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Abstract. The widespread occurrence of nitrogen limitation to net primary production in 
terrestrial and marine ecosystems is something of a puzzle; it would seem that nitrogen 
fixers should have a substantial competitive advantage wherever nitrogen is limiting, and 
that their activity in turn should reverse limitation. Nevertheless, there is substantial 
evidence that nitrogen limits net primary production much of the time in most terrestrial 
biomes and many marine ecosystems. 

We examine both how the biogeochemistry of the nitrogen cycle could cause limitation 
to develop, and how nitrogen limitation could persist as a consequence of processes that 
prevent or reduce nitrogen fixation. Biogeochemical mechansism that favor nitrogen limita- 
tion include: 
- the substantial mobility of nitrogen across ecosystem boundaries, which favors nitogen 

limitation in the “source” ecosystem - especially where denitrification is important in 
sediments and soils, or in terrestrial ecosystems where fire is frequent; 

- differences in the biochemistry of nitrogen as opposed to phosphorus (with detrital N 
mostly carbon-bonded and detrital P mostly ester-bonded), which favor the develop- 
ment of nitrogen limitation where decomposition is slow, and allow the development of 
a positive feedback from nitrogen limitation to producers, to reduced decomposition of 
their detritus, and on to reduced nitrogen availability; and 

- other more specialized, but perhaps no less important, processes. 
A number of mechanisms could keep nitrogen fixation from reversing nitrogen limitation. 
These include: 
- energetic constraints on the colonization or activity of nitrogen fixers; 
- limitation of nitrogen fixers or fixation by another nutrient (phosphorus, molybdenum, or 

iron) - which would then represent the ultimate factor limiting net primary production; 
- other physical and ecological mechanisms. 
The possible importance of these and other processes is discussed for a wide range of 
terrestrial, freshwater, and marine ecosystems. 

Introduction 

Nitrogen limitation to primary production is believed to be widespread. A 
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requirement for nitrogen fertilizer is pervasive in intensive agricultural 
sites, and nitrogen is considered by many to be the element most likely to 
limit production in many natural terrestrial and marine ecosystems as well. 

The physiology of nitrogen limitation is relatively well understood. 
Producers require larger quantities of nitrogen than of other nutrients, and 
nitrogen is more costly (energetically) to obtain and use (Gutschick 1981). 
A large fraction of the nitrogen in primary producers functions directly in 
capturing energy in photosynthesis (Evans & Seemann 1989), and there is 
a strong correlation between the amount of nitrogen in terrestrial plants 
and their photosynthetic capacity (Field & Mooney 1986). 

Despite this widespread belief in the prevalence of nitrogen limitation 
and understanding of its physiological basis, it is not obvious why nitrogen 
should ever limit primary production on the ecosystem level, at least for 
long. The atmosphere contains an extraordinarily abundant and well- 
distributed pool of N,, and there are many symbiotic and non-symbiotic 
organisms with the capacity to fix this nitrogen into more widely available 
forms. It would seem that where primary production is limited by nitrogen, 
nitrogen fixing organisms and symbioses should have an enormous com- 
petitive advantage - and that their activity should in turn add fixed 
nitrogen to and ultimately alleviate nitrogen limitation in the system as a 
whole. This logical argument against nitrogen limitation is in fact part of 
the basis for Redfield’s (1958) classic analysis of marine biogeochemistry 
(see also Smith 1984). More recently, it also has been invoked in terres- 
trial (cf Walker & Syers 1976) and freshwater (cf Schindler 1977) 
ecosystems. 

Whether nitrogen is actually limiting to primary production, and if so 
where, for how long, and why, is fundamental to our understanding of 
numerous facets of physiological, population, community, and ecosystem 
ecology. It also matters for understanding global phenomena and for 
predicting the effects of global change. For example, models developed by 
both Pastor & Post (1988) and Schimel et al. (1990) predict that 
greenhouse-induced increased temperatures would cause increased de- 
composition, increased nitrogen mineralization, and hence increased 
primary production in northern latitudes - thereby offsetting some of the 
increased carbon release from northern soils that could otherwise provide 
a positive feedback to global warming. Peterson & Melillo (1985) and 
Aber et al. (1989) suggest that enhanced nitrogen deposition resulting 
from nitrogen fixation during fossil fuel combustion can lead to significant 
carbon storage in recipient ecosystems - a phenomenon that could 
explain part of the north temperate terrestrial CO2 sink suggested by Tans 
et al. (1990). On the other hand, Broecker (1982) concludes that changes 
in phosphorus supply from continents and shelf areas are sufficient to 
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drive long-term changes in net carbon storage in pelagic marine ecosys- 
tems - despite evidence that nitrogen limits short-term carbon fixation in 
many of those areas. 

In this paper, we briefly review evidence for nitrogen limitation in a 
range of terrestrial and aquatic ecosystems. We then examine a number of 
mechanisms that could explain the persistence of apparent or real nitrogen 
limitation in the face of the rather persuasive logic that it should be 
ephemeral or rare. 

Definitions 

In this paper, we define nutrient limitation to a particular process as being 
demonstrable when a substantial addition of a particular nutrient increases 
the rate or changes the endpoint of that process. Howarth (1988) identi- 
fied three processes as being potentially nutrient limited: 
- the growth of populations currently present, 
- net primary production (NPP, defined as gross production or photo- 

synthesis minus respiration of the producers), and 
- net ecosystem production (NEP, defined as NPP minus heterotrophic 

respiration). 

We emphasize nutrient limitation to NPP here, but all three processes 
are of interest, and all three interact at a variety of temporal scales. For 
example, net primary production is critical for determining the energetic 
base of an ecosystem and its rate of carbon and element cycling, but the 
response of NPP to a change in nutrient supply can be constrained by the 
responsiveness of the species present. Net ecosystem production is most 
important in determining the net effect of ecosystems upon downstream 
ecosystems and the atmosphere, but most changes in NEP resulting from 
alterations in nutrient supply are driven (initially) by changes in NPP. 

It is very difficult or impossible to determine the degree of nutrient 
limitation of either NPP or NEP for a number of reasons, most impor- 
tantly that the species present in a low nutrient site may respond a little 
to additions of a nutrient, but other species that require high levels of 
nutrients might have responded still more had they been present (Bradshaw 
et al. 1960, 1964; Chapin et al. 1986; Howarth 1988; Grubb 1989). We 
will therefore discuss only the presence or absence of limitation by 
particular nutrients. 

