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Abstract. Estimates of carbon uptake and
storage based on global nitrogen deposition, C:N
ratios for typical terrestrial ecosystems, and recent
ecosystem-scale nutrient studies indicate that 1.0-
2.3 Gt C yr* of carbon storage may be stimulated
by anthropogenically caused increases in nitrogen
deposition in the past century. Sixty four to eighty
four percent of global nitrogen uptake appears to
occur on northern continents, with the remainder
largely in northern coastal oceans. Increased
nitrogen input by terrestrial ecosystems causes
increased accumulation of carbon as plant tissue,
with C:N ratios generally 50 to 200:1.
Calculations suggest that northern continents are a
major sink for carbon and that nitrogen-stimulated
carbon uptake may more or less balance global
carbon losses to the atmosphere from deforestation
and agriculture. Much of the uptake appears to
occur in aggrading forests, and the question of
how long it can continue has important
consequences for global carbon budgets.
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INTRODUCTION

Despite strong evidence that buming of
terrestrial biomass is a significant contributor to
atmospheric CO, [Houghton et al., 1990], several
recent models and empirical studies indicate that
carbon uptake by the terrestrial biosphere must be
almost equal to that lost via biomass burning, that
is, that the terrestrial carbon budget is more or
less in balance. For example, Quay et al. [1992]
compared changes in atmospheric CO, with stable
carbon isotope ratios in the oceans and the
atmosphere from 1970 to 1990. They concluded
that while the decreased °C in the oceans reflected
fossil fuel consumption and deforestation, there
had been no net release of CO, from the biosphere
during that period. This implies that a large
terrestrial carbon sink is balancing the documented
loss of carbon from tropical biomass burning.
Recent models of the global carbon budget
suggest that the missing sink lies in the northern
hemisphere and that an uptake of 1.6to as much
as 4.7 Gt C yr! is required to balance the global
carbon cycle [Houghton et al., 1990; Tans et al.,
1990]; (reviewed by Sarmiento and Sundquist
[1992]; see also Watson [1992]).

Other recent studies have decreased the
magnitude of the required terrestrial sink slightly.
Broecker and Peng [1992] provide evidence that
deepwater transport of carbon from the North
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Atlantic to the South Atlantic, which is not
accounted for in the above models, may reduce
the magnitude of the terrestrial influx of carbon
needed to balance the global budget. In addition,
estimates of oceanic CO, influx have increased
by 0.7 Gt yr'! as the result of the recent
recognition that the surface film of the ocean
averages 0.3° C. cooler than general surface
waters [Robertson and Watson, 1992].
Nevertheless, a significant terrestrial carbon sink
is still needed to balance recent global carbon
models.

Recent evidence from several sources suggests
to us that both terrestrial and marine ecosystems
in the northern hemisphere have increased their
carbon uptake and storage in the 20th century,
stimulated by the enhanced deposition of nitrogen.
As a result, the biosphere may now be a larger
sink for carbon than it was in preindustrial times.
Our calculations indicate that the greater carbon
storage caused by increased nitrogen deposition
may be roughly equivalent to amounts lost in the
destruction of forest ecosystems. A similar
calculation was done by Peterson and Melillo
[1985], but data available at that time were few.
They concluded that only 0.2 Gt of the then
estimated total CO, emissions of 7.8 Gt yr' was
returned to the biosphere as the result of
stimulation by nitrogen. Most notably, estimated
increases in nitrogen deposition from human
activity were lower then, due both to higher
assumed background values and to the poorly
known role of dry deposition. Studies in the late
1980s and early 1990s on coastal sedimentation
and on the C:N ratios of biological tissues
(reviewed below) also have shown increases in
estimated carbon storage. On the basis of recent
studies of nitrogen deposition, effects of forest
fertilization and decline, eutrophication and long-
range transport, we believe that Peterson and
Melillo’s calculated value is much too small, and
that nitrogen-stimulated carbon uptake in the
biosphere may be an increasingly important sink
for atmospheric carbon.

NITROGEN-STIMULATED CARBON UPTAKE
AND STORAGE BY THE OCEANS

Past models of global carbon budgets have
assumed that oceans currently operate much as
they did under pristine conditions. Broecker
[1992] correctly argues that it is unlikely that we

can directly measure the changes caused by
human release of carbon on the carbon cycle for
the global oceans, for rates of change are small
compared to major fluxes and pool sizes.
However, it is now known that human industrial
activities have greatly increased nitrogen
deposition over both the North Atlantic {Galloway
and Whelpdale, 1987] and North Pacific oceans
[Prospero and Savoie, 1989]. Altogether,
anthropogenic activity accounts for 40-70% of the
atmospheric inputs of nitrogen to northern
oligotrophic oceans [Sharp, 1991]. Owens et al.
[1992] also show that the nitrogen input to the
surface ocean in the northern hemisphere has been
increased substantially by anthropogenic
emissions, largely via episodic events. They
calculate that increased nitrogen deposition could
have caused a substantial increase in the
productivity of northern oceans.

