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Summary

1. Recent evidence suggests that soil nutrient heterogeneity, a ubiquitous feature of
terrestrial ecosystems, modulates plant responses to ongoing global change (GC).
However, we know little about the overall trends of such responses, the GC drivers
involved, and the plant attributes affected.

2. We synthesized literature to answer the question: Does soil heterogeneity significantly
affect plant responses to main GC drivers, such as elevated atmospheric carbon dioxide
concentration (CO5), nitrogen (N) enrichment and changes in rainfall regime?

3. Overall, most studies have addressed short-term effects of N enrichment on the
performance of model plant communities using experiments conducted under controlled
conditions. The role of soil heterogeneity as a modulator of plant responses to elevated
CO, may depend on the plasticity in nutrient uptake patterns. Soil heterogeneity does
interact with N enrichment to determine plant growth and nutrient status, but the outcome
of this interaction has been found to be both synergistic and inhibitory. The very few
studies published on interactive effects of soil heterogeneity and changes in rainfall
regime prevented us from identifying any general pattern.

4. We identify the long-term consequences of soil heterogeneity on plant community
dynamics in the field, and the ecosystem level responses of the soil heterogeneity x GC
driver interaction, as the main knowledge gaps in this area of research.

5. Inorder to fill these gaps and take soil heterogeneity and GC research a step forward, we
propose the following research guidelines: 1) combining morphological and
physiological plant responses to soil heterogeneity with field observations of community
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composition and predictions from simulation models; and 2) incorporating soil
heterogeneity into a trait-based response-effect framework, where plant resource-use
traits are used as both response variables to this heterogeneity and GC, and predictors of
ecosystem functioning.

6. Synthesis. There is enough evidence to affirm that soil heterogeneity modulates plant
responses to elevated atmospheric CO, and N enrichment. Our synthesis indicates that
we must explicitly consider soil heterogeneity to accurately predict plant responses to GC
drivers.
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Introduction

An intrinsic feature of most terrestrial ecosystems is the spatial heterogeneity in the
distribution of soil nutrients (hereafter referred as soil heterogeneity), which are supplied to
plant individuals, populations and communities in a patchy manner at different spatial scales
(e.g. Robertson et al. 1988; Jackson & Caldwell 1993; Farley & Fitter 1999). The way that
plants respond to this heterogeneity has for many years intrigued plant scientists, botanists,
ecologists and agronomists, and since the early studies of Gleason (1926) and Clark &
Evans (1954) a large number of papers have been published on this topic (reviewed, among
others, by Robinson 1994; Hutchings, Wijesinghe & John 2000; Huber-Sannwald & Jackson
2001; Hodge 2004). This large body of research has revealed the profound consequences of
soil heterogeneity for plants. For example, at large spatial scales, this heterogeneity has been
found to affect the distribution and productivity of plants in agroecosystems (Stein et al.
1997), forests (Mou et al. 1995), grasslands (Robertson et al. 1988) and salt marshes (Pan et
al. 1998). Also, at smaller spatial scales, such as those affecting individual roots and whole
root systems, soil heterogeneity promotes a variety of morphological and physiological plant
responses. In order to enhance resource capture, plant roots have developed exceptional
morphological plasticity, such as changes in biomass allocation, root morphology and
longevity, to increase root proliferation into nutrient-rich patches (Hutchings & de Kroon
1994; Hodge 2004, 2006). Although physiological responses (e.g. changes in nutrient uptake
kinetics) are under-studied, they also play decisive roles for root foraging both in the short
(Fransen, Blijjenberg & de Kroon 1999; Jansen et al. 2006) and the long (Fransen, de Kroon
& Berendse 2001; Garcia-Palacios, Maestre & Gallardo 2011) term. The importance of
these responses goes beyond the functioning of plant modules and individuals, as they may
determine the competitive ability in two-species mixtures (Robinson et al. 1999), the
survival and size inequality patterns within plant populations (Maestre & Reynolds 2006a),
and the composition, productivity and functioning of plant assemblages (Bliss et al. 2002;
Maestre, Bradford & Reynolds 2005; Wijesinghe, John & Hutchings 2005; but see Casper &
Cahill 1996).
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Morphological and physiological responses to soil heterogeneity occur mainly at the level of
individual roots and whole root systems (Hodge 2004, 2006). Root responses to soil
heterogeneity are likely to play key functional roles if we consider the importance of root
foraging behavior, and root turnover and exudation on crucial ecosystem processes, such as
soil stability, carbon (C) sequestration, N-fixation and organic matter decomposition
(Wardle 2002; De Deyn, Cornelissen & Bardgett 2008). Roots account for more than half of
the total plant biomass in terrestrial ecosystems (Mokany, Raison & Prokushkin 2006;
Poorter et al. 2012), are involved in the transport of C, N, phosphorus (P) and water in the
soil (Smith et al. 1999), and participate in the weathering of soil minerals (Bormann et al.
1998). Both the roots themselves and the exudates that they produce support an extremely
diverse and complex network of symbiotic and free-living soil organisms, whose activities
drive many ecosystem functions and feedback processes with plants (Kardol, Bezemer &
van der Putten 2006; van der Heijden, Bardgett & van Straalen 2008). As a result, we expect
that roots will play an important role in determining the community- and ecosystem-level
responses to soil heterogeneity.

