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ABSTRACT chronic problem that adds additional nitrogen each year, increases
Nitrogen deposition from anthropogenic sources is increasing weediness of the grassland, decreases biodiversity, causes a loss of
globally and is already impacting shrublands, grasslands, andpalatable forbs and an increase in grass dominance, changes nutrient
pastures. Where soil nitrogen has become very high, dominant shrubsycling patterns, and increases soil acidity (Jefferies and Maron,
and forbs are being lost and replaced by a few species of grasses ari®97). Our own studies have shown an increase in extractable soil N
weeds. To date N deposition is high enough in Europe and southerrio unprecedented levels in southern California, up to 87 mg/kg soil,
California (greater than 30 kg/ha yr) to have negative effects onthat we believe are causing loss of the native vegetation (Allen et
pastures and rangeland. In addition, many field fertilization studiesal., 1996). Here we summarize literature on N deposition and N
corroborate the negative effects on species diversity, and serve as fertilization that give evidence of how global N deposition may affect
model for expected changes in vegetation as global N depositionrangelands and pastures, including evidence from our research in
increases. N deposition is not only a conservation issue, but alssouthern California rangelands.

entails loss of nutritious forbs, sometimes leaving behind only coarse

grasses. Rehabilitation to increase species diversity will entail RESPONSES OF VEGETATION TO N DEPOSITION

legislative efforts to decrease N pollution, followed by measures to The most extreme N deposition values in the world have been
control excess available N and increase plant diversity. Inorganic Nmeasured in the Netherlands, up to 115 kg/halyr (Jefferies and Maron,
may be lost from these systems after inputs stop because organit997), and the greatest changes in pasture species composition has
matter accumulation does not seem to occur, a corollary of increasedeen measured here. In the more polluted parts of the country one
mineralization rates. Thus there is reason to hope that rehabilitatiorgrass specie8rachypodium pinnatupdominates pastures by 80%

can occur after N deposition rates decrease. of the biomass, with a concurrent decline of diversity of forbs
(Bobbink and Willems, 1987; Bobbink, 1991; Heil and Bobbink,
KEYWORDS 1993). N fertilization studies have confirmed that N deposition is
Nitrogen deposition, rangelands, rehabilitation, restoration, the sole cause of this increased dominance and decline in diversity
conservation, biodiversity (Bobbink, 1991). Pastures are no longer of great economic value for
their forage in the Netherlands, but rather are valued for their
INTRODUCTION herbaceous biodiversity in a region that is otherwise forested.