Similarly, Walsh [1992] used recent sediment
trap data to show that anthropogenically caused
increases in nitrogen budgets of continental
margins in the northern hemisphere have resulted
in increasing losses of carbon and nitrogen from
coastal areas to the deep sea, despite high rates of
denitrification in coastal areas [Seitzinger, 1988]
(reviewed by Sharp [1991]). Similarly, 40 years of
detailed studies of the Baltic Sea also show that
inputs of nitrogen have increased severalfold
[Rosenberg et al., 1990], causing increases in
production and standing crop of phytoplankton,
and accumulation of organic matter in bottom
sediments [Cedarwall and Elmgren, 1990].

Because most of the increase in nitrogen
emissions to the atmosphere has occurred since
the turn of the century, northern oceans could be a
larger sink for carbon than they were under
pristine conditions. Legendre and Gosselin [1989]
recommended that the role of atmospheric
nitrogen deposition in the ocean’s carbon budget
should be reconsidered.

NITROGEN-STIMULATED CARBON UPTAKE
AND STORAGE ON THE CONTINENTS

Calculations of nitrogen-stimulated carbon
storage for terrestrial ecosystems are difficult, due
to the extreme diversity of ecosystem types, C:N
ratios and turnover times for carbon and nitrogen
pools. Below, we outline some of the more severe
problems, but proceed to make the calculations in
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any case, for they illustrate that nitrogen-
stimulated terrestrial carbon uptake is important, if
almost any reasonable assumptions are used.

Linking the Terrestrial Carbon and Nitrogen
Cycles

While deforestation and forest decline have
released carbon to the atmosphere in some areas
[Houghton et al., 1990; Kauppi et al., 1992],
evidence is accumulating that carbon storage in
the terrestrial carbon pool of the northern
hemisphere has increased in the past several
decades. The changes appear to involve small
increases in carbon flux over relatively large
areas. For reasons similar to those voiced by
Broecker for the oceans, it is therefore nearly
impossible to directly measure large-scale rates of
change in the terrestrial carbon pool or flux.
However, assuming that the changes occur over
large areas, and that many northern forests and
wetlands are nitrogen limited, or at least strongly
retain entering nitrogen [Vitousek and Howarth,
1991] (also discussed below), we believe that
increased carbon storage can be estimated from
anthropogenic changes to the terrestrial nitrogen
cycle. Many of the assumptions that must be made
in this calculation have been tested by recent
research.

One of the present difficulties is linking studies
of the terrestrial nitrogen and carbon cycles.
Although there are a number of high-quality
studies of either element (for example, the
numerous European studies of critical nitrogen
loading discussed below and papers in Woodwell
[1984]), investigators, sites, sampling and
analytical methods, times of study and units often
differ so greatly that interfacing budgets for the
two elements is very difficult. For example, often,
investigators have examined the effects of nitrogen
on photosynthesis, while ignoring effects on net
long-term carbon storage, redistribution, or
recycling.

Wet deposition of nitrogen in Europe and North
America has been thoroughly studied as a
component of the acid precipitation problem, and
estimates are quite good. Estimated losses of
nitrogen of anthropogenic origin to the oceans via
river systems are less precise, with recent
estimates varying by a factor of 5 (reviewed by
Duce et al. [1991]). The most recent total estimate

[Wollast, 1983] is about the average of all other
estimates at 0.021 Gt yr', and we use it in our
calculations below. The concentrations of nitrate
exported is largely a function of human population
densities in individual basins [Peierls et al., 1991].
Other components of the terrestrial nitrogen cycle
are still rather poorly known. For example,
releases from the biosphere due to denitrification
and uptake by nitrogen fixation have been studied
at only a few sites. Still other components are
very difficult to estimate: for example, deposition
of nitrogen via dry deposition and from fog and
dew are still only known for a few sites [e.g.,
Johnson and Lindberg, 1992; Sirois and Barrie,
1988; Weathers et al., 1988; Malanchuk and
Nilsson, 1989; G. Lovblad and J.W. Erisman,
unpublished manuscript, 1992]. Nevertheless,
continental nitrogen budgets are much more
precisely known than those for carbon.

Evidence for Increasing Nitrogen Deposition to
the Continents

Atmospheric inputs of nitrogen to the continents
have increased dramatically since the industrial
revolution. Nitrogen oxides and ammonium
released to the atmosphere by high-temperature
combustion, fertilizer manufacturing and
application, intensive livestock culture, and a
number of smaller activities have increased the
concentrations of ammonium and nitrate in 20th
century rain and snow in Europe and much of
North America severalfold from prehistoric values
[Schindler et al., 1981; Malanchuk and Nilsson,
1989]. In addition, fluxes of organic nitrogen, dry
deposition, and in some cases direct uptake of
gaseous ammonium and nitrogen oxides by plants
are all important fluxes that have been increased
significantly by human activity in the past several
decades. At most intensively studied sites, these
mechanisms increase the total deposition of
nitrogen by at least twofold over wet deposition
values [Lindberg et al., 1986; Driscoll et al.,
1989].

