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Macroecology of biodiversity disentangles local and regional drivers of biodiversity by exploring
large-scale biodiversity relationships with environmental or biotic gradients, generalizing local
biodiversity relationships across regions, or comparing biodiversity patterns among species
groups. A macroecological perspective is also important at local scales: a full understanding of
local biodiversity drivers, including human impact, demands that regional processes be taken
into account. This requires knowledge of which species could inhabit a site (the species pool),
including those that are currently absent (dark diversity). Macroecology of biodiversity is
currently advancing quickly owing to an unprecedented accumulation of biodiversity data, new
sampling techniques and analytical methods, all of which better equip us to face current and
future challenges in ecology and biodiversity conservation.

I. Introduction
Macroecology seeks to detect and explain ecological relationships
using statistical analysis of large datasets across broad spatial scales
(Smith et al., 2014). It links biogeography and ecology to give a
better understanding of biological systems, in the same way that
stepping back from a large painting can offer a clearer perspective
on the work. In this Tansley insight, we address the macroecology
of biodiversity, focusing on the species richness of plants and fungi.
The ideas we present apply to other biodiversity aspects (e.g.
functional, phylogenetic or genetic diversity), and other taxonomic
groups.
Biodiversity can be analyzed in relation to various parameters
representing abiotic gradients, the structure of the environment
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(e.g. heterogeneity), disturbance regimes, ecosystem-level parameters such as productivity, prevailing biotic interactions, and so on.
We argue that the macroecology of biodiversity – exploring both
global biodiversity relationships with environmental or biotic
gradients, and generalizing local biodiversity relationships across
large spatial scales – will open new prospects for understanding and
predicting biodiversity. In particular, it is crucial to distinguish
between local and regional effects on biodiversity (Mittelbach &
Schemske, 2015).

II. Large-scale biodiversity relationships
Large-scale variation in biodiversity has been studied for centuries,
with the latitudinal diversity gradient (more species in the tropics
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and fewer in colder regions) being the most prominent example
(Fine, 2015). However, macroecology has seen a recent renaissance,
as recognition has grown that many of the challenges in biodiversity
conservation occur at scales larger than typical communities or
landscapes, for example invasion of alien species and global change
(Capinha et al., 2015; Lambers, 2015). This realization has been
coupled with a series of technical advances. First, increasing data
accumulation and improvements in computing resources have
vastly increased the scale and scope of the questions that can be
addressed (Maldonado et al., 2015). Second, the development of
metabarcoding (DNA-based identification of species from environmental samples; Taberlet et al., 2012), has made it possible to
study the biodiversity of cryptic organisms. Examples of metabarcoding usage include studies on global biodiversity patterns of
rhizosphere bacteria (P~olme et al., 2014), soil fungi (Tedersoo
et al., 2014) and root symbiotic fungi (Davison et al., 2015).
Metabarcoding has already given new insights into how the
diversity of different organisms is distributed at large spatial scales.
For example, in contrast to the strong latitudinal gradient of plant
diversity, soil-inhabiting microorganisms generally show a weaker
diversity difference between tropical and temperate regions
(Tedersoo et al., 2014). For arbuscular mycorrhizal fungi, despite
a latitudinal diversity trend, many species are cosmopolitan in their
distribution, suggesting more efficient dispersal than was previously thought (Davison et al., 2015). Moreover, some fungal
groups, such as ectomycorrhizal fungi, exhibit the highest diversity
in mid- or high latitudes (Tedersoo et al., 2014).
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Behind these large-scale gradients are simultaneous changes in a
number of climatic and edaphic variables, biotic interactions and
biogeographic history, all of which can influence local biodiversity
directly and indirectly. To separate these effects, we need data
characterizing both the region and the location where biodiversity
was sampled (Fig. 1). For example, it is possible to estimate how
much climate affects local fungal diversity directly vs indirectly, via
effects on soil chemistry and vegetation, using analytical techniques
such as structural equation modeling (Tedersoo et al., 2014). Such
analyses can reveal the importance of biogeographic history in
generating broad-scale biodiversity patterns.

