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CONCEPTS & SYNTHESIS

EMPHASIZING NEW IDEAS TO STIMULATE RESEARCH IN ECOLOGY

Ecology, 95(3), 2014, pp. 668—681
© 2014 by the Ecological Society of America

Assessing nutrient limitation in complex forested ecosystems
alternatives to large—scale fertilization experiments

BENJAMIN W. SULLIVAN,"* S1LviA ALVAREZ-CLARE,' SArRAH C. CASTLE,' STEPHEN PORDER,> SAsHA C. REED,>’
LAURA SCHREEG,” ALAN R. TowNsenD,? AND Cory C. CLEVELAND'

1Departmem of Ecosystem and Conservation Sciences, University of Montana, 32 Campus Drive, Missoula, Montana 59812 USA
2Department of Ecology and Evolutionary Biology, Brown University, Providence, Rhode Island 02912 USA
3Department of Ecology and Evolutionary Biology, Environmental Studies Program, and Institute of Arctic and Alpine Research,
University of Colorado, Boulder, Colorado 80309 USA

Abstract. Quantifying nutrient limitation of primary productivity is a fundamental task
of terrestrial ecosystem ecology, but in a high carbon dioxide environment it is even more
critical that we understand potential nutrient constraints on plant growth. Ecologists often
manipulate nutrients with fertilizer to assess nutrient limitation, yet for a variety of reasons,
nutrient fertilization experiments are either impractical or incapable of resolving ecosystem
responses to some global changes. The challenges of conducting large, in situ fertilization
experiments are magnified in forests, especially the high-diversity forests common throughout
the lowland tropics. A number of methods, including fertilization experiments, could be seen
as tools in a toolbox that ecologists may use to attempt to assess nutrient limitation, but there
has been no compilation or synthetic discussion of those methods in the literature. Here, we
group these methods into one of three categories (indicators of soil nutrient supply,
organismal indicators of nutrient limitation, and lab-based experiments and nutrient
depletions), and discuss some of the strengths and limitations of each. Next, using a case
study, we compare nutrient limitation assessed using these methods to results obtained using
large-scale fertilizations across the Hawaiian Archipelago. We then explore the application of
these methods in high-diversity tropical forests. In the end, we suggest that, although no single
method is likely to predict nutrient limitation in all ecosystems and at all scales, by
simultaneously utilizing a number of the methods we describe, investigators may begin to
understand nutrient limitation in complex and diverse ecosystems such as tropical forests. In
combination, these methods represent our best hope for understanding nutrient constraints on
the global carbon cycle, especially in tropical forest ecosystems.

Key words:  enzymes, foliar nutrients; Long Substrate Age Gradient; net primary productivity, nitrogen;
phosphorus; resorption, root ingrowth cores; tropical forests.

INTRODUCTION Liebig 1840, cited in van der Ploeg et al. 1999). Crop
scientists have been largely successful at overcoming the
constraints of nutrient limitation, chiefly through
widespread manufacture and application of inorganic
fertilizers (e.g., Tilman et al. 2002). However, as noted
by Chapin et al. (1986), applying a simple, yield-centric
lens to nutrient limitation in natural ecosystems
overlooks many inherent complexities. For example,
species within the same ecological community (or even
individuals of different sizes among species) may differ
in the extent and identity of nutrient limitation (e.g.,

The limitation of plant growth by nutrients, such as
nitrogen (N) and phosphorus (P), was first explored by
crop and soil scientists who developed an operational
definition of nutrient limitation that sought to maximize
crop yield: if adding a nutrient increased crop yield, the
crop was limited by that nutrient (Sprengel 1828 and
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Alvarez-Clare et al. 2013), the proximate limiting
nutrient may change over multiple time scales (e.g.,
Harrington et al. 2001, Davidson et al. 2007), and
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different nutrients might limit different (but critical)
ecosystem processes (e.g., Wright et al. 2011).

Despite these challenges, ecologists have used fertil-
ization experiments for nearly as long as crop scientists
have in agrarian ecosystems (Lawes and Gilbert 1880).
Although more nuanced definitions for natural ecosys-
tems have been developed (e.g., Chapin 1980, Chapin et
al. 1986, Vitousek et al. 2010), the essence of these
definitions remains operationally defined: if an added
nutrient stimulates an ecosystem process that is the net
result of the community assemblage of plant species
(such as NPP), that process was limited by the nutrient
(Vitousek and Howarth 1991). More recently, the
definition of nutrient limitation has expanded to
distinguish “proximate” nutrient limitation (an added
nutrient that stimulates an ecosystem process) from
“ultimate” nutrient limitation (a nutrient that funda-
mentally alters an ecosystem) (Vitousek et al. 2010).
Still, the common denominator of most ecological
definitions of nutrient limitation is a requirement for
nutrient additions.