Recent European studies at several sites directly
illustrate the importance of dry nitrogen
deposition. At a number of locations in northern,
central and southern Europe, transparent "roofs"
have recently been installed just below the
canopies of experimental catchments, in order to
catch "throughfall” and “stemflow" [Dise and
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Wright, 1992; Rasmussen, 1990; Beier et al.,
1993]. These studies also show that capture of
gases, particles, or aerosols by plant canopies can
cause total nitrogen inputs to forests to be
severalfold higher than from wet deposition alone
(see also Hauhs et al. [1989] and Dise and Wright
[1992)).

Changes in land use in the 20th century have
also stimulated the deposition of nitrogen, by
enhancing the ability of the biosphere to remove
nitrogen. In general, reforestation of areas cleared
earlier for pastures and agriculture has contributed
to increased nitrogen deposition in Europe and
northeastern North America [e.g., Drablos et al.,
1980; Johannes et al., 1986]. Both coniferous and
deciduous forests are generally more efficient than
grasslands at capturing dry and gaseous forms of
nitrogen and other substances [Rasmussen et al.,
1993; Hultberg et al., 1993]. Also, in dissected
landscapes where forests and fields are intermixed,
uptake of nitrogen at the edge of forests can be
much higher than in the center of forest plots, due
to "edge effect” removal of atmospheric pollutants
[Grennfelt and Hultberg, 1986; Weathers et al.,
1992]. In some areas, fertilization of forests and
agricultural lands with nitrogen produced by
anthropogenic fixation of atmospheric nitrogen
would supplement these estimates [Rosenberg et
al., 1990].

Inputs of nitrogen to land at high elevation have
probably been undersetimated. At high elevations,
fog and cloud inputs can enhance deposition as
rain and snow, measured as wet deposition. For
example, Lovett et al. [1982], Weathers et al.
[1988], and Norton et al. [1993] found total nitrate
deposition at high-elevation catchments in eastern
North America to be up to 6X higher than in wet
deposition at the sites. Hicks [1989] reviews the
topic.

Retention of Nitrogen Input by Terrestrial
Ecosystems

Recent detailed studies at many locations show
that in relatively pristine areas, much of the
nitrogen entering terrestrial ecosystems from the
atmosphere is retained, or, more correctly, that
little of the nitrogen input escapes via streamflow
[Likens et al., 1977; Dise and Wright, 1992;
Bayley et al., 1992; Schindler et al., 1976, 1980;

Dillon and Molot, 1990; Swank and Waide, 1988;
Wright et al., 1993]. Even at severely polluted
sites, nitrogen retention is often more than 70% of
total input. In the 40 catchments at 19 locations in
10 countries studied as part of the European
ENCORE (European Network of Caichments
Organised for Research on Ecosystems) project,
retention of nitrogen was over 75% at all but a
few sites. Sites with detectable forest decline
generally retained slightly lower percentages of
nitrogen input than other sites [Hornung, 1993].
At European NITREX (Nitrogen Saturation
Experiments) sites, retention efficiency at sites
receiving deposition of over 35 kg of inorganic N
ha'yr, decreased to less than 50%. At deposition
rates of up to 20 kg of inorganic N ha’ yr?,
retention at most NITREX sites was over 90%
[Dise and Wright, 1992]. In general, young,
aggrading forests retain nitrogen more efficiently
than old, mature stands, and retention efficiency is
highly variable in the latter [Bormann and Likens,
1979]. Johnson [1992] found that 19 of 30 sites
with mature forest stands had retention efficiencies
of over 40%.

Even when heavy doses of fertilizer are applied
to aggrading forested sites in areas with high
nitrogen input from the atmosphere, retention of
nitrogen can be very high. In Swedish forests
fertilized with 60 kg N ha! yr'! for 17 years as
urea or NH,NO,;, Tamm and Hogberg [1993]
found nearly complete retention of fertilizer. In
the Black Forest of southern Germany, retention
of nitrogen from fertilized forest catchments in
1986-1991 were over 80% of inputs in one set of
catchments and 96% in another set [Feger, 1993].
At Klosterhede, Denmark, with deposition of 140
meq N m? yr?, nearly 100% of input was retained
by forest ecosystems [Gundersen et al., 1991].
Subarctic watersheds in Norway where nitric acid
was applied at 50 meq m? yr? for 8 years still
retained over 85% of input, despite very thin,
stony soils [Wright et al., 1993]. At Bear Brook,
Maine, nitrogen retention was 99% of inputs in
the reference catchment, and 90% in a catchment
fertilized for 2 years [Norton et al., 1993]. In
Japan, several years of application of sewage
water to forests resulted in retentions of nitrogen
of over 90% [Iwatsubo and Nagayama, 1993].
Johnson [1992] found that some nitrogen was
retained by forested ecosystems, even at fertilizer
applications of 1500 kg ha’.