Nitrogen deposition from anthropogenic sources is becoming aConservation pastures are maintained by domestic grazing and
problem of global proportions that is affecting vegetation over large mowing to preserve the many species of forbs that are part of the
areas (Jefferies and Maron, 1997). While we seldom think of the pasture community. However, N deposition is making this impossible,
world’s rangelands as being affected by air pollution because of theirand without decreased N deposition or management to remove the
great distance from urban and cropland N emission sources, there idominantBrachypodium some of the minor species may become
evidence that N deposition will move great distances at high enoughextinct.
concentrations to cause eutrophication, even over the oceans (Owens
et al., 1992). Deposition rates of N in southern California are up to Most N deposition research has been done in forests, and has focused
45 kg/halyr (Bytnerowicz and Fenn, 1996), the highest in the United on whether the vegetation has reached N saturation (Aber et al., 1989;
States. A high value in the eastern U.S. is 18 kg/ha on mountain top8ytnerowicz and Fenn, 1996). Natural forests are typically limited
in New York State (Ollinger et al., 1993). Europe has the highestby N, which is experimentally tested by fertilizing with N and
rates of N deposition in the world, averaging 20-50 kg/ha (Draaijers observing N uptake and retention. However, N-eutrophied forests
et al., 1989). have sufficient N for export out of the system, as measured by
leaching and elevated stream nitrate levels. They also have increased
Plant available N is produced in the form of nitrates from internal tissue N, increased soil N, and increased mineralization rates. As the
combustion engines and ammonium from agricultural fertilizers and level of N deposition increases, species replacement and forest decline
manures. The relative amounts of these depends on the source, witls seen. Because trees are long lived and the forest has a large capacity
urban areas experiencing more nitrogen oxides (up to 90% in southeriior N uptake, relatively few forests have shown species replacement.
California, Bytnerowicz and Fenn, 1996) and rural areas receiving The exceptions are where forest dieback has occurred, although sulfur
reduced nitrogen (up to 80% in the Netherlands, Bobbink and deposition and acidification are the main causes, and dieback cannot
Willems, 1987). Human fixation of N now exceeds natural rates of be attributed solely to N (Draaijers et al., 1989). In the severest areas,
fixation, so we are experiencing a doubling of the natural inputs of such as the Czech Republic, the forest has died back and been replaced
N (Galloway et al., 1995). The parts of the world most likely to by grasses that seem to be able to withstand the acidified soil and
experience accelerated N inputs are agricultural areas of southeasinbalanced nutrient conditions (Vosatka et al., 1991).
Asia. Pastures and rangelands in these areas will also experience N
eutrophication. Species replacement caused by N deposition may be more rapid in
vegetation with lower productivity than forests. In contrast to forests,
While many range managers may welcome the unexpected Nrangelands have lower productivity and would become N saturated
additions as an increased source of productivity, they will also causewith lower levels of deposition. This would make them susceptible
new problems and challenges in management. Anthropogenic Nto ecosystem decline at lower levels of N deposition (Aber et al.,
deposition cannot be compared to the short term, infrequent1989). The grasses and shrubs that dominate rangelands are shorter
fertilization schemes used to increase rangeland or pasture productiotived and subject to more rapid replacement by nitrophilous invaders.
(e.g., Rogler and Lorenz, 1957; Jacobsen et al., 1996). This is ahus the grasslands, shrublands and pastures of the world can be
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considered experimental sites to detect the effects of lower levels othese shrubs. The combination of high soil N and high levels of
N deposition, than the extremes that occur in some parts of Européierbivory are causing mortality, and leading to shrub decline. This
and the United States . series of data and observations suggests that N deposition over some
parts of the CSS is so high that Aber et al.’s (1989) N saturation
Because nitrogen is deposited from the atmosphere at a distance frophase has been surpassed, and we have proceeded to the vegetation
the source where it is produced, gradients of N deposition exist aroundeplacement and ecosystem decline stage. In fact, field N fertilization
