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Nitrogen Budget for an Aggrading 
Northern Hardwood Forest Ecosystem 

Abstract. Long-term analyses of the structure and function of a northern hard- 
wood ecosystem have resulted in measurement of the salient features of the nitrogen 
cycle. These data allow an evaluation of the importance of the various components 
and provide a framework for more efficient forest management. 

Nitrogen Budget for an Aggrading 
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Abstract. Long-term analyses of the structure and function of a northern hard- 
wood ecosystem have resulted in measurement of the salient features of the nitrogen 
cycle. These data allow an evaluation of the importance of the various components 
and provide a framework for more efficient forest management. 

Nitrogen is one of the most important 
limiting nutrients for ecosystem produc- 
tion. Only now is it becoming apparent 
that our finite energy resources may 
serve as a limit for the widespread and 
often indiscriminate application of ni- 
trogenous fertilizer, which was common- 
place in the recent past. This realization 
has led to a more careful consideration of 
the nitrogen cycle in natural ecosystems, 
for it is apparent that before we can use 
natural sources of nitrogen more effi- 
ciently or learn how to add nitrogenous 
fertilizer more effectively, we must un- 
derstand the nitrogen cycle in nature. 
Thus, the biogeochemistry of nitrogen is 
becoming one of the most intensively 
studied aspects of ecology. 

Measurement of the nitrogen cycle is 
no small task. It requires sophisticated 
techniques, a well-designed model for 
identifying gaps, and years of careful and 
perceptive measurement. The data and 
deductions presented in this report rep- 
resent the distillation of 13 years of 
work-literally thousands of chemical 
analyses of precipitation and stream wa- 
ter and of plant and animal tissue. For 
more than a decade, researchers at the 
Hubbard Brook Experimental Forest in 
the White Mountains of New Hampshire 
have been working to quantify the struc- 
ture and function of various terrestrial 
and aquatic ecosystems and to determine 
the relationships between forested wa- 
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tershed ecosystems and the larger bio- 
geochemical cycles of the earth (1). 

A model was developed for these de- 
ciduous, northern hardwood ecosystems 
to facilitate the collection, analysis, and 
interpretation of diverse field data (1). 
Utilizing this model and the small water- 
shed technique, it was possible to mea- 
sure input and output of chemicals and 
water and to construct quantitative nutri- 
ent budgets for natural ecosystems. Six 
small drainage areas tributary to Hub- 
bard Brook were the watershed ecosys- 
tems chosen for study (1). This report 
presents our current understanding of 
the nitrogen budget (Fig. 1) for one of 
these forested watershed ecosystems, 
watershed 6. 

The forest on watershed 6 is about 55 
years old and is dominated by sugar 
maple (Acer saccharum Marsh.), Ameri- 
can beech (Fagus grandifolia Ehrh.), 
and yellow birch (Betula alleghaniensis 
Britt.) (2). The mean basal area of the for- 
est is 24 m2/ha, net primary production is 
1040 g (dry weight) per square meter per 
year, and living and dead biomass accu- 
mulation is 393 g m-2 year-' (3, 4). The 
ecosystem is thus aggrading, with an an- 
nual net accumulation of biomass. 

The area of watershed 6 is 13.2 ha. Cli- 
mate is generally humid-continental with 
short, cool summers and long, cold win- 
ters. Precipitation averages about 130 
cm/year and is distributed evenly 
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throughout the year. A deep snowpack 
is characteristic of wintertime and soil 
frost is uncommon. Streamflow averages 
about 80 cm/year, with about 54 percent 
of the annual streamflow occurring dur- 
ing the months of March, April, and May 
as the snowpack melts. Bedrock and till 
are derived from the granitic Littleton 
and Kinsman formations. The thin, acid- 
ic soils are mostly well-drained podzols 
(haplorthods) with a thick (3 to 15 cm) 
organic layer at the surface. Detailed in- 
formation on topography, geology, soils, 
hydrology, and climatic conditions have 
been reported elsewhere (1, 5, 6). 

The pattern of nitrogen accumulation 
and transfer within the aggrading ecosys- 
tem (7-14) is of particular interest since it 
may be severely altered by disturbance 
(for example, clear-cutting). Under- 
standing the pattern is thus vital to facili- 
tating recovery processes after cutting. 
Several important features of the nitro- 
gen cycle emerge from an analysis of the 
overall pattern (Fig. 1), and these are in 
general agreement with those reported 
for other deciduous forest ecosystems 
(15, 16). 

1) Natural forested ecosystems tend 
to accumulate and cycle large amounts 
of nitrogen (1, 6, 17). 

2) Some 68 percent of the nitrogen 
that is added to the ecosystem each year 
is from nitrogen fixation. Thirty-two per- 
cent is added in bulk precipitation, and 
little, if any, is added by weathering. 

3) Of the estimated 20.7 kg/ha enter- 
ing the system each year, about 81 per- 
cent is held or accreted within the eco- 
system. 

4) Of the 83.5 kg/ha added to the in- 
organic pool within the ecosystem, only 
a small fraction, 5 percent, leaks out of 
the system in streamflow. 