Schindler and Bayley: Biosphere as an Increasing Sink for Atmospheric Carbon 721

Wetland catchments appear to be even more
efficient than forests at retaining nitrogen from
precipitation [Bayley et al., 1992; Urban and
Eisenreich, 1988; Hemond, 1983], providing they
do not receive large volumes of water as runoff or
stream input. Despite the potential of wetlands for
denitrifying large amounts of nitrate, most
measurements to date have revealed that
denitrification rates are low, especially in nutrient-
poor bogs and fens. The subject is reviewed by
Urban and Bayley [1988] and Verhoeven [1992].

Similarly, several years of nitric acid
applications to an ombrotrophic bog in the boreal
forest and to a subalpine upland catchment did not
significantly lower retention of nitrogen [Bayley et
al., 1992; Wright et al., 1993].

In many of the above studies, retention by
terrestrial catchments was calculated by
subtracting the loss of nitrogen measured in
streamflow from input measured in rain and snow.
If all inputs were corrected for gaseous and dry
deposition, as discussed above, calculated
percentage retention would be even higher. Our
calculations assume that inputs to ecosystems from
nitrogen fixation and losses from denitrification
are insignificant. Schlesinger [1991] estimates that
the former usually ranges from 1 to 5 kg ha'yr"
and the latter average 2 kg ha'yr' at terrestrial
sites, although data are few and spatial variability
is high.

Altogether, it appears that retention of
anthropogenically released nitrogen by continents
has been substantial in the 20th century. An
approximation of the total retention of
anthropogenically produced nitrogen on land can
be made by subtracting the sum of (1) riverine
losses from the continents and (2) atmospheric
inputs of nitrogen to the oceans from the sum of
(3) global emissions of oxidized and reduced
forms of nitrogen to the atmosphere and (4)
fertilizer production. Fortunately, Duce et al.
[1991] provide recent estimates of 1, 2, and 3.
Schlesinger [1991] estimates that fertilizer
production is nearly as large as continental
nitrogen deposition, but most fertilizer is applied
to agricultural fields where there is negligible
long-term carbon storage. We therefore ignore
carbon uptake resulting from fertilization and
nitrogen fixation on agricultural lands in our
calculations.

Evidence that Nitrogen Stimulates Terrestrial
Carbon Uptake

A high proportion of the increased deposition of
nitrogen has occurred over areas covered primarily
by temperate mixed or boreal forests and
associated lakes and wetlands. Most of the studies
of nitrogen deposition and retention reviewed
above were done in such areas. They illustrate that
retention of nitrogen by terrestrial ecosystems is
associated with increased growth of woody plants.
Growth in most northern forest tree species is
stimulated by increased inputs. of nitrogen, at least
at rates similar to those resulting from
atmospheric deposition [Mitchell and Chandler,
1939; Tamm, 1990]. In a nitrogen-limited forest
ecosystem, nitrogen fertilization stimulated
primary productivity more than decomposition
[Hunt et al., 1988]. Nitrogen fertilization increased
the N content of the living plant material and
forest litter [Hunt et al., 1988]. A recent review of
nitrogen and carbon dynamics in North American
vegetation types shows that primary production of
temperate, boreal, and tundra ecosystems in many
areas is moderately to severely nitrogen limited
and that coupled carbon-nitrogen dynamics must
be accounted for in order to properly model
terrestrial carbon fluxes [McGuire et al., 1992].

Forest biomass appears to be increasing, even at
many sites where air pollution is causing damage
to some species. Kauppi et al. [1992] have
recently argued that there has been a 25% increase
in stem volume of European trees between 1971
and 1990, despite forest decline caused by air
pollution in some areas. Where measured, rates of
forest growth have increased even more, averaging
30% for Finland, France, and Sweden. In contrast,
they estimate that areas of forest decline are
approximately 8000 km?, about 0.5% of the total
forested area of Europe.

Reports from several intensive studies at the
May 1992 Conference on Experimental
Manipulation of Ecosystems in Copenhagen,
Denmark, support the view that north temperate
forests and wetlands have responded and will
respond in the future to increased inputs of
nitrogen by adding atmospheric carbon to long-
term terrestrial carbon sinks such as soils, tree
stems, and peat [Rasmussen et al., 1993]. Tamm
and Hogberg [1993] found that annual fertilization
with NH,NO, increased the stem growth of young
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Swedish pine and spruce plantations by from 30 to
300% over 17-20 years. Iwatsubo and Nagayama
[1993] reported that sewage nitrogen sprayed on
forests in Japan for 13 years increased growth of
trees by sixfold. In EXMAN (EXperimental
MAN:ipulations of forest ecosystems) plots in the
Netherlands, fertilization with nitrogen also caused
substantial increases in growth of trees at most
sites. Near Skogaby, Denmark, application of
(NH,),SO, to forest plots increased growth of trees
as basal area by from 22 to 37% [Beier et al.,
1993]. Abrahamsen [1993] reported that biomass
in Norwegian forests has increased by 30% in the
last 20-30 years, due to a combination of
increased nitrogen deposition, better forestry, and
denser stands.