The time scale over which we examine nutrient limitation is important. 
A month-long nutrient enrichment experiment may be appropriate for 
lake phytoplankton, where the community composition can change com- 
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pletely on this time scale, but may simply represent short-term noise in a 
forest. Even within a type of ecosystem, multiple time scales are impor- 
tant. For example, Walker & Syers (1976) argued quite convincingly that 
phosphorus should ultimately limit primary production in terrestrial 
ecosystems - but “ultimately” may mean after millions of years of soil 
development. We are concerned with why it may take millions of years for 
phosphorus limitation to be expressed - and with why nitrogen often 
appears to limit production in soils that are “only” tens to hundreds of 
thousands of years old. In this paper, we will emphasize nutrient limitation 
that can be demonstrated on time scales ranging from a few days to a few 
years. 

Our best information on nutrient limitation comes from nutrient 
addition experiments; an increase in NPP and/or NEP in a well-con- 
trolled, well-replicated nutrient addition experiment establishes, indeed 
defines, the existence of nutrient limitation. Often, however, such experi- 
ments are nearly or wholly lacking in important types of ecosystems, and 
we must make inferences based upon indirect evidence such as element 
ratios in primary producers or their detritus, or the ratios of elements 
cycling through the biota or present in the external milieu. Such element 
ratios are useful within a given type of ecosystem, in that they reflect the 
relative abundance or scarcity of a particular element rather closely 
(Redfield 1958; Reiners 1986). However, they are not very useful in 
comparisons across types of ecosystems, because (for example) differences 
in the utilization of carbon for structure (wood) or nitrogen for defensive 
compounds (alkaloids) in forest versus grassland or macrophytes versus 
phytoplankton can alter the meaning of element ratios substantially 
(Atkinson & Smith 1983; Vitousek et al. 1988). In any case, the use of 
element ratios or tissue concentrations to infer nutrient limitation is 
inherently less satisfying than experimental studies of nutrient additions. 

Evidence for nutrient limitation 

Terrestrial ecosystems 

Nitrogen is often considered to be the element most often limiting to net 
primary production in terrestrial ecosystems (cf Gutschik 198 1, 1987; Lee 
et al. 1983; Binkley 1986; Kimmins 1987; Tilman 1988). The evidence 
for that assertion is fairly good in the temperate and boreal zones; 
fertilization with nitrogen alone often leads to increased productivity in 
temperate forests (Mitchell & Chandler 1939; Miller 19Sl), boreal forests 
(Agren 1983; van Cleve & Zasada 1976; van Cleve et al. 1983; Bonan 
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1990) temperate grasslands (Valiela 1983; Hunt et al. 1988; Huemreke et 
al. 1990) and arctic and alpine tundra (Bliss 1963; Shaver & Chapin 
1980). Limitation by phosphorus and other elements also occurs, some- 
times jointly with nitrogen limitation and sometimes on relatively unusual 
soils (ie deep glacial outwash, organic soils). In water-limited systems such 
as short-grass steppe and desert, water often represents the primary limit 
to production, but nitrogen is often the nutrient that becomes limiting 
when water supply is enhanced (Dodd & Lauenroth 1979; van Breman & 
de Wit 1983; Fisher et al. 1988). 

Indirect evidence based on element ratios also supports the generaliza- 
tion that nitrogen is often in short supply in the temperate and boreal 
zones. On average, temperate and boreal forests have high carbon:nitrogen 
ratios and relatively low nitrogen:phosphorus ratios in the organic material 
that they contain or circulate (Vitousek 1982; Melillo & Gosz 1983) - 
except where they are dominated by symbiotic nitrogen fixers, or where 
they receive very large inputs of anthropogenically fixed nitrogen from the 
atmosphere. Moreover, there is an overall positive correlation between 
ecosystem nitrogen inputs and NPP (Kelly & Levin 1986) and an overall 
inverse correlation between NPP and carbon:nitrogen ratios (Pastor et al. 
1984; Zak et al. 1989). Where the appropriate experiments and measure- 
ments have been made, fertilization with nitrogen often both increases 
NPP and decreases carbon:nitrogen ratios substantially (Miller et al. 
1976). 

Production in many tropical savamrahs and grasslands is demonstrably 
nitrogen-limited (van Breman & de Wit 1983; Hogberg 1989) but there is 
relatively little direct evidence bearing on nutrient limitation in natural 
tropical forests. Cuevas & Medina (1988) did demostrate that tree roots 
in a lowland tropical forest on an oxisol proliferated vigorously in 
response to spot additions of calcium or phosphorus (but not nitrogen), 
suggesting deficiencies of those elements, while roots in a forest on a 
spodosol responded to added nitrogen. Indirect evidence from element 
ratios suggests that nitrogen generally is not limiting in lowland tropical 
forests - carbon:nitrogen ratios are low, and nitrogen:phosphorus (or 
calcium, magnesium, or potassium) ratios are very high by global stand- 
ards in forests on the oxisols and ultisols that make up the majority of 
tropical forest soils (Vitousek 1984; Vitousek & Sanford 1986; Jordan 
1985). Nitrogen-fixing legumes are often important components of the 
plant community in such sites. In contrast, tropical montane forests and 
forests developed on sandy soils (spodosols and psamments) generally 
have higher carbon:nitrogen ratios and could be limited by nitrogen 
(Cuevas & Medina 1986, 1988; Vitousek & Sanford 1986; Vitousek et al. 
1988). Two fertilization studies in the montane tropics have identified 
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nitrogen (or nitrogen and phosphorus) as limiting to primary production 
(Vitousek et al. 1987; Tanner et al. 1989). 

Finally, long-term production in modern intensive agricultural systems 
generally is limited by nitrogen - whether or not the natural systems from 
which they were derived are nitrogen limited. Phosphorus, potassium, and 
often other elements are also applied extensively, but most often their 
effects on crop yield are interactive with those of nitrogen. 