Theoretically, the ideal test of nutrient limitation (as
defined by Chapin et al. 1986) would include comparing
the relative growth rates of common species among
fertilized and unfertilized sites that comprise a gradient
of nutrient supply (e.g., Vitousek 2004). However, well-
constrained gradients of nutrient availability are rare
(e.g., Peltzer et al. 2010). Thus, fertilization experiments
remain widely viewed as the most robust method to
assess nutrient limitation (e.g., Eviner et al. 2000, Elser
et al. 2007, Cleveland et al. 2011), but the efficiency of
fertilizer experiments is a function of turnover times of
the community of interest. The relatively high abun-
dance of aquatic studies may partly reflect the rapid
turnover times of microbial communities in aquatic
ecosystems (Fig. 1a) but it is important to recognize that
there are other distinctions between nutrient limitation
in aquatic and terrestrial ecosystems (reviewed in
Grimm et al. 2003). Among terrestrial ecosystems, short
statured plants in grassland, shrubland, and tundra
ecosystems require modest plot sizes and provide growth
responses and species composition shifts over relatively
short timescales (Gough et al. 2000). As with aquatic
studies, the utility of fertilizer experiments in short-
statured ecosystems is reflected by the abundance of
studies performed in these regions relative to other
terrestrial ecosystems (Fig. 1a; Elser et al. 2007). On the
other hand, fertilization experiments in forests comprise
only ~4% of all in situ fertilization experiments globally
to date (Elser et al. 2007, Harpole et al. 2011).

Forested ecosystems, and especially diverse lowland
tropical forests, present a number of challenges for
fertilization experiments (see Plate 1). For instance,
long-term experiments carried out on large plots are
often necessary to observe proximate nutrient limitation
in forests (e.g., Harrington et al. 2001, Vitousek 2004).
In a relatively low-diversity tropical ecosystem in
Hawaii, Harrington et al. (2001) demonstrated that at
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least six years of fertilization indicated nutrient limita-
tion consistent with nutrient supply along a nutrient
availability gradient (Fig. 1b). Establishing ultimate
limitation requires even more time: even in high-NPP
forests of Panama, 11 years of fertilization were required
before signs of community compositional shifts and
growth responses became apparent (Wright et al. 2011),
putting such experiments well beyond the time frame of
typical funding cycles. Not surprisingly, there are a
paucity of experimental data describing nutrient limita-
tion in high-diversity, uneven-aged tropical forests: only
three full-factorial (N X P) fertilization experiments
assessing NPP in diverse lowland tropical forests have
been reported in the literature (Mirmanto et al. 1999,
Wright et al. 2011, Alvarez-Clare et al. 2013). However,
even long-term inorganic fertilizer experiments have
some drawbacks. For example, inorganic fertilizer
additions, which may be prone to losses, may be a less
effective supply of nutrients to plants than are organic
nutrient amendments (Sayer et al. 2012). Moreover,
fertilization experiments are also unlikely to capture
micronutrient limitation, especially on large spatial
scales and when done in a full-factorial design with
macronutrients, in part because commercial macronu-
trient fertilizer are often contaminated with micronutri-
ents. For example, Barron et al. (2008) showed that
molybdenum (Mo) limited leaf litter biological N
fixation in lowland forests of Panama, leading the
authors to suggest that Mo, commonly present as a
contaminant in P fertilizer, may indirectly limit tropical
ecosystem processes such as decomposition or NPP.

Thus, as a tool to understand global change scenarios,
fertilization experiments clearly represent a two-edged
sword. They provide results deeply grounded in the
fundamental methods of agriculture and ecology, but in
forested ecosystems they may not detect heterogeneous
nutrient limitation, co-limitation, and ultimate nutrient
limitation. For example, small trees may respond to
fertilization differently than large trees (Fig. 1c), and
different life history traits may lead to differences in
nutrient requirements and fertilization responses among
species (Wright et al. 2011, Alvarez-Clare et al. 2013,
Fisher et al. 2013). Given the rapid pace of rising
atmospheric CO, concentrations and other global
changes, however, ecologists lack the luxury of de-
cades-long experiments to understand nutrient con-
straints on anthropogenic perturbations to ecosystems.
In the case of predicting responses to rising CO,, there is
an additional fundamental concern: fertilization exper-
iments add nutrients to ecosystems, whereas elevated
CO, concentrations will make nutrients less abundant
relative to C (e.g., Luo et al. 20006).