Nitrogen fertilization experiments at bog and
tundra sites caused a severalfold increase in
growth of plant species. Experimental addition of
5 kg N ha'yr! as HNO, to a boreal bog caused
increased growth of Sphagnum mosses [Rochefort
et al., 1990; S.E. Bayley, unpublished data, 1993].
Aerts et al. [1992], Ferguson et al. [1984], and
Gardetto [1987] report similar results from
manipulation experiments in wetlands. Shaver et
al. [1992] and Shaver and Chapin [1980, 1986,
1991] report 50 to 150% increases in biomass and
carbon accumulation in Alaskan tundra plots
fertilized with N, P, and K, with nitrogen usually
the limiting element.

Calculating the Increased Global Carbon Storage
Stimulated by Increases in Nitrogen Deposition

The increased amount of carbon stored in the
oceans is relatively simple to calculate for oceanic
regions, if we assume that C:N in sedimenting

plankton is in Redfield proportions of 7:1 by
weight, that most anthropogenic inputs of nitrogen
are consumed by plankton, and that sedimented
nitrogen and carbon retain the Redfield ratio
(reviewed by Owens et al. [1992]). Using the sum
of nitrogen inputs from precipitation and river
inputs to marine systems given by Duce et al.
[1991], oceans would be expected to store 0.36 Gt
of C yr! more today than they did under pristine
conditions. This assumes that the anthropogenic
nitrogen inputs have not caused compensating
losses of nitrogen from surface oceans in coastal
areas. Recent estimates of global carbon burial on
continental slopes and rises based on the few
available data indicate similar values, less than 0.7
Gt yr! [Reimers et al., 1992].

For terrestrial ecosystems, the calculation is
more difficult, because the C:N ratios and
turnover times of various terrestrial ecosystem
components vary greatly. New leaves or shoots
and active soil layers generally have rather low
C:N ratios of 15-20 by weight, but range from 10
to 50 (Table 1), with turnover times ranging from
months to a few years. Such components are
relatively unimportant reservoirs of increased
carbon storage. In contrast, dead or inactive plant
material such as the boles and roots of trees have
C:N ratios of 150-300. Ratios in peat range from
28 to 180 (Table 1). Such materials probably
contain most of the carbon storage stimulated by
increased nitrogen deposition. Turnover times
range from decades for woody forest material to
millenia for long-term peat deposits. The C:N
ratio in the upper meter of forest soil usually
averages 10-30 [Post et al., 1985] (Table 1), and
carbon turnover times appear to be several years
at the few sites where they have been measured
{Harrison et al., 1993].

TABLE 1. Carbon:Nitrogen Ratios by Weight of Major Storage Components of Biomes in the
Temperate, Boreal, and Arctic Parts of the Northern Hemisphere

Location/Compartment C:N Ratio Reference
Tundra
General (from model)
vegetation 41.6 Rastetter et al. [1991]
soils 17.5 Rastetter et al. [1991]
Sedge meadow Devon Island CN
vegetation 52 Van Cleve and Alexander [1981]
soils 14.6 Van Cleve and Alexander [1981]



Table 1. (continued)

Location/Compartment C:N Ratio Reference
Toolik Lake Alaska
tussock plants 49 Shaver and Chapin [1991]
shrub plants 55 Shaver and Chapin [1991]
Toolik Lake Alaska
alpine tundra vegetation 70 McQuire et al. [1992]
wet/moist tundra 50 McQuire et al. [1992]
moist tundra soils 16 McQuire et al. [1992]
Wet meadow Barrow Alaska
vegetation 76.6 Van Cleve and Alexander [1981]
soils 20.6 Van Cleve and Alexander [1981]

Black spruce Fairbanks Alaska

Boreal Forest

Peatlands

Van Cleve and Alexander [1981}]
Van Cleve and Alexander [1981]
Van Cleve and Alexander [1981]

Van Cleve and Alexander [1981]
McQuire et al. [1992]

McQuire et al. [1992]
McQuire et al. [1992]

Vitousek et al. [1988]
Vitousek et al. [1988]
Vitousek et al. [1988]
Vitousek et al. [1988]
Vitousek et al. [1988]

Van Cleve and Alexander [1981]
Van Cleve and Alexander [1981]

S. E. Bayley (unpublished data, 1993)
S. E. Bayley (unpublished data, 1993)
1
S.E.B
.E.B

ayley (unpublished data, 1993)
S ayley (unpublished data, 1993)
Urban and Eisenreich [1988]

Riley [1987], Riley and Michaud [1989]
Riley [1987], Riley and Michaud [1989]

Malmer and Holm [1984]
Malmer and Holm [1984]