The potential importance of soil heterogeneity as a modulator of ecosystem responses to
changes in plant diversity is highlighted by recent biodiversity-ecosystem functioning
research. Most of this research has focused on the role of changes in plant species richness
and, to a smaller degree, of composition and evenness on ecosystem functions such as
aboveground biomass, decomposition and nutrient cycling (see Hooper et al. 2005 for a
review). However, despite the significance of roots for observed productivity responses to
modifications in these biotic attributes (de Kroon et al. 2012), it is unknown how these
changes are modified by soil heterogeneity and the root responses it promotes. The potential
for roots to do so is great: this heterogeneity is both ubiquitous and, as discussed above,
known to have multiple effects on the performance of individual plants.

How soil heterogeneity modulates the effects of plant community attributes on productivity
depends largely on the traits of the component species (Hooper et al. 2005), such as root
foraging precision (Rajaniemi & Reynolds 2004; de Kroon & Mommer 2006; Kembel et al.
2008). Recent studies have found that root proliferation in response to soil heterogeneity
interacts with species composition to determine the productivity of model plant
communities. Maestre, Bradford & Reynolds (2006) found that shoot biomass in three-
species model communities was less responsive to soil heterogeneity when Poa pratensis
was present, which was related with a low root foraging precision to nutrient patches for this
species. An analogous result was found by Maestre & Reynolds (2007a) in similar three-
species model communities. In this case, plant assemblages with Holcus lanatus did not
show an increase in root biomass when nutrients were heterogeneously distributed, although
this species experienced a high root proliferation into nutrient patches. These results provide
evidence that soil heterogeneity affects the composition of plant assemblages (Bliss et al.
2002; Wijesinghe, John & Hutchings 2005) by affecting the resource-use strategies of
individual species. Thus, soil heterogeneity will likely interact with potential changes in
plant community composition induced by global change (GC) drivers. Although this
interaction is modulated by changes in the resource-use strategies of the plant species
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forming the community, its effects may scale up to influence community and ecosystem
dynamics.

In nature, plants occur in complex communities, whose response is shaped by multiple biotic
and abiotic variables, including animals, nutrient availability and climatic conditions, which
are likely to interact with soil heterogeneity to modify the way that plants respond to it
(Maestre, Bradford & Reynolds 2005). However, most ecological research on soil
heterogeneity has evaluated the root responses of isolated plants growing in artificial and
highly controlled experimental settings, without considering variables other than this factor
(Robinson 1994; Hodge 2004; Kembel & Cahill 2005). Thus, our understanding on the
ecological consequences of soil heterogeneity in natural conditions is clearly hindered by the
simplicity of the experimental systems employed to date, and by the low number of
multispecies studies evaluating the joint role of this heterogeneity and other factors,
especially at the population and community levels.

Among abiotic factors likely to interact with soil heterogeneity to drive plant responses,
atmospheric concentration of carbon dioxide (CO,), and nutrient and water availability,
deserve special attention because they are major drivers of the ongoing GC (elevated
atmospheric CO,, N enrichment and changes in rainfall regime) being faced by terrestrial
ecosystems worldwide (Vitousek et al. 1997; IPCC 2007). Increasing concern with respect
to the ecological consequences of such change has boosted research on the topic, and
nowadays there is a plethora of studies evaluating the effects of GC drivers on key
ecosystem components, such as plants and soil organisms, and processes, such as net
primary productivity and nutrient cycling (e.g. Kérner & Bazzaz 1996; Poorter & Navas
2003; Bardgett, Freeman & Ostle 2008). Most of the research conducted on this topic has
evaluated the ecological effects of the different GC drivers in isolation from each other (Luo
et al. 1999; Korner 2001). During the last decade, however, research has developed towards
more complex experiments that evaluate the simultaneous effects of several GC drivers on
organism performance and ecosystem processes, such as elevated atmospheric CO, and
nutrient availability (He, Bazzaz & Schmid 2002; Reich et al. 2001), elevated atmospheric
COy, nutrient availability, temperature and rainfall (Shaw et al. 2002), and elevated
atmospheric CO», temperature, rainfall and ozone (Hanson et al. 2005). These complex
experiments have demonstrated that different drivers act simultaneously, and often
interactively (but see Zavaleta et al. 2003), to determine the responses of ecosystem
components and processes to GC, emphasizing the need for multifactorial approaches when
evaluating them (Norby & Luo 2004). Furthermore, much uncertainty remains as how the
traits and attributes of plant species and communities interact with abiotic factors to
modulate terrestrial ecosystem responses to GC (Tylianakis et al. 2008a).

