions to the canopy from May to July. Flux of N forms is reported for the growing season and is

expressed as a mean + 1 standard deviation in parentheses.

that the retention efficiency of the canopy is
highest when more inorganic N is available, the
dose of 3 kg Nha™' with each spraying over-
whelmed ambient inputs and may saturate canopy
N processes such as N assimilation, redox reactions,
and conversion to DON. Our experimental control
plot data compared well with previous work done

by Lawrence and Fernandez (1991) and
McLaughlin and others (1996) at Howland, which
showed a high percentage of retention of both
NH," and NO;~ inputs. Both Lawrence and Fer-
nandez (1993) and Beier and others (1993) have
attributed high variability of TF ion fluxes to
exchangeable ions reacting within a heterogeneous
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letters are not shown, means are
statistically equal for that event. Y-axis
break occurs at 0.030 kg N ha™'. B 2004
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alpha = 0.05. Where letters are not
shown, plot means are statistically equal
for that event.
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canopy structure and variable liquid funneling
patterns created by the canopy architecture. Al-
though N concentrations in stemflow from treated
plots was elevated after canopy additions, the flux
of experimental N to the forest floor by stemflow
was inconsequential and always less than 1% of N
addition (data not shown).

Inorganic N Retention

Because the experimental N loading rates were
known (18-20 kg N ha™' season™') retention was
calculated by subtracting N in TF from the fertilizer
loading rate. Because the retention estimates are
made by difference, sources of error in input rates
or throughfall measurements, as well as unac-
counted fluxes, could contribute to uncertainties in
the retention estimations.

Conventionally, canopy retention is described
simply by flux of N in precipitation less TF N flux,
with no consideration of the efficiency of physical
interception of N by the canopy. Even in a mature,
closed canopy, however, some N deposition would
not be intercepted by the canopy and is delivered
immediately to the forest floor. Because this flux of
N was measured in the addition plots, retention
calculations were then corrected by accounting for
the flux of NO5;~ and NH," that bypassed the can-
opy entirely, yet end up as TF and biased the esti-
mate of uptake efficiency. Hereafter, we refer to the
canopy bypass-N corrected retention as ‘‘contact
corrected’”” canopy retention (Table 2).

In 2003, treated plot NO3~ retention estimates
were 61% (74% contact corrected), 71% (80%
contact corrected), and 74% (80% contact cor-
rected) for the F/'N, F+'°NH,, and F+'°NOss,
respectively (Table 2). Similar NO;~ retentions
were observed in 2004. The uncorrected fertilizer
NO;~ retention was somewhat less than that ob-
served in ambient forest canopy (as a % of inputs),
and this suggested that canopy N retention pro-
cesses were becoming saturated. However, when
retention of experimental NO3~ addition was cor-
rected for that N bypassing the canopy, retention
rates approached those of the ambient plot canopy.
We lack a means of estimating ambient inputs that
bypass the canopy, which could be different than
that observed with experimental addition. Reten-
tion of experimental NH," was higher than that for
NOs5™ in the treated plots, and averaged 75% (94 %
contact corrected) for the F/'*N plot, 83% (90%
contact corrected) for the F+'°NH, plot, and 82%
(86% contact corrected) for the F+'>NO;5 in 2003
(Table 2). Again, these trends continued for the
2004 growing season. Control plot retention of

NH,", however, was less than or equal to that for
NO3_.