the globe. One such gradient occurs over southern California coastastudies have shown a N response in sites of low deposition, but there
sage scrub (CSS) vegetation (Allen et al., 1996). CSS shrublandss no longer a growth response to N in sites of high deposition (Allen
have long been the most productive grazing lands in southernet al., 1996).
California. Since the rapid urbanization of southern California they
have been converted either to housing tracts or to conservatiorLONGTERM N FERTILIZATION STUDIES AND GRASS
reserves, with less and less land area grazed. Because CSS is a unigp©MINANCE
vegetation type endemic to California and Baja California, it supports There are still relatively few examples of nitrogen deposition causing
many sensitive plant and animal species. Thus in recent years th@egetation change, but many examples of range and pasture
highest societal value of the remaining CSS is for conservation andfertilization trials that can give us a lead on how vegetation will look
for recreation by the burgeoning human population. Conservationin the future as N deposition expands. The most famous of these is
of CSS is becoming an increasing problem in some areas because dfie Rothamstead fertilization experiment, where the same plots were
weed invasion, mainly annual grasses (specieAveha, Bromus, fertilized continuously for 120 years (Marrs and Gough, 1989).
Hordeun) and forbs Brassica, Erodiumfrom the Mediterranean.  Ammonium fertilizer at 144 kg/halyr was especially effective in
Minnich and Dezzani (in press) recorded a loss of up to 90% nativereducing species diversity from 17 to 2 remaining grass species,
shrub cover between 1930 and 1990 in the polluted urban areas oAnthoxanthum odoratuandAlopecurus pratensidhe other famous
the northern Perris Plain near Riverside, California. However, shrubexample is Tilman'’s series of fertilizer trials in species-rich Minnesota
loss was small or did not occur in the rural areas that experienceprairie, where high annual levels of N (10 to 272 kg/ha) resulted in
little or no air pollution. The causes of shrub loss and replacementdominance by the exotisgropyron repenand loss of over 60% of
by annual grasses are multiple, including fragmentation and frequenthe plant species in only four years of fertilization (Tilman, 1987).
fire in some areas. We hypothesize that nitrogen deposition is one ofThese two studies show that high soil N enables a strong dominant
those causes and present various lines of evidence to demonstrate persist at the expense of other species, and that this dominant is
this. more likely to be a grass than a forb or shrub. Grasses are also among
the species that disappear with N fertilizer,Aagostis capillaris
We measured gradients of N air concentrations and soil N values irand Festuca ovinan the Rothamstead control plots (Marrs and
1994 in the Perris Plain, which extends from the urbanized areasGough, 1989). Even a robust species su8thizachyrium scoparius
around Riverside to rural areas to the south a distance of 50 kmsuccumbed to competition frorAgropyron repensn Tilman'’s
Nitrogen deposition ranges from about 30 kg/ha/yr in the north experiments. However, these and the other studies cited above, such
(Bytnerowicz et al., 1987) to an estimated 5 kg/ha in the south (Allen as Vosatka et al.’s (1991) observation that grasses replaced trees after
et al., 1996). The high values of extractable soil N during the dry forest die-off, suggest that species -poor grasslands will dominate in
season were remarkable, up to 87 mg/kg N as nitrate plus ammoniumareas subject to high N deposition.
with low values of 5-10 mg/kg N in the south. Growing season values
were not very different along the gradient, a high of 2-10 mg/kg. Other longterm grassland fertilizer experiments had variable results,
During the dry season soil N accumulates as plant growth decreasethat might be related to the time of fertilization and the initial fertility
and as organic matter is mineralized. During the growing seasonof the soil. In Colorado shortgrass prairie Milchunas and Lauenroth
soil N is decreased by plant N uptake and some is possibly lost by(1995) showed that after 5 years of 100 kg/ha annual N additions
leaching. Such high values of soil N are unprecedented for naturafthere were few species changes, until seven years after N additions
soils, and are even high for fertilized agricultural soils. We were were terminated. The species that increased were exotic weedy forbs,
concerned that these high values could affect shrub growth adverselyand they were especially abundant in the treatments that had received