Freshwater ecosystems 

NPP in most lakes in the temperate zone is clearly limited by phosphorus, 
at least on the time scale of whole growing seasons or years (Edmondson 
1970; Schindler 1977; Schindler et al. 1978; Vollenweider 1976). Short- 
term nutrient enrichment experiments in closed containers have some- 
times suggested that carbon rather than phosphorus is limiting; however, 
this is an artifact of separating waters from sources of resupply of carbon 
dioxide from the atmosphere and sediments (Schindler 1981). Whole-lake 
nutrient enrichment experiments have demonstrated that phosphorus 
limits NPP even in waters having a very low carbon dioxide content 
(Schindler 1977; Schindler et al. 1978). 

In contrast to limitation of NPP, the growth of a particular algal 
population is often limited by nutrients other than phosphorus. For 
instance, the growth of diatom populations in many freshwater lakes is 
commonly limited by silicon (Tilman et al. 1982, 1986; Schelske et al. 
1986). However, at low silicon levels, diatoms are replaced by other algal 
species having low silicon requirements without any demonstrable effect 
on NPP. 

The growth of many phytoplankton species also can be limited by 
nitrogen when the availability of nitrogen is low compared to that of 
phosphorus. As with silicon, however, this typically has little influence on 
NPP in temperate-zone lakes. The low availability of nitrogen favors 
dominance by nitrogen-fixing cyanobacteria (Schindler 1977; Flett et al. 
1980; Tilman et al. 1982; Smith 1983) which replace the species whose 
growth was nitrogen limited. 

NPP in some tropical lakes could be limited by nitrogen rather than by 
phosphorus (Melack et al. 1982; Hecky & Kilham 1988). There is some 
evidence that certain oligotrophic temperate-zone lakes can also be 
nitrogen limited (Goldman 198S), and some saline lakes also appear to be 
limited by nitrogen or elements other than phosphorus (Campbell & 
Prepas 1986). 
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Marine ecosystems 

Howarth (1988) recently reviewed the evidence for nutrient limitation of 
NPP in pelagic marine ecosystems. Many workers have long considered 
NPP in estuaries and marine ecosystems to be nitrogen limited. Evidence 
supporting this comes principally from short-term bioassays (Ryther & 
Dunstan 1971; Vince & Valiela 1974; Smayda 1974; Nor-in 1977, Graneli 
1978, 1981, 1984; Carpenter & Capone 1983; D’Elia et al. 1986) and 
from the relatively low concentrations of dissolved inorganic nitrogen 
compared to dissolved phosphorus in many marine ecosystems (Thomas 
1966; Ryther & Dunstan 1971; Boynton et al. 1982; Nixon & Pilson 
1983; Graneli 1984; Valiela 1984; D’Elia et al. 1986; Smith et al. 1986). 
Both lines of evidence can be criticised (McCarthy & Goldman 1979; 
Smith 1984; Hecky & Kilham 1988; Howarth 1988), but taken cumula- 
tively, the data to tend to suggest that NPP in many temperate-zone 
coastal marine ecosystems is indeed nitrogen limited (Howarth 1988). 

In contrast, Redfield (1958) argued that production in the world’s oceans 
should be limited by phosphorus, since nitrogen fixation could make up 
any nitrogen deficits. Broecker (1982) and Smith (1984) have argued 
similarly that NEP should be phosphorus limited. However, cynobacteria 
(mostly Trichodesmium) are sparse and rates of nitrogen fixation are very 
low over most of the ocean (Carpenter 1983; McCarthy & Carpenter 
1983; Howarth et al. 1988 a, b). Nonetheless, the sinks for nitrogen in 
open ocean waters are small, and the low rates of nitrogen fixation may be 
sufficient to alleviate nitrogen deficiencies. In the oligotrophic, subtropical 
Pacific, the low levels of nitrogen and phosphorus are present nearly in the 
relative abundances required by phytoplankton, although nitrogen appears 
to be slightly less abundant (Jackson & Williams 1985; Smith et al. 1986). 
Other elements may also control primary production in some open ocean 
waters; in many oceanic waters (Southern Ocean, subarctic Pacific, and 
equatorial Pacific), both phosphorus and nitrogen are relatively abundant 
(Martin et al. 1989). Martin and colleagues (Martin & Fitzwater 1988; 
Martin et al. 1989; Martin et al. 1990) have proposed that iron may limit 
net primary production in these waters (but see Banse 1990; Dugdale & 
Wilkerson 1990; Peng & Broecker 1991). 

Net ecosystem production in many tropical lagoons and embayments 
appears to be phosphorus limited (Smith 1984) as does photosynthesis 
and growth of tropical seagrasses and macroalgae in many (Short et al. 
1985, 1990; Littler et al. 1988; Powell et al. 1989) but not all (La Pointe 
et al. 1987; McGlathery et al. in press) locations. NPP appears to be 
limited by phosphorus in some temperate zone estuaries during at least 
some seasons (Myers & Iverson 198 1; D’Elia et al. 1986). 
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Why nitrogen limitation? 

The brief survey of nutrient limitation above makes it clear that nitrogen is 
at least the proximate limiting nutrient to net primary production in many 
of Earth’s ecosytems for much of the time. Ultimately, this nitrogen 
limitation can persist only if biological nitrogen fixation does not respond 
to nitrogen deficiency with an increase sufficient to reverse that deficiency 
in nitrogen-limited sites. However, a variety of differences in the biogeo- 
chemical cycle of nitrogen as compared to other elements (particularly 
phosphorus) could initiate or accentuate nitrogen limitation in many 
ecosystems. We will review these differences briefly by contrasting the 
biogeochemical cycles of nitrogen and phosphorus, the two leading 
candidates for the title of “most limiting nutrient” globally. We will then 
examine a number of reasons why the activity of biological nitrogen fixers 
could fail to increase substantially in nitrogen limited ecosystems despite 
the strong competitive advantage they should enjoy. 