Over the last 20 years, many reviews have synthesized the literature on plant responses to
soil heterogeneity. These have tackled issues like the type of individual plant responses to
this phenomenon (Robinson 1994; Hutchings & de Kroon 1994; Hutchings, Wijesinghe &
John 2000), the variation in these responses among species and functional groups (Robinson
& Van Vuuren 1998; Kembel & Cahill 2005; Kembel et al. 2008), the mechanisms
underlying responses to soil heterogeneity (Hodge 2004; de Kroon et al. 2009), the role of
mycorrhizae on nutrient acquisition from nutrient patches (Hodge 2006), the effects of soil
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heterogeneity upon plant competition belowground (Casper & Jackson 1997), and the
implications of soil heterogeneity for populations and communities (Hutchings, John &
Wijesinghe 2003; Huber-Sannwald & Jackson 2001). However, and to our knowledge, no
review so far has synthesized studies evaluating the joint effects of soil heterogeneity and
GC drivers on plant individuals, populations, communities, and ecosystems. We redress this
by asking the question: Does soil heterogeneity significantly affect plant responses to global
change? First, we review available literature to explore whether soil heterogeneity
modulates plant responses to some of the main GC drivers, including elevated atmospheric
CO», N enrichment and changes in rainfall regime. The interaction of soil heterogeneity with
other GC drivers, such as warming, invasive species or land use changes, has not been
addressed in the literature, and thus it is not approached in this review. Second, we discuss
the potential of plant-mediated effects of soil heterogeneity and GC on ecosystem
functioning. Finally, we identify knowledge gaps and future research directions that should
advance our understanding of the ecological consequences of soil heterogeneity in a
changing world.

Looking for evidence: Is soil heterogeneity affecting plant responses to

global change?

At the species level, interactions between GC drivers and soil heterogeneity may occur
because the latter promotes plant responses (e.g. changes in biomass allocation and nutrient
uptake patterns) that are also a consequence of drivers such as elevated atmospheric CO,
and N enrichment (Poorter & Nagel 2000; Poorter & Navas 2003; Hodge 2004). At the
assemblage level, such interactions may take place because co-occurring plants often differ
in their ability to profit from this heterogeneity (Bliss et al. 2002; Kembel & Cahill 2005;
Wijesinghe, John & Hutchings 2005), and in the direction and magnitude of their responses
to GC drivers (Grunzweig & Korner 2001). Multifactorial experiments have demonstrated
that plant responses to elevated CO» at both species and assemblage levels are often
dependent on the availability of soil nutrients such as N and P (Berntson & Bazzaz 1997;
Stocklin, Schweizer & Koérner 1998). However, it is unknown whether such plant responses
are modified by other nutrient attributes, including their spatial distribution, because
interactions between soil nutrient heterogeneity and drivers such as elevated atmospheric
CO», on plant assemblages have barely begun to be explored (Arnone 1997; Maestre,
Bradford & Reynolds 2005; Maestre & Reynolds 2006b, 2007a).

A search on the ISI® Web of Science using the keywords “heterogeneity” or “homogenous”
or “heterogeneous” or “patch” and “soil” or “nutrient” with a timespan between 1990 and
2011 yields 9,630 references (search conducted on 7t February 2012). However, when
evaluated carefully, only 13 of them (Table 1) explicitly addressed the interaction between
soil heterogeneity (including both homogeneous and heterogeneous distributions of soil
resources with the same nutrient availability) and a GC driver (elevated atmospheric CO,, N
enrichment and changes in rainfall regime). Over 75% of these studies used N enrichment as
the common GC driver (although not interpreted in the same manner in most of the studies,
we considered treatments promoting an increase in nutrient availability as proxy of a N
enrichment treatment). Therefore, the relatively low sample size (13 studies), and the bias
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towards a unique GC driver prevented us to perform a quantitative review of the literature
using meta-analysis, a statistical approach that has been used to summarise published results
in a wide variety of ecological topics (Gurevitch, Morrow & Walsh 1992; Gurevitch,
Morrison & Hedges 2000), including root responses to soil heterogeneity (Kembel & Cahill
2005). Despite this, the number of studies found is enough to conduct a qualitative
assessment of the plant responses observed, and to identify overall trends and current gaps in
our understanding. Such appraisal is presented below.

As commented before, although we found representation of all the three GC drivers
considered, N enrichment was the most frequently assessed. Secondly, only one study (Baer
et al. 2004) was performed in the field (the remaining were either glasshouse or climate
chamber experiments). Seven of the studies were performed at the community level, three at
the population level and three at the individual level. We found nine studies using organic
patches and four using inorganic. More than 75% of the studies were short-term, with
durations between two and three months. Practically all the studies used surrogates of plant
performance like root and shoot biomass as the response variables to evaluate the effects and
interactions between soil heterogeneity and GC drivers.

We found the following results regarding the interactions between soil heterogeneity and the
three GC drivers assessed. Elevated atmospheric CO, significantly interacted with soil
heterogeneity in three of the six studies evaluated. Arnone (1997) found that precision of
root foraging measured with fine root length (his response variable) increased under
elevated atmospheric CO, 69 days after the addition of the nutrient patches. Maestre,
Bradford & Reynolds (2005) found a significant interaction when evaluating the effect of
these factors upon shoot biomass (Fig. 1A). The positive effects of elevated atmospheric
CO», on shoot biomass were observed only under homogeneous conditions. Although not
included in Table 1, significant interactions between soil heterogeneity and elevated
atmospheric CO5 have been also found when evaluating plant nutrient uptake. For instance,
Maestre, Bradford & Reynolds (2005) and Maestre & Reynolds (2006b) found that soil
heterogeneity modulated the effects of elevated atmospheric CO, on the nutrient use
efficiency of experimental grassland communities. Both studies found that the positive
effect of elevated atmospheric CO, on nutrient use efficiency was reduced by soil
heterogeneity. This suggests that plant plasticity in N uptake may determine the role of soil
heterogeneity as a modulator of plant responses to elevated atmospheric CO.