To put these high DIN retention estimates in
context, in a study that summarized the results of
11 North American and one European site where
canopy processing of ambient atmospheric N depo-
sition had been measured, Lovett and Lindberg
(1993) estimated inorganic N retention (when loss
of DON by the canopy was considered) would ac-
count for less than 15% of total ecosystem N
requirements, despite an average retention esti-
mate of 40% of inputs across the sites. It is often
not clearly stated if canopy retention is considered
as assimilation or physiologic uptake in many TF
studies or what fraction of canopy retained N might
be available for plant use. Although foliar assimi-
lation may only provide a small proportion of a
tree’s nutrition, significant retention of N by forest
canopies is reported in much of the existing liter-
ature and this N may ultimately, if not immedi-
ately, provide support for growth (Carlisle and
others 1966; Lawrence and Fernandez 1991;
Friedland and others 1991; Potter and others 1991;
Lovett and Lindberg 1993; Liechty and others 1993;
Lovett and others 1996; McLaughlin and others
1996). Previous work at the Howland Forest site by
Lawrence and Fernandez (1991) reported 31%
retention of ambient NH,* inputs and 32% of
ambient NO;™ inputs and therefore, our N reten-
tion estimates, even when not contact corrected,
appear substantially higher than those reported for
similar forest types and previous estimates for this
site (Lovett and Lindberg 1993; Lawrence and
Fernandez 1991). Because we also note significant
differences in experimental N retention between
closely spaced plots, it could be that our larger
estimate of canopy retention is due to differences in
canopy architecture or changes in that architecture
since the 1991 estimation by Lawrence and Fer-
nandez; our plots were also not at identical loca-
tions (>0.5 km apart). Moreover, our method of
canopy addition inevitably does not perfectly sim-
ulate natural inputs, and this difference may have
favored N retention.

Total N Retention

Estimates of retention of total N include DON, an
important constituent of throughfall N, if not inci-
dent precipitation. Treated plot TDN retention
estimates were 64% (80% contact corrected), 76%
(84% contact corrected) and 74% (79% contact
corrected) for F/'N, F+'°NH,, and F+'°NO; in
2003, and similar retention estimates were mea-
sured for 2004 (Table 4). By comparison, the total
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Table 4. Canopy Retention of Total N (Total N = DIN + DON) Inputs for 2003 and 2004

N inputs to
plot (kg Nha™') N (kg Nha)

Season flux of TF  Fertilizer not
intercepted by
canopy (kg N ha™!) inputs' (%)

N retained as a N retained as a
percent of percent of inputs
contact corrected’ (%)

2003

Control plot 0.93 1.18 NA
F plot 18.0 7.45 2.90
A plot 19.8 5.68 1.63
N plot 19.8 6.10 0.93
2004

Control plot 0.72 0.87 NA
F plot 18.0 7.95 2.30
A plot 18.0 5.05 1.84
N plot 18.0 6.58 1.37

21.2 NA

63.7 79.9
76.0 84.2
73.9 78.6
20.8 NA

60.7 73.4
76.8 87.0
68.3 75.9

NA = not applicable.
"Retention of inorganic N inputs only.

N retention estimated for the ambient plots was
about 21% for both 2003 and 2004, much lower
than in the treated plots. Percentages of total N
retention are lower than estimates of DIN-only
retention because the former includes a net flux of
DON from the canopy; a form that dominates TF-N
chemistry in undisturbed forests.

Not all DON formed in the canopy is likely to
have arisen from recent DIN deposition, and DON
could arise from damaged leaves and wood as well
as from insect honeydew and frass (Coudhury
1988; Kinkel 1997; Stadler and others 1998; Stadler
and Michalzik 1998). The leaching of plant exu-
dates, organic material in dust, and metabolic
contributions of microbes can raise the DON con-
centration of TF and some of this might be a
function of recent DIN inputs to a canopy (Carlisle
and others 1966; Parker 1983). To investigate the
temporal fate of DIN inputs to the canopy and the
generation of DON within the canopy, we used the
more temporally sensitive method of isotope tracers
added to the canopy as DIN.

Fate of '®N enriched NH," and NO;~

Despite high variability, a statistically significant
increase in & '’NH,* was detected in the F+!°NH,
(the plot that received 1% '’N as NH,4") in the first
event after the fertilization, indicating that some of
this >N washed out as TF unchanged (Figure 3A).
Similarly, a statistically significant increase in 6
'>’NO;~ was observed in the F+'°NOj (the plot that
received '°N as NO;7) in the first event after the
fertilization (Figure 3B). Higher enrichment of
'>NO;” in the F+'°NOj; plot than enrichment of
'>’NH,* in the F+'°NH, plot indicates that, as with
the bulk N additions, more NO5~ than NH," was

washed off the canopy, likely due to preferential
retention of NH,*.