and began a series of greenhouse experiments. irrigation plus nitrogen. Native forbs increased in productivity relative
to grasses in Kansas tallgrass prairie after four years of 100 kg/ha N

Our growth studies of the dominant CSS shruBstemisia (Seastedt et al., 1991). These Kansas prairie results are unusual in

californica, Eriogonum fasciculatumgnd Encelia farinosa show that most fertilizer studies showed loss of diversity or weed invasion

that all three have high rates of growth with increased N fertilizer in after such high levels of N input. However, these are extremely clayey
the greenhouse (Allen et al., 1996). However, after 6-9 months ofand calcareous soils that have a high capacity for absorption of N,
maintenance at 50 ppm inorganic soildxtemisia californicabegan and levels of N availability may not be as high in these soils even
to die. Our greenhouse studies are corroborated by anecdotal fielafter such high fertilizer concentrations.

observations of shrub mortality. We see many dead and dying shrubs

of all three dominant species in the northern, polluted Perris Plain,Another site that had increased forb growth with N additions up to
but fewer in the south where the air is cleaner. We are beginning80kg/ha was a chalk grassland in Britain, but N additions were only
more detailed measurements of shrub mortality. Berdowski (1993)carried out for one year so this does not simulate chronic additions
also found high levels of insect herbivore-induced mortality on (Wilson et al., 1995). The dominant gr&sichypodium pinnatum
Calluna vulgarissubject to N deposition in Great Britain. Teluna did not respond to N in one year, as was seen in Dutch grasslands
heathland is being replaced by the native gb@sshampsia flexuosa  (Bobbink, 1991). In a three year fertilization study with up to 140
while in California the CSS shrubs are replaced by Mediterraneankg/ha N, the only species that declined was a moss in a Bigtishca
annual grasses. We have made similar anecdotal observations tharassland (Morecroft et al., 1994). Whether there are any longterm
insect herbivory is high, in fact extreme, on shrubs in N polluted effects, as noted by Milchunas and Lauenroth (1995) seven years
areas, although we do not know whether this contributes to shrubafter the cessation of fertilization, is still to be seen in this study. The
mortality. The high concentrations of tissue N may attract insects toimportance of longterm studies cannot be overemphasized. The
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longterm studies and those on coarse, N poor soils (especiallyhave shown no accumulation of organic matter even after years of
Tilman’s) indicate large shifts in vegetation toward a few dominant fertilization. The most likely reason for this is increased rates of
grass species, or in the case of Milchunas and Lauenroth (1995)mineralization in high N soils, which keeps carbon from building up
weeds. Results of other studies are mixed, but a lack of responsén the soil. Thus many soils that have been impacted by N deposition
may be an indication that the study still needs to run longer, ratherwill have higher levels of inorganic N, but organic N buildup will be
than a lack of response of the vegetation to nitrogen. slow and small. An exception to this will be sites that are invaded by
nitrogen fixing plants, such dyrica fayain the poor volcanic soils
In our own field fertilization studies of coastal sage scrub vegetation, of Hawalii (Vitousek and Walker, 1989). These soils have permanently
we have not yet seen a change from perennial shrubland to annudhcreased organic N, but in this case the source of N input is organic
grassland after four years of fertilization with 60 kg/ha, which is litter rather than inorganic N deposition.
twice the annual N deposition rate (Allen et al., unpubl. data).
However, the levels of soil N at this experimental site do not simulate There is a great deal of reason to hope that vegetation that has been
the high N that is found in polluted sites that have been receiving Naltered by N deposition can be rehabilitated, because inorganic N
deposition for decades. As reported above, we have been able tmay be lost from the system after input declines. Many grasslands
cause shrub mortality by fertilizing at these levels in the greenhouseworldwide have been converted to exotic, species-poor grasslands
and our field fertilization trials do not nearly come up to such high where there is no evidence for high N inputs (D’Antonio and
levels. We anticipate we may wait some years before we observevitousek, 1992). These include invasion of the Great Basin of the

vegetation changes caused by the field fertilization trials. U.S. by Bromus tectorumof the California grasslands by
Mediterranean grasses, and of Hawaiian shrublands by exotic grasses.

REHABILITATION OF NITROGEN-EUTROPHIED Studies on N deposition and N fertilization can give us some clues

RANGELANDS about how restoration of these may begin. Available N and N

The objective for rehabilitation of N eutrophied rangelands is to return mineralization rates are typically higher under grasses than forbs,
the diversity of forbs, shrubs, and less dominant grasses, ashrubs, or forests (Ingham et al., 1989). Thus it would seem that
appropriate. This objective increases the conservation value and alspractices that slow mineralization and bind inorganic nitrogen, such
improves the grazing quality. The first requisite for this is to reduce as mulching, and planting with species that promote slower
the nitrogen inputs, and then reduce N in the soil if it has accumulatedmineralization (Wedin and Tilman, 1993) would push the system
Rehabilitation efforts will, after all, be negated if high N deposition back to a lower available N . Thus revegetation efforts need to
was the cause of the species loss, and high N deposition continuesonsider more than reestablishing the vegetation, they need to manage
Reduction in air pollution is a political decision that can be and restore N dynamics.
accomplished to a large extent with legislative will. N deposition
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