Five out of nine studies included in Table 1 found a significant interaction between soil
heterogeneity and N enrichment. The positive effect of soil heterogeneity upon plant
performance was always higher in conditions of high nutrient availability, suggesting non-
additive effects when N enrichment enhances the nutrient availability of soil patches. For
example, Maestre & Reynolds (2006b) found a significant interaction between soil
heterogeneity and nutrient availability in experimental grassland communities, with a
notable increase in shoot biomass when nutrients were supplied heterogeneously and at high
availability levels (Fig. 1B). This effect has been found previously in nutrient-limited plants,
where root proliferation under heterogeneous conditions increases with increasing contrast
between the patch and the background soil (Lamb, Haag & Cahill 2004). On the other hand,
ecosystems thought as being not limited by N, such as tropical and subtropical systems, may
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experience a negative interaction between these two factors, because heterogeneity in N
availability may be reduced by N enrichment (Bobbink et al. 2010). The N homogeneity
hypothesis (Gilliam 2006) predicts declines in the diversity of forest understory species as a
result of excess N enrichment, decreasing the naturally high spatial heterogeneity in soil N
availability (Hutchings, John & Wijesinghe 2003), which contributes to the maintenance of
understory diversity. Interestingly, the soil heterogeneity x N enrichment interaction
affected the performance of species, populations and communities in the same manner
above- and belowground (Table 1). The responses of shoot and root biomass to this
interaction in each study was either significant or non-significant for both variables. This
common above-belowground pattern in plant responses to soil heterogeneity x N enrichment
interaction supports the hypothesis of resource heterogeneity as a key driving force of
within-community trait variation (Ackerly & Cornwell 2007). Soil heterogeneity has been
identified as an important selective pressure on trait evolution above- and belowground
(Kembel & Cahill 2011).

The interaction of soil heterogeneity with changes in rainfall regime promoting alterations in
water availability was especially underrepresented, with only two studies. Of particular note
is the study of Maestre & Reynolds (2007b) who found a significant change in the rainfall
regime x soil heterogeneity interaction when analysing shoot biomass in five-species
experimental assemblages (Fig. 1C). These authors found that shoot biomass was
considerably higher at medium and high water availability levels when nutrients were
heterogeneously supplied.

In summary, current evidence indicates that soil heterogeneity does affect plant responses to
GC drivers, but we must interpret this affirmation with some cautions because the relatively
low number of studies carried out to date. The role of soil heterogeneity in modulating plant
responses to elevated atmospheric CO, may depend on the plasticity of species to change
their nutrient uptake patterns (Maestre, Bradford & Reynolds 2005). Spatial patterning of
soil nutrients does interact with N enrichment to determine plant responses, but the outcome
of this interaction has been found to be both synergistic (Lamb, Haag & Cahill 2004;
Garcia-Palacios, Maestre & Gallardo 2011) and inhibitory (Giliam 2006). There are not
enough studies published addressing the interaction between soil heterogeneity and changes
in rainfall regime to elucidate any general pattern. Although we focused on two-way
interactions between soil heterogeneity and any GC driver, multifactorial studies assessing,
in the same experimental design, the joint effects of more than one driver together with soil
heterogeneity do exist. Indeed, there is evidence of multifactorial interactions between soil
heterogeneity and multiple GC drivers. For example, Maestre & Reynolds (2006a) found a
significant three-way interaction between soil heterogeneity, N enrichment and elevated
atmospheric CO5 on the shoot biomass of Plantago lanceolata populations. The nutrient use
efficiency of experimental temperate grasslands has been also found to be significantly
affected by the same three-way interaction (Maestre, Bradford & Reynolds 2005; Maestre &
Reynolds 2007a). In addition, Maestre & Reynolds (2007b) found a significant soil
heterogeneity x N enrichment x changes in rainfall regime interaction on the root: shoot
biomass ratio of plant assemblages. Given that multifactorial GC experiments have
frequently found non-additive effects on ecosystem components and processes (Norby &
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Luo 2004; Reich et al. 2001; Dukes et al. 2005; but see Zavaleta et al. 2003), these complex
experiments are needed to elucidate potentially counterintuitive effects of GC drivers and
soil heterogeneity on plant performance and ecosystem functioning.

From plants to ecosystems: plant-mediated effects of soil heterogeneity
and global change on ecosystem functioning

If soil heterogeneity has profound effects on plant processes, such as changes in biomass
allocation (Hutchings, John & Wijesinghe 2003), productivity (Maestre, Bradford and
Reynolds 2005), or species replacement (Bliss et al. 2002; Wijesinghe, John & Hutchings
2005), we may expect potential effects of soil heterogeneity upon those ecosystem processes
tightly linked with them, such as C and N cycling. However, there are always compromises
associated with the studied ecosystem responses to soil heterogeneity, because factors such
as disturbance, nutrient availability or inter-annual variation in the supply of key resources
such as water may override the effects of soil heterogeneity (Huber-Sannwald & Jackson
2001). Therefore, it is difficult to distinguish between the effects of GC drivers and those of
soil heterogeneity on ecosystem functioning (Huber-Sanwald & Jackson 2001).
Nevertheless, increasing our knowledge on how plant responses to soil heterogeneity
modulate plant and ecosystem responses to GC drivers can undoubtedly help improve our
ability to predict impacts of GC on plant assemblages and ecosystem functioning (Korner
2003).