III. Local biodiversity relationships across regions
Regional and local effects on biodiversity can be disentangled by
examining how local biodiversity varies with environmental and
biotic gradients across biogeographic regions (Fig. 2). Information on such local relationships is rapidly accumulating and many
metastudies are available; yet, the ‘Holy Grail’ of most researchers
has remained a universal biodiversity relationship. Typically,
however, results vary extensively among case studies. Variation in
methodology has been blamed for this lack of a general
relationship, but coordinated global sampling has not been the
silver bullet and there remains considerable variation among
study locations. For example, methodologically consistent global
sampling schemes have found considerable variation among
specific locations in the relationship between grassland plant
(b)

Local diversity

(a)

Tansley insight

Global gradient

(c)

Climate

Vegetation

Soil

Local diversity

Fig. 1 Macroecology studies large-scale biodiversity relationships with environmental or biotic gradients globally (a) and can reveal general trends (b), or use
more complex causal analyses to give better insights into underlying processes (c).
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Fig. 2 By exploring local biodiversity relationships with environmental or biotic gradients across regions with different biogeographic histories (a),
macroecology enables the comparison of local biodiversity relationships (b) and can reveal historical effects. For example, biota in temperate and tropical
regions might behave differently across environmental or ecological gradients (c). See Box 1 for an example.

diversity and productivity (Adler et al., 2011; Fraser et al.,
2015b). This suggests that a move beyond bivariate relationships
towards more complex analyses that seek support for specific
causal relationships could be more informative. For example,
rather than merely quantifying the shape of the plant diversity–
productivity relationship, we could ask to what extent local
diversity is linked to different biogeographic, environmental, and
ecosystem factors (Grace et al., 2016).
It is also possible to hypothesize that local biodiversity–
environment relationships actually differ among biogeographic
regions, for example, between the tropics and colder regions (P€artel
et al., 2007). In principle, differences among local biodiversity
relationships can be as informative as general patterns (Zobel &
P€artel, 2008; Lessard et al., 2012), allowing the development of
specific hypotheses about the mechanisms determining the distribution of biodiversity. If the relationship is consistent across
regions with different biogeographic histories, there is a reason to
assume that the relationship is mainly based on local mechanisms,
as is the case for the relationship between soil fungal richness and
soil pH (Tedersoo et al., 2014). By contrast, local plant diversity
tends to be positively related to soil pH in temperate zones where
many species originate from regions characterized by high soil pH,
but not in the tropics where low pH soils predominate (P€artel,
2002), suggesting that biogeographic mechanisms influence the
outcome of these relationships. Interestingly, the soil pH-related
patterns for arbuscular mycorrhizal fungi, obligate plant
New Phytologist (2016) 211: 404–410
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symbionts, mirror those of plants (Davison et al., 2015). See Box 1
for details of how three fungal groups relate to soil pH in tropical
and temperate regions.
When a local biodiversity relationship changes its nature across
regions, one may assume that regional processes, responsible for
the formation of regional species pools, underlie the observed
relationships (Zobel & P€artel, 2008). Knowing these
region-specific differences in biodiversity relationships will enable
more precise forecasting of biodiversity dynamics under environmental change. Current techniques predicting the impact of
environmental changes are often based on the assumption that once
the biodiversity–environment relationship has been described
using a particular empirical dataset, it can be applied universally.
This is not necessarily true; for example, plant species’ thermal
niches can differ between the Alps and Scandinavia (Pellissier et al.,
2013) and even climatic envelopes of whole-plant biomes vary
among continents (Moncrieff et al., 2015).

IV. Local biodiversity relationships across species
groups
Regional effects can also be explored locally if biodiversity
relationships with environmental and biotic gradients are compared among taxonomic groups differing in their biogeographic
affinity, that is, the region from which the species originates. With
such an approach, we can associate biota with environmental
Ó 2016 The Authors
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Box 1 Detecting regional effects on local biodiversity: an example with arbuscular mycorrhizal, ectomycorrhizal and nonmycorrhizal soil fungi
Analyzing biodiversity relationships with environmental or biotic gradients across regions with different biogeographic histories might reveal
the importance of regional effects, for example, speciation and extinction patterns, and changes in species’ distribution ranges. Recently, two
studies sampled the local diversity of different fungal groups by molecular techniques: one considered arbuscular mycorrhizal fungi (AMF;
Davison et al., 2015); and the other looked at ectomycorrhizal (EcMF) and nonmycorrhizal soil fungi (NMF; Tedersoo et al., 2014). Both
studies found richness differences across latitude and soil pH gradients. Here, we demonstrate that the relationship between fungal richness
and soil pH varies across fungal groups and among tropical and temperate regions (separated broadly from 30° of latitude). AMF richness is
generally higher in the tropics than in the temperate region, but the relationship with soil pH exhibits contrasting trends: it is significantly
positive in temperate regions but there is no trend in the tropics, similar to the trend of plants (P€artel, 2002). EcMF richness has unimodal
trends with soil pH that differ between tropical and temperate regions. NMF richness is larger in the tropics but had had no trend with soil
pH. Contrasting patterns among broad regions and taxonomic groups demonstrate that local fungal richness is shaped by both local and
regional mechanisms.
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Box figure: Local richness of three fungal groups related to soil pH in temperate (blue) and tropical (red) regions.