Biogeochemical mechansism afecting nitrogen limitation 

First, in terrestrial ecosystems nitrogen and phosphorus differ in their 
ultimate source, with nitrogen derived primarily from the atmosphere and 
phosphorus from rock weathering. Accordingly, nitrogen is nearly absent 
from new soils and would be expected to be limiting to both NPP and 
NEP there - as indeed it generally is (cf. Stevens & Walker 1970; Marrs 
et al. 1983; Vitousek et al. 1987). In contrast, the amount and availability 
of phosphorus declines during long-term soil development, eventually 
reaching a “terminal steady state” of profound phosphorus limitation 
(Walker & Syers 1976; Cole & Heil 1981). This difference may help to 
explain why tropical forests on very old, deeply leached soils appear to 
be strongly phosphorus (or calcium or potassium) limited (Vitousek & 
Sanford 1986; Cuevas & Medina 1988), while glaciation is frequent 
enough in temperate and boreal ecosystems to avoid this “terminal steady 
state”. It does not explain why NPP and perhaps NEP in many temperate 
and boreal areas is nitrogen limited; 12,000 to 20,000 years of post-glacial 
time should be sufficient to accumulate enough nitrogen from precipita- 
tion and nitrogen fixation to alleviate the nitrogen limitation that occurs in 
new soils (Vitousek & Reiners 1975; Peterjohn & Schlesinger 1990). 

Second, nitrogen and phosphorus differ in their mobility through soils, 
with nitrogen being much more readily lost to terrestrial ecosystems 
through leaching to aquatic systems or volatilization and denitrification to 
the atmosphere. Consequently, nitrogen loading from natural terrestrial 
ecosystems to aquatic systems often is proportionally greater than phos- 
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phorus loading (Kelly & Levin 1986) a difference that could contribute to 
phosphorus limitation in lakes. 

Could the greater mobility of nitrogen cause a tendency towards 
nitrogen limitation in terrestrial ecosystems? Nitrogen losses clearly are 
sufficient to cause nitrogen limitation in some disturbed terrestrial eco- 
systems. Nitrogen retention within ecosystems is dominated by biological 
processes (plant uptake and microbial immobilization) (Vitousek & 
Matson 1985). When these are disrupted by intense or prolonged dis- 
turbance such as cultivation, the initial response is nitrogen mobilization 
leading to a large increase in nitrogen availability that can support a burst 
of “pioneer” agriculture. With continued cultivation, however, a large 
proportion of total soil nitrogen eventually is lost to harvest, erosion, 
leaching to streamwater and groundwater, and volatilization and denitrifi- 
cation. The residual nitrogen is in organic forms that are highly recal- 
citrant to decomposition. In contrast, phosphorus is retained within 
terrestrial ecosystems by both biological and geochemical mechanisms 
(notably adsorption and precipitation with iron, aluminum, manganese, 
and calcium) (Wood et al. 1984); hence phosphorus losses primarily occur 
through harvest and erosion even under prolonged cultivation. The net 
result is that losses of soil nitrogen average 25-50% of the original total 
after 40 or more years of intensive cropping in temperate grassland (Haas 
et al. 1957; Cole et al. 1989) while phosphorus losses average 5-15% 
(Haas et al. 1961; Tiessen et al. 1983). Moreover, the relatively labile 
forms of organic nitrogen are depleted disproportionately in comparison 
with phosphorus (Parton et al. 1988). This difference in mobility probably 
explains why productivity in most long-term, intensive agricultural ecosys- 
tems becomes dependent on large and repeated additions of nitrogen 
fertilizer or on frequent rotations of legumes. 

Natural disturbance is pervasive in terrestrial ecosystems (Pickett & 
White 1985) - could it cause elevated nitrogen losses that lead ultimately 
to nitrogen limitation? There is evidence that nitrogen mobilization and 
losses are increased by a variety of natural disturbances, including insect 
defoliation (Swank et al. 1981) and forest dieback (Matson & Boone 
1984) but the magnitude of nitrogen losses following most natural 
disturbances examined thus far is rather small. However, fire is one form 
of both natural and human-caused disturbance that unquestionably causes 
disproportionately high losses of nitrogen. Fire volatilizes nitrogen as it 
releases most other nutrients into available forms (Raison 1979; Lobert et 
al. 1990; Crutzen & Andreae 1990). Frequent fire can therefore be 
expected to lead to nitrogen limitation (Vitousek et al. 1982). At the same 
time, fire also reduces competition for light and releases phosphorus into 
readily available forms; it could therefore enhance nitrogen fixation 
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(Reiners 1981). There is substantial evidence for elevated nitrogen fixa- 
tion following fire (Eisele et al. 1989) but high frequencies of fire (often 
as a consequence of human activity) clearly cause nitrogen losses in excess 
of any replacement by nitrogen fixation (Ojima 1987). Moreover, although 
fire volatilizes substantial quantities of nitrogen, it also increases the short- 
term availability of residual soil nitrogen. Consequently, a short-lived flush 
of available nitrogen can partially repress nitrogen fixation during the brief 
period in which light and phosphorus are elevated after fire (Hobbs & 
Schimel 1984). Overall, fire is probably a significant cause of nitrogen 
limitation in terrestrial systems in which it is frequent. 

Are nitrogen losses from undisturbed terrestrial ecosystems sufficient 
to lead to nitrogen limitation ? At first glance, it would appear not; 
hydrologic nitrogen balances (N in bulk precipitation versus N loss by 
leaching) generally yield nitrogen inputs well in excess of outputs (cf 
Likens et al 1977). The major exceptions are observed where nitrogen 
availability within intact systems is high, as in old, non-aggrading forests 
on fertile soils and in the lowland tropics (Vitousek & Reiners 1975; 
Coats et al. 1976; Lewis 1988). Where nitrification is substantial, denitrifi- 
cation to N, could be responsible for more nitrogen loss, but such fluxes 
are notably difficult to estimate on an area1 basis. Losses of the more 
easily measured gas N,O (a product of nitrification and denitrification) are 
much greater from lowland tropical forest ecosystems than elsewhere 
(Keller et al. 1986; Matson & Vitousek 1987). Together, these observa- 
tions are consistent with the occurrence of substantial nitrogen losses only 
where nitrogen is not limiting. 

On the other hand, nitrogen losses from terrestrial ecosystems must be 
more or less equal to inputs on long time scales; for example, Peterjohn & 
Schlesinger (1990) estimated that more than 70% of total nitrogen inputs 
to a desert eosystem over the past 10,000 years had been lost, and similar 
calculations can be made for any terrestrial ecosystem. Whether these 
losses occur episodically following disturbance or more-or-less contin- 
uously by denitrification is uncertain, but in either case the greater 
mobility of nitrogen than phosphorus tends to drive terrestrial ecosystems 
towards nitrogen limitation. 