Plant-mediated effects of soil heterogeneity on ecosystem responses to GC may arise
directly and indirectly (Fig. 2). The most intuitive direct effect is that related with the
stimulation of primary productivity by soil heterogeneity (Day, Hutchings & John 2003;
Wijesinghe, John & Hutchings 2005; Maestre & Reynolds 2007a). Such biomass responses
are usually associated with precise root foraging (Maestre, Bradford & Reynolds 2005;
Garcia-Palacios, Maestre & Gallardo 2011) and physiological changes in nutrient uptake
(Hodge 2004) in response to heterogeneous nutrient supply. There is ample evidence on the
individual effects and interactions of GC drivers such as elevated atmospheric CO, and N
enrichment on plant productivity (Navas et al. 1999; Jones et al. 2000; He, Bazzaz &
Schmid 2002). Therefore, we may expect the benefits that plants obtain when growing in a
COg-enriched atmosphere or nutrient-rich soil, such as reduced water requirements and
increases in nutrient availability (Poorter 1993; Niklaus & Kdrner 2004), to interact with
those that plants obtain from soil heterogeneity.

The indirect role played by plants on the linkages between soil heterogeneity, GC and
ecosystem responses are related mainly to changes in plant community composition, which
promote cascading effects on processes such as soil nutrient cycling (Wardle 2002; De Deyn
et al. 2008; Bardgett 2011). Two main mechanisms may enhance these compositional
changes. First, it is known that soil heterogeneity influences community composition
because it changes the nature of competition between coexisting species (Kembel & Cahill
2005). This effect is directly linked with the ability of soil heterogeneity to alter
belowground neighborhood structure (Casper & Jackson 1997), competitive interactions
(Fransen, de Kroon & Berendse 2001), and species relative abundances (Wijesinghe, John &
Hutchings 2005). In addition, if soil heterogeneity is able to induce interactions between root
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and shoot competition (Rajaniemi 2011), it would have a variety of significant consequences
for community composition (Rajaniemi 2003). However, most of the studies addressing this
issue have studied single plant species or populations, but not entire communities (but see
Wijesinghe, John & Hutchings 2005; Rajaniemi 2011; Garcia-Palacios, Maestre & Gallardo
2011). Second, plant-plant interactions are modified by GC drivers such as changes in
rainfall regime (Maestre et al. 2003) or N enrichment (Klanderud & Totland 2005). Given
that the outcome of these interactions is expected to have major effects on ecosystem
processes such as productivity or nutrient cycling (Mulder, Uliassi & Doak 2001; Hooper et
al. 2005, but see Maestre et al. 2010), the interplay between soil heterogeneity and GC may
affect ecosystem functioning through their effects upon plant-plant interactions. Both direct
and indirect effects of changes in plant composition promoted by soil heterogeneity may
suggest that the effects of plant diversity on ecosystem functioning are dependent on this
heterogeneity. This suggestion is supported by previous studies from Tylianakis et al.
(2008b) and Garcia-Palacios, Maestre & Gallardo (2011) who found that soil heterogeneity
modulated the diversity-ecosystem function relationship.

Although not plant-mediated, the functional effects of other biotic communities on
ecosystem functioning, such as soil microbes and fauna, are also likely to be influenced by
soil heterogeneity. The most important factor promoting soil nutrient heterogeneity is the
seasonal accumulation of soil organic matter (Facelli & Pickett 1991). However, other
factors, such as the burrowing activity and enrichment of excreta of soil animals (Stark
1994), and the exploitation of readily available root exudates by microbial communities and
their consumers (Hodge et al. 1998), are also responsible for creating and depleting soil
nutrient patches. Accordingly, we would expect that plant-soil organism interactions change
in response to such heterogeneity. For example, differences in nutrient uptake strategies
between plant species and functional groups may affect the degree and rate of depletion of
nutrient-rich patches, thereby affecting nutrients otherwise available for soil microbes
(Wardle 2002). As reviewed by Hodge, Robinson & Fitter (2000), spatial differences in N
availability is a key determinant of success in N competition between plants and soil
microorganisms. Thus, plant-microorganisms competition for nutrients cannot be fully
understood without an explicit consideration of soil heterogeneity. On the other hand,
mutualistic interactions such as between plant roots and mycorrhizal fungi have been found
to promote the productivity increase by soil heterogeneity (Hodge, Campbell & Fitter 2001),
and hence they may act as a determinant of the soil heterogeneity effects on plant diversity-
nutrient cycling relationships. Taking this information into account, and the fact that plant-
soil interactions are known to be affected by elevated atmospheric CO, or climate change
(reviewed in Bardgett & Wardle 2010), we may expect an important role for soil
heterogeneity as a modulator of these linkages under GC. However, we are only beginning
to address how soil biota may influence, either directly or indirectly, nutrient capture from
heterogeneous nutrient supplies (Hodge et al. 1998; Hodge & Fitter 2010), and hence the
potential role of soil heterogeneity as a modulator of plant-soil interaction responses to GC
is not known.
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What next? Confounding factors, knowledge gaps and future research
directions
CONFOUNDING FACTORS IN SOIL HETEROGENEITY STUDIES

As suggested by Huber-Sannwald & Jackson (2001), it is essential to separate resource
availability and heterogeneity, because they frequently interact to determine plant and
ecosystem responses (Maestre, Bradford & Reynolds 2005; Maestre & Reynolds 2007a,b;
Garcia-Palacios, Maestre & Gallardo 2011). To decide whether a plant compensated for a
localized supply of nutrients, and to separate this effect from a pure increase in soil
nutrients, the study must include a homogeneously distributed nutrient control arranged in
multiple levels of availability (low, intermediate and high). The patch treatment should also
have the same nutrient availability levels of the control. Only in this way can responses to
local cues be distinguished from systemic effects from the rest of the plant (de Kroon et al.
2009). Such comparisons, however, are not the norm in soil heterogeneity studies where
homogenous controls usually have nutrient availability intermediate to patch and
background, rendering the same overall nutrient availability for homogenous and
heterogeneous treatments.