Malmer and Holm [1984]
Malmer and Holm [1984]

plants 2171

soils 34.7
Aspen forest Fairbanks Alaska

plants 224

soils 17.7
Birch forest Fairbanks Alaska

plants 2171

soils 815.8
Birch forest Finland

plants 186
Boreal woodland Schefferville CN

vegetation 91
Boreal forest Bonanza Cr Alaska

vegetation 449

soils 30
Northern conifer

total biomass 256

leaf 49

branch 137

bole 433

root 289
Mire Stordalen Sweden

plants 57

peat 37
Bog Ontario CN

Sphagnum plants 45

peat (0-10cm) 49
Bog after N fertilization with HNO3 @ 50 kg N ha’ yr

Sphagnum plants 28

peat (0-10cm) 37
Bog Minnesota

Sphagnum plants 50
Bog eastern Ontario CN

peat (0-10cm) 45

peat (whole column) 29
Bog northern Sweden

peat (0-10cm) 100-180

peat (10-20cm) 100-150
Bog southem Sweden

peat (0-10cm) 100

peat (20 cm) 60
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Table 1. (continued)

Location/Compartment

C:N Ratio

Reference

Temperate Coniferous Forest

H.J. Andrews forest
vegetation 604
soils 50

McQuire et al. [1992]
McQuire et al. [1992]

Deciduous Forest

General (from model)
plants 159.5
soils 13.2
woody tissue 300
Hubbard Brook New Hampshire
leaf material 20
living biomass 137
forest floor 22
Aspen forest Wisconsin
vegetation 207
forest floor 41
mineral soils 11.6

Rastetter et al. [1991]
Rastetter et al. [1991]
Rastetter et al. [1991]

Likens et al. [1981]

Pastor and Bockheim [1984]

Pastor and Bockheim [1984]

Deciduous forest (cont.)

Southern deciduous forest Coweeta North Carolina

plants 109
liter 36.8
soils 3.9
Harvard Forest Massachusetts
deciduous forest vegetation 417
deciduous forest soils 20
mixed forest vegetation 408
mixed forest soils 20
Temperate broad-leafed deciduous forest
total biomass 155
leaf 25
branch 106
bole 236
root 107

Monk and Day [1988]
Monk and Day [1988]
Monk and Day [1988]

McGuire et al. [1992]
McGuire et al. [1992]
McGuire et al. [1992]
McGauire et al. [1992]

Vitousek et al. [1988]
Vitousek et al. [1988]
Vitousek et al. [1988]
Vitousek et al. [1988]
Vitousek et al. [1988]

Because most of the increased nitrogen
deposition has occurred in the past hundred years
[Husar, 1986], in forested areas it is probably still
associated largely with biological reservoirs such
as tree trunks and roots, which have C:N ratios of
150 or more [Schlesinger and Hartley, 1991]
(Table 1). Johnson [1992] also found that nitrogen
added to fertilized forest plots caused biomass to
accumulate largely in trunks and roots. C:N values
in such reservoirs do not appear to decline as
nitrogen inputs increase.

In boreal wetlands, most stored carbon is in
peat, rather than in living plants. Because average

peat accumulation rates average only 0.5 mm yr’
{Gorham, 1991], carbon uptake stimulated by
increased nitrogen deposition will be stored in the
upper 10-20 cm of peat deposits. These have C:N
ratios of 37-180 (Table 1).

While it is impossible to specify a biospheric
average C:N ratio for terrestrial material
sequestered in the past century, it is probably in
the range of 50 to 150, when the C:N ratios of
various carbon pools, their turnover times and
their locations with respect to areas of increased
nitrogen deposition are considered. To illustrate
the possible importance of nitrogen-stimulated
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carbon uptake, we have chosen values of 50, 100,
and 150 for C:N ratios, which we believe bracket
the likely average C:N ratio of several decade
storage products in temperate and boreal forests
and wetlands. Overall results of our calculations
are set out in Table 2.

The calculations illustrate that a good part of
the carbon indicated as "missing" by recent
models, 1.0 to 2.3 Gt yr’, could be accounted for
by increased uptake and storage in the biosphere,
resulting from stimulation by anthropogenically
enhanced nitrogen deposition. Of the increase in
carbon stimulated by nitrogen fertilization, our
estimates suggest that the terrestrial biosphere
accounts for from 64% to 84% of the total, with
the remainder in the oceans. This nitrogen-driven
terrestrial sink for carbon has probably developed
largely in aggrading European and eastern North
American forests within the past century, and its
future magnitude will depend on the human

725

emissions of nitrogen to the biosphere, and the
degree of saturation of "receptor” ecosystems.

Our calculations have ignored the effect of
fertilization on agricultural soil. Indeed, carbon
and nitrogen may have been lost to the
atmosphere due to degradation of agricultural soils
in the 20th century [e.g., Jenny and Raychaudhuri,
1960]. However, fertilizer nitrogen is undoubtedly
an important component of nitrogen losses to the
sea via river flow [Wollast, 1983; Peierls et al.,
1991]. In brief, exclusion of fertilizer nitrogen
may tend to cause our estimates of terrestrial
carbon uptake to be slightly low, but would not
affect our estimates for the oceans.