5) Of the 119 kg of nitrogen estimated 
to be used in growth processes by plants, 
33 percent is withdrawn from storage lo- 
cations within the living plants in the 
spring and utilized in growth, and a like 
amount is withdrawn from the leaves and 
stored in more permanent tissues shortly 
before leaf senescence in the autumn. 

6) Of the nitrogen accreted into long- 
term storage, some 54 percent is added 
to living biomass, while 46 percent is 
stored in organic matter of the forest 
floor. 

7) Root exudation, for the first time 
quantitatively estimated for an entire 
ecosystem, releases about 1 percent of 
the inorganic nitrogen made available by 
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8) Most of the nitrogen in a northern 
hardwood forest ecosystem, approxi- 
mately 90 percent, is in soil organic mat- 
ter; about 0.5 percent exists as available 
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NORTHERN HARDWOOD FOREST ECOSYSTEM 

Fig. 1: Annual nitrogen budget for an undisturbed northern hardwood forest ecosystem at Hubbard Brook. The values in boxes are in kilograms 
of nitrogen per hectare. The rate of accretion of each pool (in parentheses) and all transfer rates are expressed in kilograms of nitrogen per hectare 
per year. 

nitrogen in the soil; and the remaining ni- 
trogen, approximately 9.5 percent, is in 
the vegetation. 

These data support the view that re- 
translocation of nitrogen from tree 
leaves to woody tissue before leaf senes- 
cence is an important characteristic of 
nitrogen cycling in temperate ecosys- 
tems dominated by perennial plants (16, 
18). Retranslocation is apparently in- 
volved in maintaining a relatively mobile 
pool of nitrogen within the living bio- 
mass of the ecosystem. This internal 
source, not susceptible to loss from the 
ecosystem through streamflow, may pro- 
vide the vegetation with a buffer against 
periodic short-term fluctuations in avail- 
able soil nitrogen. 

To balance the budget, we estimate 
14.2 kg/ha of nitrogen fixation. This val- 
ue is similar to that reported for a hard- 
wood forest in North Carolina (16). Al- 
though we have detected no symbiotic 
nitrogen fixers, and the soil conditions 
(cool and acid) do not seem conducive to 
the free-living nitrogen fixers so familiar 
in agricultural systems, studies under 
way show nitrogen fixation by micro- 
organisms associated with decaying 
wood (19). 

When compared with other nitrogen 
budgets that we have developed for re- 
cently disturbed (experimentally cut and 
commercially cut) northern hardwood 
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forest ecosystems (17), the nitrogen bud- 
get for our aggrading forest system is 
"tight." Further, the nitrogen budget 
supports the contention that both annual 
uptake by living vegetation and annual 
accretion of nitrogen in woody biomass 
play important roles in promoting tight 
nutrient cycling in northern hardwood 
forest ecosystems (17, 20). 

The applications of these results to 
problems of industrial forestry are poten- 
tially important and numerous. For ex- 
ample, replacement of nitrogen reserves 
after clear-cutting is essential to avert a 
long-term decline in forest productivity 
and to reestablish biotic control of hy- 
drology and biogeochemistry. Thus it is 
tempting to couple an appraisal of the ni- 
trogen loss from timber harvest with cal- 
culations of nitrogen replacement rates 
in assessing the impact of harvest rota- 
tion time on nutrient recovery for the 
ecosystem. We suggest, however, that 
the problem is more complicated and that 
such an approach is too simplistic. Not 
only does harvesting remove nutrients in 
wood products, it frequently accelerates 
nutrient loss by other pathways, such as 
erosion and solution (21). Rates of re- 
placement by nitrogen fixation or rates of 
loss by denitrification may also change 
drastically during recovery following 
harvest. Such variables make simple an- 
swers questionable and suggest that 

these aspects of the nitrogen cycle 
should receive high research priority, es- 
pecially in light of the increasing de- 
mands for the utilization of hardwoods 
and the development of techniques for 
harvesting whole trees (21). 
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1965). If we used these as separate periods, esti- 
mated nitrogen-fixation would range from 10.9 to 
17.2 kg ha-' year-l. Inorganic nitrogen in bulk 
precipitation (wet and dry deposition) has been 
measured directly for 10 years and mean annual 
input is used (6). Based on a relatively few mea- 
surements, there apparently are negligible 
amounts of organic nitrogen in precipitation at 
Hubbard Brook. 

Another possible source of nitrogen input for 
the ecosystem is gaseous uptake of ammonia or 
impaction of nitrogenous aerosols (such as am- 
monium sulfate) on vegetation surfaces. Prelimi- 
nary evidence suggests that these inputs are 
small compared to the nitrogen fixed by micro- 
bial activity. Since our estimate of net microbial 
fixation of nitrogen for the ecosystem is ob- 
tained by difference, uptake of gaseous or im- 
pacted nitrogen would reduce the estimate for 
fixation. 