Gaseous emission of inorganic N (as N,, N,O,
NH;, and NO) could potentially decrease TE-N flux
and canopy retention estimates. However, gaseous
N emission requires that denitrification or nitrifi-
cation processes be active in forest canopies.
Although denitrification is very unlikely within
forest canopies (because it requires anaerobic con-
ditions), nitrification has occasionally been ob-
served (Chen and others 1983). Yet, across 17
integrated forest study sites the observed canopy
NH,* retention has been attributed to plant
adsorption and assimilation and not to nitrification
processes (Lovett 1992)—a result which we con-
firm here with '°N analysis (see below). Thus,
canopy gaseous emission was considered to be of
no consequence at the Howland Forest.

We did not detect an increase in 8 '’NO5™ in TF
in the '>NH,* amended plot, therefore, there was
no indication that nitrification was occurring in the
canopy as has been reported elsewhere (Papen and
others 2002). Chen and others (1983) had also
previously reported that consumption of NH," by
the canopy with concomitant increase TF NO;~
flux might be an indication of canopy nitrification.
Lovett and Lindberg (1993), on the other hand,
attributed a similar phenomenon to the wash off of
hard-to-quantify dry NO5~ deposition. Potter and
others (1991) attempted to do a similar calculation
as Chen and others (1983), and reported no indi-
cation that canopy nitrification was an important
process. Despite having limited '’N data, the in-
creases in bulk NO5™ in TF as compared to incident
precipitation, we argue, were probably due to
wash off of dry deposition NO5~. Furthermore, the
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Figure 3. A Event 2.1 and 2.3 § "°N values associated with TF-ammonium. TF enrichments (8 '°N) calculated using
an average of nitrate and ammonium fertilizer enrichments. Box plot lower and upper hinges indicate 25th and 75th
percentile, respectively, and the /ine in the middle is the median delta value Error bars indicate three-fourth of the
interquartile range; solid circles indicate individual outlier data points. B Event 2.1 and 2.3 § '°N values associated with
TE-nitrate. TF enrichments (8 '>N) calculated using an average of nitrate and ammonium fertilizer enrichments. Box plot
lower and upper hinges indicate 25th and 75th percentile, respectively, and the /ine in the middle is the median delta value
Error bars indicate three-fourth of the interquartile range; solid circles indicate individual outlier data points. C Event 2.1
and 2.3 8 '°N values associated with Throughfall DON. TF enrichments (8 '°>N) calculated using an average of nitrate and
ammonium fertilizer enrichments. Box plot lower and upper hinges indicate 25th and 75th percentile, respectively, and the
line in the middle is the median delta value Error bars indicate three-fourth of the interquartile range; solid circles indicate

individual outlier data points.

German forest in which Papen and others (2002)
observed the actions of ammonia oxidizing bacteria
had received elevated N deposition inputs for sev-
eral decades (TF flux to the forest floor at ~30 kg
N ha™'y™'), and thus a canopy nitrifier commu-
nity may have developed over time as a result of
high NH," availability.

Isotope analysis of TF-DON confirmed that both
NO;~ and NH," were converted to soluble organic
N in the canopy (Figure 3C). The & '°N of DON in
initial TF events suggested a rapid conversion of
some fertilizer N to DON. To a lesser, although still
statistically significant degree, the plot receiving
labeled NH," showed '’N enrichments of DON in
the third precipitation event after the fertilization
(Figure 3C). A strong diminution in the '°N signal
by the third spray, however, suggests that export of

DON from the canopy may be strongly tied to
preceding rain events and the DIN delivered
therein. Rapid incorporation into DON could occur
via assimilation of DIN by plants, including epi-
phytes, and re-release as plant, lichen, and micro-
bial exudates, via physical damage to foliage, or via
insect mediated release. There was a large amount
of variation in the DON TF data that could not be
confidently attributed to either temporal or spatial
variation.

The high retention we measured is probably not
indicative of N retention potential in other forests,
particularly those that have received higher,
chronic N inputs during all seasons, and as both rain
and frozen precipitation. Conversely, chronic N
inputs which occur at levels below those that cause
physiologic stress may lead to high N retention
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owing to induction of N assimilatory enzymes in
plants. For example, European forests receiving
moderate to high N deposition have also shown
high canopy N retention (Hansen 1996; Kristensen
and others 2004).