Third, differences in the cycling of nitrogen and phosphorus through 
sediments can favor the development of either nitrogen or phosphorus 
limitation in aquatic ecosystems, and similar processes can be important in 
soils. In many temperate-zone estuaries and coastal marine ecosystems, 
phosphorus mineralized during decomposition is readily released from the 
sediments (Rowe et al. 1975; Boynton et al. 1980), while denitrification in 
sediments is a major process removing available nitrogen from both 
freshwater lakes and coastal marine ecosystems (Knowles 1982; Seitzinger 
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et al. 1984; Seitzinger 1988). Consequently, nutrient fluxes from sedi- 
ments are relatively depleted in nitrogen compared to phosphorus (Nixon 
et al. 1980), and nitrogen limitation should be favored. Smith et al. (1989) 
proposed that sediment denitrification operates as part of an organic 
carbon-controlled regulatory cycle that maintains proximate nitrogen 
limitation to NPP (although not to NEP) in coastal waters. One facet of 
this cycle is that any accumulation or addition of dissolved inorganic 
nitrogen can cause the fixation of more organic carbon, which in turn can 
cause the reduction of any accumulated nitrate when it decomposes. 

Phosphorus release from sediments is not always high; fluxes of 
nutrients from lake sediments can be either enriched or depleted in 
nitrogen compared to phosphorus as a consequence of phosphorus ad- 
sorption in sediments (Kamp-Nielsen 1974; Khalid et al. 1977; Schindler 
et al. 1977). Recently, Caraco et al. (1989, 1990) suggested that phos- 
phorus fluxes from sediments are regulated in part by sulfate concentra- 
tions; when sulfate levels are low, phosphorus tends to adsorb to the 
sediment, whereas high sulfate levels favor release of phosphorus to the 
water column. 

In tropical marine calcareous sediments, phosphorus can be tightly 
adsorbed (Morse et al. 1985), often contributing to phosphorus limitation 
in these ecosystems (Short et al. 1985, 1990). However, concentrations of 
dissolved phosphorus are high in some calcareous sediments (Hines & 
Lyons 1982; McGlathery et al. in press), perhaps because high organic 
matter concentrations compete with phosphorus for adsorption sites 
(Krom & Berner 1980). Nitrogen limitation can occur under these condi- 
tions (McGlathery et al. in press). 

Phosphorus adsorption could also affect the degree of phosphorus 
versus nitrogen limitation in some terrestrial ecosystems. Phosphate ad- 
sorption is particularly marked in the variable-charge iron and aluminum 
sesquioxide clay-dominated soils of tropical regions (Uehara & Gillman 
1981); such clays are amphoteric, with net positive charge under acidic 
conditions, and they bind phosphate nearly irreversibly (Sollins et al. 
1988; Sollins 1989). Many tropical agricultural systems require fertiliza- 
tion with very large quantities of phosphorus to overcome this phosphorus 
fixing capacity (Uehara & Gillman 1981). Accordingly, the observed 
pattern of very high C:P and N:P ratios in the vegetation of many tropical 
forests (putative phosphorus limitation) could be due in part to phos- 
phorus adsorption. Adsorption of nitrate-nitrogen also occurs on such 
soils (Kinjo & Pratt 1971; Matson et al. 1987), but it is neither as 
complete nor as irreversible as phosphorus adsorption. 

Fourth, biochemical differences between nitrogen and phosphorus 
could be significant on the ecosystem level. Most importantly, organic 
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nitrogen is directly carbon-bonded (C-N) and often in structural or com- 
plexed forms, while organic phosphorus is usually ester-bonded (C-O-P) 
and often soluble. Plant roots, mycorrhizae, algae, bacteria, and fungi all 
can produce extracellular phosphatases that cleave the ester phosphate 
bond (McGill & Cole 1981; Hunt et al. 1983, Howarth 1988); all there- 
fore can invest nitrogen in obtaining phosphorus, and thereby synchronize 
the release of phosphorus from organic forms with their own phosphorus 
requirements. In contrasts, multiple enzyme systems must be involved 
in the breakdown of structural or phenolic nitrogen-containing organic 
compounds before any nitrogen can be released into available forms. 
Synchronizing plant requirements with nutrient supply is therefore much 
more difficult for nitrogen than for phosphorus, and extracellular enzyme 
systems may be less rewarding (in part because they require investing 
limited nitrogen on the chance of obtaining more nitrogen, all in com- 
petition with microorganisms [D. Valentine, pers. comm.]). This distinction 
is appealing, although the experimental evidence supporting it is weak. If it 
is correct, slow rates of decomposition should impede nitrogen cycling 
more than phosphorus cycling (Jackson & Williams 1985; Smith et al. 
1986; Vitousek & Walker 1987). In terrestrial systems, climatic control 
makes decomposition much more rapid in lowland tropical than tem- 
perate or boreal regions (Meentemeyer 1978) and this difference in 
biochemistry therefore represents another mechanism that could cause a 
tendency towards nitrogen limitation in temperate and boreal ecosystems 
where organic matter is accumulating, and limitation by other nutrients in 
lowland tropical regions. 

In terrestrial ecosystems, this difference between the nitrogen and 
phosphorus cycles also means that nitrogen limitation can set in motion a 
positive feedback that maintains or accentuates nitrogen limitation - 
whatever its initial cause (Vitousek et al. 1982; Pastor & Post 1986). 
Nitrogen-deficient plants produce tissue and litter that has higher car- 
bon:nitrogen ratios and relatively higher contents of lignin and other 
recalcitrant compounds than plants with sufficient nitrogen (Vitousek 
1982; Pastor et al. 1984). Their tissue therefore decomposes relatively 
slowly, and the microorganisms decomposing it immobilize large quanti- 
ties of nitrogen for long periods of time (Melillo et al. 1982). This 
immobilization in turn reduces nitrogen availability to plants, and the 
cycle continues towards greater nitrogen limitation as long as organic 
nitrogen continues to accumulate. Some of these mechanisms apply 
equally well to phosphorus (i.e. phosphorus limitation leads to high 
carbon:phosphorus ratios in litter), but to the extent that organic phos- 
phorus can be mineralized on demand (McGill & Cole 1981) the 
complete feedback cycle will not operate. 
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Finally, a number of additional mechanisms that favor nitrogen over 
phosphorus limitation have been suggested. Grazing by some species of 
zooplankton apparently can regenerate phosphorus more effectively than 
nitrogen because relatively more phosphorus is excreted in soluble forms 
and relatively more nitrogen is retained in fecal pellets (Knauer et al. 
1979; Lehman 1984). In terrestrial ecosystems, reabsorption of phos- 
phorus from senescing foliage may be more effective on average than is 
reabsorption of nitrogen (Walbridge in press), and there is some evidence 
that the fraction of foliar phosphorus reabsorbed is more dependent on 
phosphorus nutrition than is the case for nitrogen (Birk & Vitousek 1984, 
in Binkley 1986). The generality and overall significance of these mechan- 
isms is uncertain. 