conditions that prevailed in the region of their evolutionary origin
(Jimenez-Alfaro et al., 2014). For example, Harrison & Grace
(2007) explored how the diversity of plants with different
biogeographic affinities was related to productivity and revealed
that positive productivity–diversity relationships dominated for
groups that originated from more productive regions. Similarly, in
temperate regions, herbaceous communities often have unimodal
diversity–productivity relationships, but woody communities have
a positive relationship with productivity (Laanisto et al., 2008).
This contrast may be explained by phylogenetic conservatism; in
contrast to herbaceous species, temperate trees have originated
largely from tropical lineages (Kerkhoff et al., 2014). In the tropics,
positive diversity–productivity patterns are common (P€artel et al.,
2007) and temperate trees still reflect ‘tropical’ preferences for
habitats.
One can also compare biodiversity relationships between species
groups characteristic to different habitat types within a region, such
as forest and grassland. Biota associated with particular habitat
types have their own evolutionary histories, associated with the
conditions prevailing where and when those habitats originated.
For example, forests are relatively old, from the Cretaceous or older,
while grasslands are relatively young, from the Neogene (Lososova
et al., 2015). This evolutionary history can determine how local
communities are assembled in particular abiotic and biotic
conditions (Cornwell & Grubb, 2003).
From the human point of view, quite a large portion of
biodiversity is ‘unwanted’: diseases, pests, weeds, and alien species.
If we know the environmental affinities of these groups relative to
the rest of biodiversity, we can control them more efficiently
Ó 2016 The Authors
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(Seabloom et al., 2015). For example, for a given habitat, the
number of invasions that have occurred between North America
and Central Europe is largely defined by the area of respective
habitats on the other continent, which, in turn, determines the
number of potential invaders (Kalusova et al., 2014). In addition to
alien species, human disturbances have also caused ecosystem
changes that have opened the door to ‘native invasive’ species from
neighboring communities, such as invasion by N-fixing, tall, native
plant species that threaten coastal dune biodiversity globally
(Mu~
noz-Valles & Cambrolle, 2015). Identifying potential
invaders for particular sites allows managers to prepare and
eradicate unwanted species early.

V. Separating regional and local effects: the species
pool concept
To separate regional and local effects on biodiversity, it is useful to
consider habitat-specific species pools that contain only the species
in the region that could potentially inhabit the study site (also called
‘filtered’ species pools; Cornell & Harrison, 2014; Zobel, 2016).
The construction of habitat-specific species pools requires both
knowledge of observed species and estimation of the absent portion
of the species pool (dark diversity; P€artel et al., 2011; Lewis et al.,
2016). Inclusion of dark diversity can improve our understanding
of the processes regulating biodiversity (Fig. 3). Local effects on
biodiversity can be examined if, instead of just looking at observed
diversity, we look at how much of the species pool is realized locally,
an index called community completeness (P€artel et al., 2013).
Without local-scale effects, observed richness should be
New Phytologist (2016) 211: 404–410
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Fig. 3 Considering species pools can distinguish local and regional drivers of diversity patterns. (a) In a hypothetical example, observed diversity deviates from a
linear relationship with species pool size (dashed line), creating a curvilinear relationship (solid line) and resulting in lower species richness than expected at high
species pool values. This indicates that local factors limit diversity in addition to the species pool effect; that is, the studied communities show a saturated pattern.
(b) The curvature can be tested by regressing community completeness against species pool size. Community completeness is an index showing the proportion
of species pool realized locally, for statistical reasons expressed as the log-ratio, loge(observed diversity/dark diversity), with dark diversity being the absent part
of the species pool. Completeness can also reveal local effects on biodiversity. (c) In this example, both observed diversity and the species pool (observed + dark
diversity) have no strong relationship with an environmental gradient. (d) However, when completeness is regressed against the gradient, we see a relationship
not detected using just observed diversity. Thus, the gradient is probably an important local driver limiting the proportion of the species pool observed.