Implications of canopy retention
for forest N demand

Canopy assimilation of elements in precipitation
has been hypothesized to be an important avenue
for plants to meet their nutrient demands, how-
ever canopy retention could be a physico-chem-
ical and/or a biological phenomenon. Canopy
epiphytes (lichens, algae and microorganisms)
might assimilate N in precipitation and could lead
to an over estimate of the amount of incoming N
available for tree growth. Canopy epiphytes were
present at this site, but were not quantified; we
did observe that lichen biomass collected as litter
had become enriched by the '°N additions.
Leaching experiments with lichens have shown
that they have the potential to alter the chemis-
try of TF, however at the stand level, they appear
to be inconsequential both in terms of altering TF
chemistry (Friedland and others 1991), and as
sinks for atmospheric N (Tomaszewski and others
2003).

Assuming that mature trees can assimilate N in
the same fashion as 10-year old trees, Eilers and
others (1992) extrapolated that at the mature stand
level, Norway spruce canopies might be capable of
assimilating 9 kg N ha™' y~'. This assimilation po-
tential could meet 20-to—100% of annual demand
of conifer ecosystems (Cole and Rapp 1981). From
forest inventory and analysis taken in 2001 and
2003, coupled with allometric data, we calculated
the annual net tree N demand to be 3-to-15 kg
N ha™' y~!. Although whole ecosystem demand is
probably much higher, (it would include under-
story plant and soil N demand), we used the ma-
ture stand tree N demand to compare with our
observed canopy N retention. The fertilized stand
retained 60-70% of the 18 kg N annual addition
and thus may have assimilated as much as 12 kg
N ha™! of the added fertilizer, which would meet
and potentially exceed the annual whole-tree N
demand. However, we do not know if N retained in
the canopy was actually assimilated and available
to support new growth. Preliminary results of foliar
analysis indicate that less than 5% of a '’N label
was recovered in live foliage and wood after 2 years
of N addition (Dail and others 2007), but additional
studies are needed to monitor the fate of added '°N
within the ecosystem.

CONCLUSIONS

Approximately 5-16% of the 18 kg N ha™' y™!

applied as a misted spray by helicopter in five doses
per year as NH4NO; bypassed the canopy entirely
and was immediately delivered to the forest floor.
Canopy retention of NO;~ ranged from 57 to 75%
of inputs in 2 years of the study. Ammonium was
more strongly retained by the treated plot canopy,
with 73-83% of inputs. The difference in retention
estimates of DIN forms was attributed to preferen-
tial retention of NH,* by the canopy, although
ambient NO3~ was slightly better retained by the
control plot canopy. Canopy retention of total N
inputs (including DON), were similar, ranging from
60 to 77%. The mean DON export from the canopy
via throughfall doubled as a result of fertilizer
addition, indicating that some added NO5;~ and
NH,* was converted to DON within the canopy.
Both DIN and DON in throughfall quickly returned
to “‘baseline”” concentrations and were not statis-
tically different from ambient plot TF quantities
after added N was washed from the canopy by the
second and third precipitation events after fertil-
ization.

Isotope tracer additions showed that NH," and
NO;~ were both converted to DON at statistically
equal probability, although the mean was slightly
higher for DON enrichment in the '’NO;~ plot.
Significant '’N enrichments of DON were observed
in TF from the first event after fertilization, but had
largely disappeared by the third TF event. This
suggested that for this site, conversion of incident
DIN to DON is a rapid process. The amount of
experimental N retained by the canopy (~12 kg
N ha™') could meet most or all of the annual net N
requirement (3—15 kg N ha™") of the forest live tree
biomass, but we do not know how much of the N
retained by the canopy was assimilated by the
trees, by epiphytes, or will enter actively cycling
pools of N in the ecosystem. Continuing studies of
the long-term fate of added N, including the '°N
additions, will enable us to assess the potential of
the additional N, added as a helicopter spray to the
canopy, to fuel growth as it is transferred among
forest ecosystem pools.
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