Direct measurements of the movement of ni- 
trogen in stemflow and throughfall (13), root 
exudates (14), and aboveground litter (10, 11) 
were made, and root litter (3, 4, 10) was esti- 
mated. Annual uptake of nitrogen by all of the 
plants from the soil is estimated from the sum of 
the nitrogen incorporated in annual woody bio- 
mass accretion and the nitrogen transferred an- 
nually from living vegetation to the soil through 
stemflow and throughfall, root exudates, above- 
ground litter, and root litter. 

In the soil, transformation of organically 
bound nitrogen to inorganic nitrogen (available 
soil nitrogen) is referred to as gross N-mineral- 
ization. Only that portion of the gross not used 
by soil microorganisms (that is, net N-mineral- 
ization) is potentially available to the ecosys- 
tem's vascular plants. Annual net N-mineral- 
ization is estimated by difference: annual net N- 
mineralization = (annual nitrogen uptake by 
plants + annual hydrologic export of inorganic 
nitrogen) - (annual precipitation input of in- 
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organic nitrogen + annual transfer of inorganic 
nitrogen in stemflow and throughfall + annual 
transfer of inorganic nitrogen in root exudates). 
In estimating net N-mineralization, it is assumed 
that all inorganic nitrogen entering the soil as 
precipitation input, stemflow and throughfall, 
and root exudates moves directly into the avail- 
able soil nitrogen pool. If this inorganic nitrogen 
entering the soil were first taken up by soil mi- 
croorganisms and then mineralized, our net N- 
mineralization estimate would be larger. 

At the height of the growing season, leaf tis- 
sue in this northern hardwood forest ecosystem 
has a nitrogen content of approximately 70 kg/ 
ha. During senescence, the amount of nitrogen 
in the leaves decreases precipitously. Fresh leaf 
litter contains only about 30 kg/ha. Of the vari- 
ous pathways by which nitrogen may be re- 
moved from the leaves, it is concluded that dur- 
ing senescence almost 40 kg/ha is retranslocated 
from the leaves to the woody tissue of the hard- 
woods (D. F. Ryan, unpublished data). Retrans- 
location is estimated by difference: annual re- 
translocation of nitrogen = (nitrogen content of 
leaves prior to senescence) - (nitrogen content 
of leaf litter + nitrogen in throughfall and stem- 
flow during senescence). In estimating retranslo- 
cation it is assumed that there is no aerosol im- 
paction of nitrogen on leaf surfaces, no direct 
uptake of gaseous nitrogen by leaves, and no 
loss of gaseous nitrogen from leaves. 
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The transfer of solid particles from a 
flowing stream to a surface plays an im- 
portant part in many physical and biologi- 
cal processes, such as the filtration of 
fluid-particle suspension, the deposition 
of inhaled particles, and the accumulation 
of particles on the walls of the arterial 
tree. The deposition rate depends on, 
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among other factors, the ratio of the par- 
ticle size to the characteristic length of 
the collector. When this size ratio is suffi- 
ciently large, the collector surface is 
markedly altered as the particle deposit 
accumulates. The change in the surface 
structure, in turn, affects the rate of sub- 
sequent deposition. The dynamic aspect 
of the collector surface clearly has signifi- 
cant effects on the deposition process. 

The manner in which the particle de- 
posit forms on the collector surface is 
strongly influenced by two intrinsic prop- 
erties of suspended particles: (i) their fi- 
nite size and (ii) the randomness of the 
location of individual particles in the fluid 
stream. The purpose of this report is to 
explain how the interplay of these two in- 
trinsic properties leads to the formation 
of chainlike particle dendrites on a col- 
lector such as a fiber in air filtration. 

The structure of solid particle deposits 
on fibers has been observed by a number 
of investigators (1). Although various fil- 
tration theories have been developed 

983 

among other factors, the ratio of the par- 
ticle size to the characteristic length of 
the collector. When this size ratio is suffi- 
ciently large, the collector surface is 
markedly altered as the particle deposit 
accumulates. The change in the surface 
structure, in turn, affects the rate of sub- 
sequent deposition. The dynamic aspect 
of the collector surface clearly has signifi- 
cant effects on the deposition process. 

The manner in which the particle de- 
posit forms on the collector surface is 
strongly influenced by two intrinsic prop- 
erties of suspended particles: (i) their fi- 
nite size and (ii) the randomness of the 
location of individual particles in the fluid 
stream. The purpose of this report is to 
explain how the interplay of these two in- 
trinsic properties leads to the formation 
of chainlike particle dendrites on a col- 
lector such as a fiber in air filtration. 

The structure of solid particle deposits 
on fibers has been observed by a number 
of investigators (1). Although various fil- 
tration theories have been developed 

983 

Chainlike Formation of Particle Deposits in 

Fluid-Particle Separation 

Abstract. A theory is proposedfor the formation and growth ofparticle dendrites on 
a collector placed in an aerosol or hydrosol stream. It is based on the interplay of two 
intrinsic properties of suspended particles: (i) theirfinite size and (ii) the randomness 
of the location of individual particles in the fluid stream. The results of simulations 
based on this theory resemble those obtainedfrom experiments. 
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