What other options exist? Fortunately, ecologists
have at their disposal a number of methods beyond
plot-scale fertilizations that may provide a more diverse
“toolbox™ to assess nutrient limitation. To date, there
has been little discussion or synthesis of such alterna-
tives. Here, we review a suite of methods used to assess
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FiG. 1. Fertilization is widely considered to be the most robust method of measuring nutrient limitation. (a) Of 1069
fertilization studies identified by Elser et al. (2007), the majority assessed nutrient limitation in freshwater ecosystems. Of those
conducted in terrestrial ecosystems, most were performed in sites with relatively short vegetation stature. The number of studies in
each category are given in parentheses. (b) Aboveground net primary productivity (ANPP) at the youngest and oldest sites that
comprise the Long Substrate Age Gradient (LSAG) in Hawaii, USA (modified from Harrington et al. [2001]). At each site, ANPP
was measured on unfertilized (control) plots and plots fertilized with nitrogen (+IN), phosphorus (+P), or nitrogen and phosphorus
in combination (+N+P). Bars represent means, and asterisks indicate significant differences (P = 0.05) in ANPP between fertilized
and unfertilized plots. 1 kyr = 1000 yr. (¢) In a lowland tropical forest, adjacent trees responded differently to fertilizer addition
depending on their size class (measured as dbh; modified from Alvarez-Clare et al. [2013]). The different response to N, P, and
combined N and P (NP) fertilization among size classes is shown as mean response ratio, determined from the relative growth rate,

on three common tree genera.

nutrient limitation and ask whether these alternative
methods can tell us something about the nutrient
limitation of ecosystem-wide NPP. We address this
question, in part, using a case study of Hawaiian
ecosystems where many of these methods have been
applied. We focus on the application of these methods to
assess the two most commonly limiting nutrients, N and
P (Elser et al. 2007, Lebauer and Treseder 2008, Harpole
et al. 2011) because most methods focus on those
elements and there is sound biogeochemical theory to
suggest that they may often limit production in
terrestrial ecosystems. We recognize that other nutrients
such as potassium (K), calcium (Ca), sulfur (S), and
micronutrients may limit NPP, and note that some of
the methods we describe could be extended to nutrients

beyond N and P (Cuevas and Medina 1988, Kaspari et
al. 2008, Wright et al. 2011). Next, we focus on NPP
because of its fundamental importance to ecosystem
function, and because it is the response variable of
interest for coupled carbon-nutrient earth system models
(e.g., Thornton et al. 2007). We do not argue for any
method or set of methods as replacements for fertiliza-
tion experiments. Rather, our goal is simply to explore
the efficacy of some common alternative methods, their
strengths, and their limitations. Finally, we organize our
synthesis around the use of these methods in tropical
forests, a critically important yet poorly understood
biome where investigators confront numerous impedi-
ments to measuring nutrient limitation (Kaspari et al.
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Approaches to measure nutrient limitation:

At one site
Nutrient manipulation required

\4

At two or more sites (relative)

Nutrient manipulations and observations possible

v

Nutrient additionsT
Whole plot fertilization
Inorganic (mineral fertilizer)
Organic (litter additions)
Fertilized root ingrowth cores
Tree-specific fertilizations
Laboratory incubations

Nutrient removalst
Nutrient depletion (carbon addition)
Field
Laboratory
Litter removal

A\ 4

Responses
ANPP <
ASoil respiration

\ 4

+ Nutrient manipulations
1 Indicators of soil nutrient status

Observations

Soil nutrient pools
Soil nutrient fluxes}
Isotopes::
§ Organismal indicators of nutrient limitation :'érts
i
Leaf nutrient resorption (and resorption ratios)§
Foliar nutrients (concentrations and ratios)§
Extracellular enzymes and stoichiometry§

FiG. 2. The nutrient limitation toolbox. If the research question involves only one site, experimental methods should be used. If
the research question involves two or more research sites and the relative difference in nutrient limitation among the sites,
observational methods may be considered without experimental methods, although combining gradients of nutrient limitation and
experimental methods has long been considered ideal for measuring nutrient limitation (Chapin et al. 1987). Typically, in situ
studies focus on the response of NPP or soil respiration to experimental manipulations of nutrient availability. We distinguish
among three groups of methods in the toolbox: indicators of soil nutrient supply, organismal indicators of nutrient limitation, and

nutrient manipulations, including in situ fertilization, laboratory incubations, and nutrient depletions.