Nitrogen fixation and nitrogen limitation 

Despite the number of mechanisms that can lead to nitrogen limitation of 
net primary production, the logic that such limitation (for whatever reason 
it occurs) should give nitrogen-fixing organisms or symbioses an over- 
whelming competitive advantage over non-fixers seemingly remains unas- 
sailable. The activity of nitrogen fixers could in turn bring the amount and 
availability of nitrogen into a rough equilibrium with the availability of 
other resources, compensating for whatever mechanisms are driving the 
ecosystem toward nitrogen limitation. This is in fact the common response 
in temperate zone lakes (Schindler 1977; Flett et al. 1980). Why doesn’t it 
occur and alleviate nitrogen limitation of net primary production in all 
ecosystems? 

We believe that three mechanisms or classes of mechanisms can 
prevent nitrogen fixation from responding to and reversing nitrogen 
limitation. These include: 

1. Nitrogen fixation rates are low because of energetic constraints on the 
activity of nitrogen-fixing organisms. 

2. Rates of nitrogen fixation are themselves limited by some other 
nutrient; that is, ecosystem-level nitrogen limitation can be viewed as 
limitation by some other element in disguise. 

3. Nitrogen-fixing organisms cannot become established or are unable to 
fix nitrogen at significant rates due to other ecological or physical 
constraints. 

There is of course no reason to anticipate that only one of these 
mechanisms limits nitrogen fixation in all sites where nitrogen limitation of 
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net primary production occurs. Rather there is good reason to believe they 
can interact. 

The energetic cost of nitrogen fixation 

Nitrogen could limit primary production because the energetic cost of 
fixing dinitrogen can be high relative to that of taking up ammonium or 
nitrate. Gutschick (1981) calculated that it costs a symbiotic nitrogen fixer 
8-12 g of glucose to acquire 1 g of nitrogen via fixation - not including 
the construction or maintenance costs of any specialized structures. The 
operational cost of nitrate reduction is equally high, although it does not 
require the construction or maintenance of large specialized structures 
such as root nodules or heterocysts. Moreover, the costs of nitrate 
reduction may be more apparent than real if reduction can be coupled to 
photosynthetic electron transport. Finally, ammonium acquisition is ener- 
getically inexpensive - discounting any increased investment in roots or 
symbionts that might be required to overcome the low mobility of 
ammonium in most soils. 

Gutschick (1981, 1987) suggested that in terrestrial ecosystems, sym- 
biotic nitrogen fixers are often present in early successional sites but are 
absent from climax sites - even though nitrogen remains limiting (indeed, 
may become limiting) to net primary production in the older sites. He 
suggested that nitrogen limitation could persist in late-successional or 
climax ecosystems because as energy becomes limiting in a closed-canopy 
plant community, nitrogen fixers could lose some of the competitive 
advantage that they would otherwise enjoy under low-nitrogen conditions. 
Their relative advantage should decline to zero at the point where the cost 
to non-fixers of acquiring nitrogen from the soil (investment in roots, up- 
take and nitrate reduction) balances the cost to fixers of fixing dinitrogen. 
The productivity of non-fixers will be limited by nitrogen at that point, 
and any addition of nitrogen should therefore increase NPP on the 
ecosystem level at least temporarily. 

This mechanism could be reinforced by the difficulty that nitrogen 
fixers experience in colonizing and growing up through the understory of 
closed-canopy community (Bormann & Gordon 1984). When light levels 
in the understory are low, it may be impossible for energy-limited under- 
story plants to pay the construction, maintenace, and operational costs 
inherent to nitrogen fixation - even if nitrogen strongly limits NPP in the 
system as a whole (Tilman 1986). Nitrogen limitation would then persist 
even though fixers would offset or reverse nitrogen limitation if they could 
colonize and reach the canopy. Only in disturbed and early successional 
sites, or in sites where leaf area remains low through succession due to 
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limitation by some other resource, are nitrogen fixers able to colonize. 
That successional pattern of colonization is often observed in the tem- 
perate zone (Boring et al. 1988) although not in the many tropical forests 
in which legumes are important components of the community at all stages 
of succession. Where nitrogen fixing symbioses to persist in late-succes- 
sional temperate sites, it is generally in water-limited open-canopied sites 
or as epiphytes (cf Denison 1979). 

An entirely different mechanism can reduce nitrogen fixation in many 
early secondary successional sites. The activity of symbiotic nitrogen fixers 
is repressed by high levels of available nitrogen, and disturbance generally 
causes a substantial but short-lived flush of available nitrogen (Bormann & 
Likens 1979; Vitousek & Matson 1985; Vitousek et al. 1989). Conse- 
quently, nitrogen fixation can be suppressed because nitrogen does not 
limit net primary production at the only time in secondary succession 
when colonization by nitrogen fixers would be energetically feasible. 

Nitrogen fixation by the widespread nonsymbiotic heterotrophic bac- 
teria in terrestrial ecosystems may be constrained by a different kind of 
energy limitation. The activity of soil microorganisms generally is believed 
to be limited by the supply of labile organic carbon rather than by 
nitrogen or other nutrients (Alexander 1977; Flanagan & Van Cleve 
1983; Hunt et al. 1988). Heterotrophs that spend scarce energy on 
nitrogen fixation therefore should be at a competitive disadvantage rela- 
tive to other heterotrophs, even in systems where net primary prouction is 
nitrogen limited - and even though nitrogen fixation might ultimately 
increase the supply of labile organic carbon in those systems. The decom- 
position of wood, which has very low nitrogen concentrations, may be an 
exception; heterotrophic nitrogen fixation often is observed in decaying 
wood (Cornaby & Waide 1973; Roskoski 1980). 