proportional to species pool size, that is, community completeness
and species pool size vary independently. If, however, community
completeness decreases with increasing species pool size, it indicates
that local richness is not limited by the species pool size alone, but
also by local factors (i.e. community saturation; Szava-Kovats et al.,
2012). Classical community ecology associates saturation with the
effect of negative biotic interactions such as competition (Mittelbach & Schemske, 2015). Indeed, Michalet et al. (2015) examined
plant communities in France and found saturation to be associated
with situations in which competitive interactions predominate.
Similarly, in a global study of grasslands, Fraser et al. (2015a) found
lower community completeness in high productivity habitats,
where strong competition for light is expected to limit coexisting
plant species.
To identify regional effects on biodiversity, we should consider
variation in both species pools and observed diversity. Community
completeness is mathematically independent of species pool size.
Thus, completeness can be used to isolate local biodiversity
relationships with abiotic or biotic variables. Ronk et al. (2015)
examined both species pools and community completeness across
Europe and showed that while observed richness and species pool
size obeyed the well-known latitudinal gradient, community
completeness did not vary across latitudes at all. Instead, high
completeness was characteristic of regions with lower human
impact, indicating that anthropogenic factors are among the most
important local-scale biodiversity determinants in Europe.
Local and regional effects have also been separated by including
species pools in structural equation models as independent
New Phytologist (2016) 211: 404–410
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variables. With this approach, Laliberte et al. (2014) examined
plant diversity across a > 2 million yr chronosequence of soil
development in Australia. They found that local diversity was
largely determined by the size of the species pool in particular
successional stages and that local variation in soil resources played a
minor role. In a global-scale integrative modeling of grassland
biodiversity, Grace et al. (2016) accounted for the effect of the
species pool by including factors that correlate with the species pool
sizes (e.g. macroclimatic variables).

VI. Conclusions
Macroecology of biodiversity addresses the large-scale drivers of
biodiversity and local variation in biodiversity across regions with
varying biogeographic history. Here, we primarily explored
taxonomic diversity, but other biodiversity facets are also important. Incorporating phylogenetic, functional trait, physiological
and genetic information is also helping to improve macroecological
predictions of biodiversity (Fine, 2015). Further integration of
different biodiversity aspects into macroecology shows great
promise.
Data on all aspects of biodiversity are rapidly accumulating in
various repositories, but varying methods and approaches limit
their usage. Coordinated sampling initiatives are a very encouraging development, but obtaining consistent expertise globally is
challenging. Controversially, global sampling of microorganisms
by molecular tools might have made a leap forward compared with
macroorganisms by standardizing taxon delineation, although
Ó 2016 The Authors
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metabarcoding has great potential for globally consistent
biodiversity sampling of macroorganisms as well (Handley,
2015). Moreover, it potentially enables us to include all coexisting
organismal groups and hence to address the macroecology of whole
ecosystems. We anticipate that DNA-based biodiversity sampling
will soon become common in macroecology across all taxonomic
groups.
By disentangling local and regional effects and improving our
understanding of the processes determining biodiversity, macroecology may increase our ability to combat the loss of biodiversity
and to control undesirable species that may harm biodiversityassociated functions (Urban, 2015). Both the suitability of the
available data and the methods of estimating species pools are
improving rapidly, with the potential to considerably enhance the
macroecology of biodiversity. Specifically, globally replicated
experiments can be much more powerful if species pools are
considered for each site.
There are many promising developments under way: unprecedented accumulation of biodiversity data, globally coordinated
data collection initiatives, new molecular biodiversity sampling
techniques, methods separating regional and local biodiversity
drivers. Macroecology is providing a framework to integrate all of
this information and these tools to provide a better understanding
and a more efficient conservation of biodiversity.
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