2008, Townsend et al. 2008, 2011, Quesada et al. 2009,
Porder and Hilley 2011, Townsend and Asner 2013).

THE ALTERNATIVE METHODS

We identified eight methods (besides large-scale in situ
fertilization) commonly used to assess nutrient limita-
tion of N and P and divided them into three categories
(Fig. 2): (1) indicators of soil nutrient supply, or
methods that usually involve measuring rates of nutrient
transformations and indicators of whole-ecosystem
nutrient demand; (2) organismal indicators, including
methods that assess the nutrient content of organisms
(such as foliar N:P ratios), or those that provide
information on biological nutrient acquisition strategies;
and (3) lab-based experiments and nutrient depletions,
which provide direct experimental evidence of nutrient
limitation, but at a different scale than in situ nutrient
additions of large-scale plots (lab-based experiments) or

by reducing the relatively availability of nutrients
(nutrient depletions).

Indicators of soil nutrient supply

From its earliest ecological definitions, nutrient limita-
tion has often been conflated with soil nutrient supply to
plants (Chapin et al. 1986). Analyzing soil nutrient
concentrations is the most straightforward approach for
assessing the size of a soil nutrient pool at a given time, but
nutrient pool sizes and supply rates are not necessarily
correlated (Hart and Binkley 1985), and it is the rate of
nutrient supply that matters most in the context of
nutrient limitation (Hart et al. 1994). Nitrogen, in
particular, has numerous fluxes and a stable isotope that
allow ample opportunities to measure N supply. On the
other hand, fewer opportunities exist to measure P supply,
because P is far less mobile in soil than N, lacks a
significant gas phase, is readily sorbed to soil minerals, and
does not have a stable isotope that could easily be used to
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PraTE 1. Only three full-factorial fertilization (nitrogen X phosphorus) experiments have been reported in complex lowland
tropical rain forests such as this one in Costa Rica. These forests present significant challenges to fertilization experiments. For
example, the basal area of this large (>3 m diameter) ajo tree (Caryocar costaricense) in Costa Rica is larger than the size of many
fertilization plots in grassland ecosystems, and its root system is likely expansive (e.g., its buttressed roots extend for meters beyond
the stem in all directions). Accurately assessing nutrient limitation in such diverse, dense, and large stature forests is costly, labor
intensive, often logistically complex, and may require years to observe responses. Thus, our understanding of the nature and extent
of nutrient limitation in many tropical forests is very limited. Photo credit: C. C. Cleveland.

least in part, by plant species diversity (Townsend et al.
2008), and evidence is mounting that the primary
controls over canopy chemistry in tropical forests is
phylogenetic rather than environmental (Fyllas et al.
2009, Asner and Martin 2011, Townsend and Asner
2013). Thus, some indicators of nutrient limitation
(especially those aboveground) may not translate well
from low-diversity island systems to the continental
tropics. Indeed, the few extant fertilization experiments
from such systems have demonstrated that nutrient
limitation can vary at very small scales (>5 m) both
among species and among size classes of trees (Fig. Ic;
Alvarez-Clare et al. 2013). Therefore, an important
question remains: can the methodological toolbox we
describe above depict nutrient limitation in diverse
continental lowland tropical forests? Some of the
methods we describe have been explored in tropical
ecosystems, with mixed results.

One relatively well-explored method is foliar nutrient
ratios, but accumulating evidence suggests they may not
reflect nutrient limitation to NPP in diverse lowland
tropical forests. For example, the inter-species variabil-
ity of foliar N:P ratios in tropical forests exceeded that

of tree species from across the temperate zone (Fig. 3b;
Townsend et al. 2007). Such variation within high-
diversity forests demands quantitative integration across
the entire canopy to represent a community-wide
average value (Townsend et al. 2008, Asner and Martin
2011). Furthermore, foliar N:P ratios may vary over
relatively short timescales (Fig. 3c; Townsend et al.
2007). Whether or not this indicates seasonal shifts in
nutrient limitation is untested, and indeed untestable,
with parallel fertilization experiments. The substantial
small-scale spatial and temporal variability of foliar
nutrient ratios could reflect heterogeneity of nutrient
limitation within a tropical forest, as observed with
fertilization methods (Fig. 1c). Yet it could also be
misleading. Using the LSAG sites, Ostertag (2010)
showed that several dominant fertilized plant species
stored P, but not N, regardless of the fertility of the sites.
Foliar nutrient ratios may be an important metric for
other important biological processes in lowland tropical
forests, but they may not integrate forest-level nutrient
limitation of NPP due to these challenges.