Light availability may also play a major role in regulating nitrogen 
fixation in aquatic ecosystems (Levine & Lewis 1987: Smith, in press). 
Nitrogen fixation by benthic cyanobacterial mats (and by cyanobacterial 
symbionts on benthic macrophytes) is prevalent in both freshwater and 
marine ecosystems when high levels of light strike the bottom (reviewed in 
Howarth et al. 1988a). This generally occurs in very shallow systems or 
in highly oligotrophic ecosystems where planktonic biomass is low. Such 
nitrogen fixation is one reason to expect phosphorus limitation in some 
oligotrophic, tropical lagoons (Smith 1984; Smith & Atkinson 1984; 
Howarth 1988). In deeper systems or in more productive temperate-zone 
estuaries, insufficient light strikes the bottom to support significant nitro- 
gen-fixation by benthic cyanbacteria. Nitrogen fixation in hyper-eutrophic 
lakes may also be light limited due to extreme self-shading by phytoplank- 
ton (Smith, in press). We suspect that the high turbidity and deep mixed 
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layers found in many temperate zone estuaries could also limit the activity 
of planktonic N-fixing cyanobacteria (see below). 

Nitrogen fixation by heterotrophic bacteria occurs commonly in both 
marine and freshwater sediments. This fixation too appears to be energy 
limited, and rates of nitrogen fixation increase as the organic carbon 
concentration of the sediment increases (Howarth et al. 1988a). However, 
rates of denitrification can also be carbon controlled (Smith et al. 1989), 
and denitrification exceeds nitrogen fixation by heterotrophic bacteria in 
any sediment where both processes have been measured (Seitzinger 
1988). The result is generally a net loss of available nitrogen from the 
ecosystem. 

Nitrogen limitation is limitation by another nutrient in disguise 

In its simplest form, this suggestion holds that phosphorus or another 
nutrient sets the limit for both net primary production and net ecosystem 
prouction in an ecosystem, and that nitrogen fixation then brings the 
availability of nitrogen near, but not to, this limit. Nitrogen fixation 
diminishes short of the limit set by phosphorus availability because both 
terrestrial and aquatic nitrogen fixers systematically have a greater demand 
for phosphorus than do non-fixers (Doremus 1982; Dixon & Wheeler 
1983; McCarthy & Carpenter 1983; Hogberg 1989) so that nitrogen 
fixers cannot compete effectively for very low levels of phosphorus. 
Consequently, nitrogen fixation decreases substantially at a phosphorus 
level where most primary producers can still obtain phosphorus - and at 
equilibrium, nitrogen fixers are limited by phosphorus while most primary 
producers are nitrogen limited. Fertilization with nitrogen would then be 
expected to cause a rapid but short-lived increase in NPP and perhaps 
NEP. However, addition of phosphorus would not increase NPP imme- 
diately, but it would increase nitrogen fixation, and hence eventually lead 
to greater overall biomass, NPP, and NEP (Redfield 1958; Schindler 
1977; Smith 1984). A short-term experiment of the sort commonly used 
by marine scientists would always suggest nitrogen limitation, however - 
even at the new equilibrium following phosphorus fertilization, most of the 
primary producers would in fact experience a proximate nitrogen limita- 
tion. Nevertheless, the ultimate limitation to ecosystem-level primary 
production would be set by phosphorus. The equilibrium of N:P ratios 
observed in oligotrophic pelagic ecosystems suggests that this mechanism 
may be important - although on a fairly long time scale (Smith 1984; 
Howarth 1988) in contrast to the rapid responses observed in temperate 
lakes. 

We are aware of only one experiment that tested this hypothesis 
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directly in a coastal marine ecosystem on an appropriate time scale. In the 
summer of 1988, mesocosm tanks at the Marine Ecosystem Research 
Laboratory (MERL) facility in Narragansett, Rhode Island, were fertilized 
with phosphate alone, nitrogen alone, phosphate + nitrogen, or left 
unfertilized. The amount of phosphate added was equivalent (per volume 
of surface water) to that used in the Lake-227 experiment at the Experi- 
mental Lakes Area (Schindler et al. 1978, Flett et al. 1980) except that a 
one-time addition was used in the MERL experiment. The rate of nitrogen 
addition was ten times higher than this (per mole). The addition of 
nitrogen strongly stimulated gross primary production and NEP through- 
out the growing season; in marked contrast to the Lake-227 experiment, 
phosphorus additions to the MERL mesocosms had no effect on produc- 
tion, and most of the phosphorus stayed in solution (Frithsen et al. 1988, 
and unpublished data). Also in contrast to the Lake-227 experiment (Flett 
et al. 1980) N-fixing species of planktonic cyanobacteria did not respond 
to the phosphate addition in the MERL mesocosms and were virtually 
absent from all of the mesocosms (Frithesen, Oviatt, Cole & Howarth, 
unpublished data). Although measurable nitrogen fixation occurred in the 
plankton of the phosphate-addition mesocosms (presumably by heterotro- 
phic bacteria), rates were not significantly greater than in the control 
mesocosms. 

Phosphorus is not the only element that can regulate rates of nitrogen 
fixation; a strong case can be made that molybdenum, iron, sulfur, or 
other elements could limit nitrogen fixation and hence overall primary 
production. Molybdenum is particularly intriguing because it is essential 
for most nitrogen fixers, but not required for organisms growing on 
ammonium as their sole nitrogen source. Indeed, Howarth & Cole (1985) 
suggested that the apparent difference in nutrient limitation between 
freshwater and marine ecosystems (with most freshwater system clearly 
phosphorus limited and many coastal marine systems apparently nitrogen 
limited) may be caused by differences in molybdenum availability. While 
molybdenum concentrations are higher in marine than in most freshwater 
ecosystems, the high sulfate concentrations in marine environments could 
interfere with molybdate uptake and thereby limit nitrogen fixation 
(Howarth and Cole 1985; Howarth et al. 1988b). The extremely low 
particulate molybdenum concentrations in seawater further suggest a low 
biotic availability of this element (Howarth et al. 1988b). 