Most previous research has concentrated upon the addition of inorganic patches of
phosphate or nitrate, because such sources are immediately available to the plant. In natural
soils, however, complex organic patches are the norm, and the decomposition of, and
nutrient release from, these complex patches will be vastly different from that resulting from
the addition of inorganic nutrient patches to soil (Fransen & de Kroon 2001). In addition,
there is ample evidence that plants can use a range of chemical forms of N, including a
range of amino acids and peptides (Weigelt, Bol & Bardgett 2005; Hill et al. 2011), and, in
some situations, outcompete soil microorganisms for organic N (see Schimel & Bennet 2004
for a review). Thus, to simulate realistic plant responses in soil heterogeneity experiments,
organic patches should be used in order to allow the interaction with species-specific soil
biota, such as pathogen-mediated root overproduction (de Kroon et al. 2012). The trend
seems to be changing, since we found more studies using organic than inorganic nutrient
patches (Table 1). Last but not least, experiments should always be conducted with real, as
opposed to artificial, soils, as they allow the full complement of biological, chemical and
physical interactions to occur with roots, and plants grown with them experience more
realistic conditions than those raised in artificial growing medium or sand (Robinson 1994).

KNOWLEDGE GAPS AND GUIDELINES FOR FUTURE EXPERIMENTAL AND
THEORETICAL RESEARCH

Morphological and physiological responses to soil heterogeneity are quite well addressed in
the literature (Jackson & Caldwell 1992; Fransen, Blijjenberg & de Kroon 1999, Fransen, de
Kroon & Berendse 2001; Hodge 2004; Cahill & McNickle 2011), but other important
factors remain understudied. The long-term benefits of soil heterogeneity and consequent
root foraging into nutrient patches for both individual plants and communities are unclear, as
most studies are typically carried out over a very short-time span (e.g. Hodge et al. 1998;
Fransen, Blijjenberg & de Kroon 1999). The short duration of most studies means that
effects of patch depletion and root turnover are overlooked, which may limit the long-term
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rewards of root foraging for perennial plants (Fransen & de Kroon 2001). It is important to
know about such longer-term effects because most plant species are perennial, and
demographic processes are expressed over longer time frames than those used in most
experiments so far. Fransen & de Kroon (2001) found that the initial increase in Holcus
lanatus performance experienced under a heterogeneous nutrient supply, promoted by
precise root foraging and high nutrient uptake, disappeared in the second growing season.
This rapid decline in plant performance was probably due to patch depletion and high C and
nutrient losses due to a limited root life span. However, Garcia-Palacios, Maestre &
Gallardo (2011) found that soil heterogeneity increased shoot and root biomass even in the
second growing season. However, the plant functional groups evaluated by these authors
showed different mechanisms to consistently increase their performance along the two
growing seasons. Whereas legumes experienced higher nutrient use efficiency in the first
growing season, they likely took advantage from bacterial N fixation and/or mycorrhizal
fungi activity in the second. The non-legume forbs, despite having the lowest morphological
plasticity in the first growing season (as measured by root foraging precision), showed
enough physiological plasticity to acquire more N from the organic patches during the
second growing season. In summary, the long-term consequences of soil heterogeneity are
far from being understood, and more research is needed to fully approach the relative
importance of this intrinsic ecosystem feature for mid- and long-term plant dynamics. In
particular, the interactive effects of root foraging and root mortality in heterogeneous soils
remain to be studied.

Kembel & Cahill (2005) suggested that there were not enough data available to determine
whether Tilman & Pacala (1993) were correct in their argument that small-scale of nutrient
heterogeneity was unimportant for plant communities. The main problem is that soil
heterogeneity has a more subtle impact on plant communities than on individuals or
monocultures (Hodge 2004). Although we also believe that the consequences of soil
heterogeneity upon plant community structure remain largely unexplored, some
specifications should be made. Over 50% of studies listed in Table 1 used model
communities, suggesting that soil heterogeneity research is beginning to approach
community-level issues. However, most of them have focused on a limited number of
species in controlled conditions (Maestre & Reynolds 2006a,b, 2007a,b; but see Garcia-
Palacios, Maestre & Gallardo 2011). Therefore, to fully understand the role of soil
heterogeneity as a key driver of plant responses to GC, current research must move beyond
the study of root responses of isolated plants in controlled conditions, and focus on the plant
community consequences of soil heterogeneity in the field.