In general, our calculations support the results
of stable carbon budgets for the ocean [Quay et
al., 1992] and O,/N, for the atmosphere [Keeling
and Shertz, 1992] (see also Broecker and
Severinghaus [1992]) in the conclusion that there
has been little net change in the carbon storage in

TABLE 2. Anthropogenically Enhanced Nitrogen Inputs and Associated Carbon
Uptake by the Biosphere

Line Parameters Gt Yr?!
Anthropogenic Sources and Sinks of Nitrogen
1 Total nitrogen emissions 0.064
2 N deposited to oceans 0.030
3 N carried to oceans by rivers 0.021
4 Net N deposition in oceans (lines 2+3) 0.051
5 Net nitrogen deposition on land (lines 1-(2+3)) 0.013
Sinks of Carbon Based on Various C:N Ratios
6 Net C deposition in oceans (line 4) x C:N =7 0.36
7 Net C deposition on land (line 5) x C:N ratio
assuming a C:N ratio of 50:1 0.65
assuming a C:N ratio of 100:1 1.30
assuming a C:N ratio of 150:1 1.95
8 Total biospheric carbon uptake (based on line 6 + line 7)
assuming a C:N ratio of 50:1 1.01
assuming a C:N ratio of 100:1 1.66

assuming a C:N ratio of 150:1 2.31
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the terrestrial biosphere taken as a whole, that is,
that carbon uptake stimulated by anthropogenically
caused increases in nitrogen deposition more or
less balances the losses from deforestation and
agriculture.

NITROGEN DEPOSITION: A FAUSTIAN
BARGAIN?

If anthropogenic increases in nitrogen
deposition have indeed helped to minimize carbon
accumulation in the atmosphere, the benefits of
enhanced carbon removal and storage in
decreasing the potential for climatic warming must
be weighed against the negative effects of
increased nitrogen deposition, which include forest
dieback, eutrophication, acidification and
formation of toxic air pollutants. It therefore
seems useful to briefly summarize the negative
effects of allowing high nitrogen emissions from
human activity to continue.

Forest dieback in Europe is closely linked to
nitrogen deposition in many areas, due to a
combination of factors, including soil acidification
caused by nitrification [e.g., Johnson et al., 1991]
and micronutrient deficiencies induced by
overfertilization with nitrogen and leaching of
acidified soils. Ozone, peroxyacetyl nitrate, and
other phytotoxic air pollutants are also formed by
reaction of nitrogen emissions in the atmosphere
[e.g., Schulze, 1989; Schulze and Freer-Smith,
1991].

In some areas where nitrogen deposition has
increased, small declines in retention efficiencies
of nitrogen by terrestrial catchments have caused
small, but important increases in nitrate
concentrations in surface waters. Logically,
decreased rates of uptake of nitrogen by forests
are expected as vegetation matures, but the time
required for complete saturation is still not known.
In softwater lakes and streams, nitric acid can
cause acidification, particularly during snowmelt
in the spring [Galloway et al., 1987]. Henriksen
and Brakke [1988] reported that nitrate
concentrations in Norwegian lakes had doubled in
less than'10 years, becoming a major concern with
respect to lake acidification. Even where
acidification is not a threat, excess nitrogen can
cause changes in the nutrient availability to
aquatic plants. For example, Bennett [1986]

documented a severalfold increase in nitrate in
Lake Superior in this century.

Streams in several areas also carry increased
concentrations of nitrate. Streams in the Catskill
Mountains appear to have increased in nitrate for
several decades [Stoddard and Murdoch, 1991]. At
Dicke Bramke and Lange Bramke in Germany,
nitrate has increased fivefold or more in 15 years
[Hauhs, 1990]. Rudd et al. [1990] found that
nitrogen saturation of freshwater lakes caused a
dramatic increase in midsummer concentrations of
nitrate. Uptake and sedimentation of nitrogen by
algae were limited by phosphorus availability.
Denitrification, a weak and seasonal process, was
insufficient to remove high inputs of nitrate,
serving as a "bottleneck” to normal air-water
nitrogen cycling. Kelly et al. [1990] demonstrated
that many North American lakes and streams
appear to have reached the point where high
nitrogen deposition has caused excess inorganic
nitrogen to be present in summer. However, even
where evidence of "leakage" of nitrogen to surface
waters is evident, the efficiency of retention by
terrestrial catchments is very high, implying that
efficient nitrogen storage can be expected for
some time in the future.

Recently, several scientific workshops have
addressed the estimation of "critical loads" of
nitrogen for European ecosystems, which should
not be exceeded if forest damage and lake
acidification are to be prevented {Nilsson and
Grennfelt, 1988; Malanchuk and Nilsson, 1989; G.
Lovblad and J.W. Erisman, unpublished
manuscript, 1992].

Increased inputs of nitrogen to ecosystems also
often encourage the growth of less desirable
species that those that would otherwise be grown.
Gradual replacement of species that are
evolutionarily adapted to low-nitrogen conditions
with those that respond quickly to enhanced
nitrogen may occur in all terrestrial ecosystem
types [Tamm, 1990]. In brief, there are many
negative aspects of high nitrogen deposition that
make one hesitate to recommend it as a
mechanism for decreasing the rate of accumulation
of CQ, in the atmosphere.