Short-term experiments that manipulate either molybdenum or sulfate 
concentrations in saline waters have given variable results, sometimes but 
not always stimulating rates of nitrogen fixation (Howarth & Cole 1985; 
Paerl et al. 1987; Wurtsbaugh 1988). Longer term experiments are 
required to test the molybdenum-control hypothesis. However, a study of 
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13 saline lakes in Alberta supports the suggestion that molybdenum 
availability can partially regulate nitrogen fixation. Marino et al. (1990) 
found that molybdenum availability (as determined by the sulfate: 
molybdenum ratio) was the best predictor of the relative abundance of 
species of nitrogen-fixing cyanobacteria in the plankton of these lakes. 
Interestingly, phosphorus concentrations were negatively correlated with 
the abundances of nitrogen-fixing cyanobacteria in these saline lakes 
(Marino et al. 1990). 

An argument can also be made for iron regulation of rates of nitrogen 
fixation by plankton in marine ecosystems (Rueter 1982; Howarth et al. 
1988b), where iron concentrations are typically very low (Martin et al. 
1989). While iron is required by all organisms, nitrogen-fixing organisms 
and symbioses require more than non-fixers. Thus, nitrogen fixation in 
marine environments could be iron limited while net primary production 
by the phytoplankton community as a whole remained proximately 
nitrogen limited. Iron was probably not a factor in the saline lakes studied 
by Marino et al. (1990) since it was relatively abundant in all of them. 

In natural terrestrial ecosystems, there is substantial evidence that 
nitrogen fixation is dependent on phosphorus availability (Dixon & 
Wheeler 1983; Silvester 1983; Hogberg 1989). Nitrogen fixation generally 
is most important in early stages of soil development, where the nitro- 
gen:phosphorus ratio in soil is low due to the absence of nitrogen from 
most parent material (Stevens & Walker 1970; Walker & Syers 1976; 
Gorham et al. 1979). Additionally, some experimental studies have 
yielded a significant effect of nitrogen:phosphorus ratios on nitrogen 
fixation (Eisele et al. 1989). However, many terrestrial systems that are 
strongly nitrogen limited and have adequate phosphorus nonetheless do 
not support nitrogen fixation. There is some evidence that molybdenum 
and other micronutrient additions can regulate nitrogen fixation in pasture 
ecosystems (Gadgil et al. 1981; Dixon & Wheeler 1983) and suggestions 
that molybdenum additions stimulate rates of nitrogen fixation in some 
forest soils (Silvester 1989). The low pH of many forest soils may cause 
strong adsorption of molybdenum, thereby keeping its availability low 
(Bhella & Dawson 1972; Jarrell and Dawson 1978; Crews et al. 1989). 

Ecological and physical constraints on nitrogen@ation 

In addition to the energetic constraints and biogeochemical controls on 
nitrogen fixation, a variety of ecological and other physical constraints 
may play a role in regulating rates. Paerl and his colleagues (Paerl 1985; 
Paerl et al, 1987; Paerl & Carlton 1988) have discussed the potential 
influence of turbulence on planktonic nitrogen fixation. Turbulence can 
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not only physically break up colonies of cyanobacteria (Carpenter & Price 
1976) it can lower the likelihood of anoxic microzones in colonies. Such 
microzones can favor nitrogen fixation by protecting the oxygen-sensitive 
enzyme nitrogenase (Paerl 1985; Paerl & Carlton 1988). Anoxic micro- 
zones may also increase the availability of molybdenum by favoring the 
extracellular reduction of molybdate to reduced molybdenum compounds; 
this would overcome the negative effect of sulfate on molybdenum assimi- 
lation (Howarth et al. 1988b). The higher turbulence thought to occur in 
marine ecosystems than in many freshwater lakes may therefore adversely 
affect nitrogen-fixing cyanobacteria in the plankton (Paerl & Prufert 
1987). The lower concentration of dissolved organic matter in seawater 
may also affect nitrogen-fixing cyanobacteria adversely, either by lowering 
the likelihood of anoxic microzones (Paerl et al. 1987) or by decreasing 
the availability of iron and molybdenum through reduced complexation 
(Howarth et al. 1988b). 

Ecological constraints on nitrogen fixation have received less attention 
but may be important in some circumstance. A recent experiment at 
Cornell University’s Experimental Ponds Facility demonstrated that graz- 
ing by cladoceran zooplankton could prevent cyanobacterial blooms in the 
plankton (Howarth et al. 1990, and unpublished data). In ponds having 
similar nitrogen and phosphorus concentrations and fertilization regimes, 
but where copepods rather than cladocerans were the dominant zooplank- 
ton, large blooms of nitrogen-fixing cyanobacteria dominated the phyto- 
plankton community. Could heavier grazing pressures in marine ecosys- 
tems contribute to the relative lack of nitrogen-fixing cyanobacteria there? 
And what ecological constraints to nitrogen fixation (ie grazing on pro- 
tein-rich tissues) exist in terrestrial ecosystems? 

Conclusions 

We have reviewed a wide range of mechanisms that could cause nitrogen 
limitation in natural terrestrial and marine ecosystems. All of these are 
logically consistent, but rarely is there sufficient evidence to allow tests of 
the relative or absolute importance of any of these mechanisms in any site 
or class of sites. We speculate that the pattern of nitrogen limitation on 
land (widespread except in lowland tropical forests and perhaps very old 
temperate soils) probably reflects energetic constraints on the colonization 
of nitrogen fixers in communities with closed canopies, the influence of 
fire and other disturbances that mobilize nitrogen more rapidly than other 
elements, and positive feedbacks between low nitrogen availability, low 
litter quality, and low rates of decomposition. Rapid rates of decomposi- 
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tion in lowland tropical forests and the prevalence of canopy legumes 
reduce the likelihood of nitrogen limitation there, and the widespread 
occurence of very old soils in the tropics (due in part to the absence of 
glaciation) increases the probability of limitation by phosphorus or other 
rock-derived nutrients. In temperate-zone freshwater systems, it is not 
clear that there is any persistent nitrogen limitation to explain; enhanced 
nitrogen fixation offsets any temporary nitrogen deficiency. However, 
nitrogen fixation clearly is not responsive to nitrogen deficiency in most 
planktonic coastal marine systems on the same time-scale as in lakes; there 
must be some factor that slows nitrogen fixation in marine relative to 
freshwater systems, and micronutrient limitations combined with energy 
limitations remain a viable explanation. For all of these ecosystems, many 
of the possible reasons for nitrogen limitation could be supported or ruled 
out with appropriate experiments. 
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