Important insights could be obtained by using field observations to test predictions from
modeling studies, where community processes are simulating from individual responses
obtained with plant monocultures (e.g. Jongejans, Huber & de Kroon 2010). An example of
this approach, although focused on the topic of plant-soil feedback, can be found in Mangan
et al. (2010). They found an interesting matching in the sign of the feedback between tree
species and soil biota, the performance of tree seedlings was reduced when grown in the
presence of enemies associated with adult trees, by means of greenhouse experiments, field
observations and simulation models. This study provides an interesting methodological
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framework to take soil heterogeneity research a step forward. First, the most dominant plants
species within an ecosystem should be identified to assess their individual responses to soil
heterogeneity in common garden experiments. Morphological (e.g. selective root placement
to nutrient patches relative to shoot biomass; Fransen & de Kroon 2001) and physiological
(e.g. nutrient capture from 15N-labelled organic patches; Fransen, Blijjenberg & de Kroon
1999; Maestre, Bradford & Reynolds 2005) responses are needed to fully evaluate the
phenotypic plasticity of each species (Garcia-Palacios et al. 2011). Second, these individual
plant responses should be correlated with the observed species abundance and community
composition in the field. At the same time, soil nutrient heterogeneity could be evaluated in
the field at different spatial scales using metrics such as the coefficient of variation of
nutrient contents (Baer et al. 2004) or the mean absolute difference in nutrient availability
between pairs of sampling plots (Bakker, Blair & Knapp 2003). Whether the plant
community structure matches the individual responses to soil heterogeneity and correlates
with soil heterogeneity metrics in the field, soil heterogeneity will be playing an important
role in plant community assembly (Wijesinghe, John & Hutchings 2005). Finally,
community dynamics could be simulated by means of stochastic spatially explicit cellular
automata models (Balzter, Braun & Kdéhler 1998). By testing whether simulations including
the strength of individual plant responses to soil heterogeneity measured in the experiments
generate community species abundance of similar rank order as those found in the field, we
could assess the long-term importance of soil heterogeneity at the community level in
natural conditions.

Scaling from soil heterogeneity-plant responses to the ecosystem level is, however, more
complicated. Even though ecosystem processes such as C and N cycling are expected to be
affected simultaneously by soil heterogeneity and GC, as previously discussed, we are aware
of only one study assessing the interactive role of soil heterogeneity and GC (N enrichment)
on C, N and P cycling (Garcia-Palacios, Maestre & Gallardo 2011), which did not find any
significant interaction. With this aim, we propose that soil heterogeneity should be
introduced into the trait-based response-effect framework (Fig. 3). This framework was first
approach by Goldberg (1990), and then was applied to ecosystem science by Lavorel &
Garnier (2002) and Naeem & Wright (2003). The necessity of placing foraging ability in the
broader context of plant traits was previously suggested by Kembel et al. (2008). They
found significant correlations between root foraging precision and a range of functional
traits involved in plant growth, which suggest a potential effect of soil heterogeneity on
ecosystem functioning via modification of plant traits.

In the trait-based response-effect framework, plant community-level dynamics can be scaled
to the ecosystem level with a two-step procedure to: 1) assess community responses to GC,
predicted by response traits; and 2) evaluate the concomitant effects of community changes
on ecosystem processes, predicted by effect traits (see Suding et al. 2008 for both theoretical
description and examples of application). The abundance of some plant traits may respond
to GC drivers, with further changes in community dynamics, as usually all species do not
behave similarly (Grime et al. 2000). The altered plant community will impact ecosystem
functioning via changes in the type, range and abundance of ecosystem-effect traits.
Response traits will have a similar reaction to a particular GC driver such as N enrichment
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or elevated atmospheric CO,, and effect traits will exert similar effects on one or several
ecosystem functions. Traits related with resource-use strategies that allow elucidating
between conservation and acquisition strategies may suffice as both response and effect
traits (Suding et al. 2008). GC is expected to alter plant-resource use strategies via either a
change in resource availability and/or a shift in community composition (Lee et al. 2001;
Maestre, Bradford & Reynolds 2005). As outlined in Fig. 3, this framework offers a unique
way to link plant and ecosystem effects to soil heterogeneity and GC because the traits
determining the plant resource-use strategy, that are affected by GC, are also involved in the
morphological and physiological plant responses to soil heterogeneity (Hutchings, John &
Wijesinghe 2003). However, this framework will work only if the plant traits affected by
soil heterogeneity are both relevant response traits to GC and significant effect traits
affecting key ecosystem processes, such as the case of specific root length found by P.
Garcia-Palacios, F.T. Maestre & R. Milla (unpubl. data). Future experimental studies should
evaluate the joint effects of soil heterogeneity and multiple GC drivers on resource-use
strategy traits and community composition at a first step, and then assess how the altered
plant community affects surrogates of ecosystem functioning such as productivity and
nutrient cycling.