In marine systems, enhanced nitrogen inputs are
known to have caused eutrophication problems in
most coastal bays and estuaries adjoining populous
areas [Peierls et al., 1991; Howarth, 1993]. Larger
examples include the Baltic [Rosenberg, et al.
1990] and Chesapeake Bay [Fisher et al., 1988].
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CRITICAL RESEARCH QUESTIONS

As mentioned at the beginning, the recent
concern over deposition of strong acids has
stimulated interest in obtaining better estimates of
nitrogen inputs and studies of the terrestrial
nitrogen cycle. Similarly, concern for climatic
warming has stimulated studies of the degree to
which higher atmospheric CO, can stimulate
carbon uptake has been the subject of recent
climate-related research. It is unfortunate that
these studies have not been better linked. There is
little reason to expect that the cycles would or
could operate independently, for the C:N ratio in
plant tissues must certainly be among the most
conservative properties of the biosphere. Without
consideration of linkages between the two cycles,
important questions regarding how long and to
what extent higher than normal nitrogen
deposition can continue to stimulate carbon
storage in the biosphere cannot be addressed. The
question of whether there are lags between the
responses of nitrogen-driven carbon uptake and
decomposition that may affect duration of
nitrogen-stimulated storage is also critical, and
slight redirection to coordinate ongoing studies of
carbon and nitrogen could greatly improve the
accuracy of estimated nitrogen-driven carbon
uptake.

It is also necessary to consider linkages with
other nutrient cycles. For example, phosphorus,
potassium, and occasionally other elements are
known to limit carbon uptake in some systems. If
a nutrient other than nitrogen becomes more
limiting, it could decrease the efficiency of
nitrogen inputs.

Linkages to nonnutrient elements may be
important. For example, increased deposition of
nitric acid and ammonium can lead to high rates
of soil acidification in areas with poorly buffered
soils. Soil acidification can in turn disrupt some of
the key nitrogen cycling processes in soils, for
example, by eliminating soil fauna that is
important in mineralization, or by disrupting
nitrification. Tarnm [1990] discusses the
differences expected due to such disruptions in
various soil types, but data are too few to allow
generalizations over large areas.

Recent predictions of the patterns and rates of
nitrogen releases in the 21st century suggest that
changes in the global patterns of deposition may
occur, so that it is critical to understand C:N

relationships in the tropics and southern
hemisphere. Galloway et al. [1993] predict a
doubling of nitrogen emissions and deposition of
oxidized nitrogen species between 1980 and 2020,
but most of the increases are predicted to occur in
the tropics and southern hemisphere, where
enormous population increases and modest
industrial growth are expected. Nitrogen
deposition to both marine and terrestrial systems
is expected to increase by fourfold or more south
of the equator. In the northern hemisphere,
nitrogen deposition over continental land masses is
predicted to decrease throughout most developed
countries, while increases in deposition of 1.5-fold
to threefold are predicted for eastern Asia and the
North Pacific [Galloway et al., 1993]. Because
most of the increased deposition is expected in
areas that are not presently subjected to high
nitrogen deposition, but where mature forests have
recently been cut at high rates, the terrestrial
biosphere may continue to act as a carbon sink.
Unfortunately, few studies have been made of the
degree to which nitrogen additions can stimulate
carbon uptake in terrestrial ecosystems of the
southern hemisphere, although there is some
evidence that tropical forests are not nitrogen
limited [Vitousek and Howarth, 1991]. On the
other hand, studies of tropical soils suggest that
increased nitrogen inputs could enhance carbon
sequestration in tropical forest soils for hundreds
of years [Jenny et al., 1948; Jenny and
Raychaudhuri, 1960]. In brief, more information is
needed before it can be assumed that nitrogen-
induced carbon uptake in the tropical terrestrial
biosphere is of long-term significance.

There may also be both positive and negative
feedbacks between nitrogen-driven carbon storage
and climatic change, with no resolution of the
relative importance of different mechanisms. In
general, terrestrial ecosystems retain much more
of incoming nitrogen during the growing season
than they do in winter, so that increasing the
length of growing seasons should enhance carbon
storage. Warmer temperatures may also increase
rates of recycling of organic nitrogen is soil
[Jenny and Raychaudhuri 1960], making more
available for tree growth or loss to streamflow. In
mature forest plots where soils were
experimentally heated 8°-10°C, artificially
warming and extending the growing season,
nitrogen contents of soil and tree needles were
enhanced, but no evidence of higher tree growth
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was observed [Van Cleve et al., 1990]. However,
in central Europe, droughts experimentally
imposed upon forests under roofed catchments
showed lowered retention of nitrogen [Beier et al.,
1993]. One result of increased nitrogen supplies,
whether from deposition or increased recycling
rates, is that a higher proportion of carbon and
nitrogen becomes stored in the roots and boles of
trees than under pristine conditions (see also Hunt
et al. [1988]). This would further enhance the
carbon storage by terrestrial forests, because these
components generally have higher C:N ratios than
soils (Table 1).

In summary, predicting the role of increasing
nitrogen deposition in stimulating carbon storage
is not a straightforward process, and it requires
much additional study.
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