Ultimately, many of the pressing questions about
nutrient limitation in tropical forests seek to integrate
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across the substantial biological diversity and ask: what
is most limiting to a particular forest now, and how will
that change in the future? Foliar metrics appear
equivocal, at best, for many of the reasons summarized
above. Fortunately, belowground methods seem prom-
ising, and may do a better job of depicting broader-scale
conditions. For example, using a fertilization-incubation
technique with soils from a tropical rain forest site with
P poor Ultisols, Cleveland et al. (2006) showed that soil
heterotrophic respiration of native, leached dissolved
organic matter was stimulated with P additions, and
suppressed with N additions, consistent with observed in
situ increases in CO, losses with P fertilization
(Cleveland and Townsend 2006). Based on these results,
Cleveland et al. (2006) suggested that low soil P
availability strongly regulates the fate of dissolved
organic matter leached from the litter layer to soils,
with higher P decreasing the proportion of leached C
that is likely to be stored in soil. Similarly, using a soil
microcosm experiment with a low-fertility Ultisol from
the southeastern United States, Bradford et al. (2008)
showed enhanced soil organic C decomposition with
added P, suggesting that P availability regulates
belowground C storage in this site as well. Finally, in
a tropical forest site in Costa Rica, Reed et al. (2007)
showed that rates of heterotrophic dinitrogen (N,)
fixation were strongly enhanced with P fertilization,
and that rates of litter-layer N, fixation were strongly
correlated with litter P availability (Reed et al. 2008).
Together, these data suggest that rates of heterotrophic
activity in these ecosystems are P limited, and provide a
plot-level indication of P limitation. Efforts to connect
such belowground nutrient limitation information with
indications of aboveground nutrient limitation are
recent and rare (Reed et al. 2011), but merit further
attention, given successes to date.

The way forward

Several recent studies have used regression approach-
es and gradients of sites to establish the relationship
between nutrient availability and aboveground growth
in tropical forests (Baribault et al. 2012, Quesada et al.
2012, Condit et al. 2013). These studies repeatedly show
sensitivity of tree growth and forest structure to multiple
different soil nutrients, including P, K, and Ca. These
findings are consistent with the concept of multiple
nutrient limitation (Bloom et al. 1985, Chapin et al.
1987, Rastetter and Shaver 1992), described in tropical
forests by Kaspari et al. (2008) and Townsend et al.
(2011), among others. Whether it is possible to predict
nutrient limitation based on the composition of a forest,
however, remains to be seen; the presence of N,-fixing
legumes (an important component of many tropical
forests [Crews 1999]) may also disrupt relationships
between soil nutrient status and tree growth and
abundance (Baribault et al. 2012, Condit et al. 2013).
Findings such as those described in Fyllas et al. (2009),
Asner and Martin (2011), and Condit et al. (2013),

Ecology, Vol. 95, No. 3

among others, all underscore the need for comprehen-
sive studies at large spatial scales that integrate
variability in sites with high species diversity. That is
no small challenge given the complexity of many tropical
systems, though new airborne methods hold consider-
able promise for achieving such integration across scales
as never before (Asner et al. 2012).

The need to understand nutrient limitation in the
tropical biome will only grow in importance, especially as
the effects of global changes on such ecosystems increases
and the role of physical factors (e.g., water and tempera-
ture) on vegetation become better parameterized in climate
change models (Huntingford et al. 2013). While new
methods such as airborne remote sensing can provide
important breakthroughs, ecologists will undoubtedly
continue to rely on field-based measurements of nutrient
limitation, especially within the context of remotely derived
or modeled information. Ideally, we would converge on a
set of metrics that could be readily applied across the kinds
of complex gradients the new remote sensing methods can
cover, in ways that could assess potential shifts in nutrient
limitation along such gradients.

Here, we show that the methods chosen to answer such
questions may affect the outcome. By examining the
LSAG sites as a case study, and the application of these
methods in tropical ecosystems generally, we suggest
methods that measure nutrient limitation of belowground
processes may provide insight into nutrient limitation
without using plot-level fertilizations. Fortunately, many
of these methods are fairly quick and straightforward to
apply, and thus if shown to be reliable indicators across a
broader array of ecosystems, may provide a useful
“rapid-assessment” set of tools that can help constrain
large-scale assessments of tropical forests under global
change scenarios. That said, we stress that the relation-
ship between belowground nutrient limitation and
nutrient limitation of NPP needs to be more rigorously
tested, in both space and time. With continued, careful
evaluation and use of as many of the methods in the
toolbox as possible, we may begin to understand nutrient
limitation at all spatial and temporal scales in even the
most diverse ecosystems on Earth.
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