Concluding remarks

Our review highlights how soil heterogeneity modulates plant responses to GC drivers, with
potential cascading effects on ecosystem functioning. As a result, we argue that plant
response predictions to GC drivers, including elevated atmospheric CO,, N enrichment and
changes in rainfall regime, will not be informative if they do not explicitly consider the role
played by soil heterogeneity. Despite the important knowledge gaps found, such as the long-
term consequences on plant dynamics or the effects on plant communities in the field, soil
heterogeneity does interact with GC. However, further research is needed to assess under
what conditions soil heterogeneity will have synergistic (Maestre & Reynolds 2006b;
Garcia-Palacios, Maestre & Gallardo 2011) or inhibitory (Stampfli & Fuhrer 2010; Fridley
et al. 2011) interactions with GC drivers. Scaling plant responses to soil heterogeneity to the
ecosystem level is also a promising avenue to identify the functional consequences of the
linkages between soil heterogeneity, GC and plant communities. We propose two different
approaches to overcome these gaps and advance understanding of the role of soil
heterogeneity: 1) to combine morphological and physiological plant responses with field
observations of community composition and simulation models, in order to assess the long-
term importance of soil heterogeneity at the community level in natural conditions; and 2) to
include soil heterogeneity into a trait-based response-effect framework (Kembel et al. 2008),
in order to scale from plants responses to such heterogeneity to the ecosystem level.
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Shoot biomass of experimental grassland communities compared across soil nutrient
heterogeneity levels and atmospheric CO, (A), nutrient availability (B) as a measure of N
enrichment, and water availability (C) as a measure of changes in rainfall regime. (A)
Consisted of two levels of atmospheric CO,: ambient (37.5 Pa) and elevated (70 Pa). (B)
Consisted of two levels of nutrient availability: low (40 mg N) and high (120 mg N). (C)
Consisted of three levels of water availability: low, medium and high (15.92, 31.84 and
47.76 L / m2 of water per week, respectively). Data are means + SE (n = 18 for data in A, n
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= 32 for data in B and n = 24 for data in C). Redrawn with permission from the New
Phytologist Trust (A: Maestre, Bradford & Reynolds 2005), Global Change Biology (B:
Maestre & Reynolds 2006b) and Ecology (C: Maestre & Reynolds 2007b).
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Indirect effects
on ecosystem
functioning

Schematic representation showing the direct and indirect effects of soil heterogeneity and
global change on ecosystem functioning that are mediated by plants. NH = soil nutrient
heterogeneity, CO, = elevated atmospheric CO,, N enr = N enrichment, GC = global
change, and CRR = changes in rainfall regime. Blue arrows represent direct effects. Square
boxes depict soil nutrient heterogeneity. Ellipse boxes depict global change. Rectangle
boxes depict both plant and ecosystem effects. Dashed boxes depict NH x GC interactions.
Interrogation marks represent unknown or understudied effects.
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Figure 3.

Conceptual model proposed to include plant responses to soil heterogeneity (NH) and global
change (GC) into a trait-based response-effect framework. Both NH and GC may affect the
abundance and representation of a suite of response traits related with the plant-resource use
strategy, with further effects on community dynamics. The subsequent and altered plant
community may impact ecosystem functioning in a different way than the initial community
via changes in the abundance and representation of ecosystem-effect traits. If GC and NH
affect the same suite of response and effect traits, this conceptual framework will allow us to
include soil heterogeneity when scaling plant responses to global change to the ecosystem

level.
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Summary features and results of studies addressing interactions between global change (GC) drivers and soil

nutrient heterogeneity (NH).

Study Global change driver ~ Study type  Study level Nutrient patch Duration Response variable Igtéricﬁ:&n
Arnone (1997) CO2 cc Com | 20-69 D Fine root lenght *
CO2 cC Com | 20-69 D Root biomass -
Baer et al. (2004) N enr F Com | 3Y Richness -
N enr F Com | 3Y Diversity -
Day, Hutchings N enr G Pop I 60 D Shoot biomass *
& John (2003) .
N enr G Pop | 60 D Root biomass *
Fransen & de N enr G Sp (] 2Y Shoot biomass *
Kroon (2001) .
N enr G Sp (e} 2Y Root biomass *
Garcia-Palacios, N enr CG Com (6] 15Y Shoot biomass -
Maestre &
Gallardo (2011) N enr CG Com (0] 15Y Root biomass -
Lamb, Haag & .
Cahill (2004) N enr cC Sp (e} 60 D Shoot biomass -
Maestre & co2 cc Pop o 90D Shoot biomass - -
Reynolds (2006a)
N enr cc Pop o] 90D Shoot biomass L
Maestre & CO2 cC Com (e} 90D Shoot biomass -
Reynolds i
(2006b) Co2 cc Com (0] 90D Root biomass -
N enr cc Com (] 90D Shoot biomass *
N enr cC Com (e} 90D Root biomass *
Maestre & CO2 cc Com (] 93D Shoot biomass -
Reynolds (2007a) .
CO2 cc Com (] 94D Root biomass -
Maestre & N enr cC Com (e} 100 D Shoot biomass -
Reynolds i
(2007b) N enr cc Com 0] 100 D Root biomass -
CRR cc Com (] 100 D Shoot biomass *
CRR cC Com (e} 100 D Root biomass *
Maestre, Cc02 cC Com (0] 120 D Shoot biomass *
Bradford & i
Reynolds (2005) COo2 cc Com o 120D Root biomass -
N enr cC Com (e} 120D Shoot biomass -
N enr cc Com (] 120 D Root biomass -
Maestre et al. cO2 CcC Pop (0] 90D Shoot biomass - -
(2007)
N enr cc Pop 0 90D Shoot biomass N
Wang, de Kroon CRR G Sp | 60D Shoot biomass -
& Smits (2007) .
CRR G Sp | 60 D Root biomass -

CO2 = elevated atmospheric CO2, N enr = N enrichment, CRR = changes in rainfall regime, CC = climate chamber, F = field, G = glasshouse, CG
= common garden, Com = community, Sp = species, Pop = population, | = inorganic, O = organic, D = days, and Y = years.

*
significant GC x NH interaction (P < 0.05).
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