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Chapter 7  
Essential Biodiversity Change Indicators 
for Evaluating the Effects of Anthropocene 
in Ecosystems at a Global Scale

Cristina Branquinho, Helena Cristina Serrano, Alice Nunes, Pedro Pinho, 
and Paula Matos

Abstract Understanding and predicting the impact of global change drivers on bio-
diversity, the basis of the delivery of goods and services to humans, is a critical task 
in the Anthropocene Era. This has led to the development of international monitor-
ing networks and frameworks to evaluate changes in biodiversity, the Essential 
Biodiversity Variables, though still somewhat ineffective. Biodiversity drivers have 
changed their relative importance in time and space, e.g. due to policies to combat 
air pollution, the increasing nitrogen pollution or climate change. Hence, to monitor 
their impact on biodiversity in space and time, we need appropriate Biodiversity 
Change Indicators and Surrogates, measured through distinct metrics. In this chap-
ter, we propose a conceptual model to select the most cost-effective metrics of 
biodiversity- change based on both the type and intensity of the drivers that limit or 
impact biodiversity, and the nature of the Essential Biodiversity Variables which 
may be affected in each case. We propose ecophysiology-based metrics for low 
intensity limiting/impacting drivers, affecting organisms’ individual performance; 
trait-based metrics for medium intensity drivers, affecting the ecological perfor-
mance of sensitive species before tolerant ones, changing species abundance and 
community functional traits; taxonomic-based metrics for high driver intensities 
which may culminate in species loss. We further discuss the utility of remote sens-
ing data to measure some of these indicators or surrogates, allowing to upscale and/
or generalize spatial and temporal information.
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7.1  Introduction

7.1.1  The Need for Essential Biodiversity Variables

The establishment of the Convention on Biological Diversity, at the Rio Earth 
Summit in 1992, has put biodiversity at the centre  stage. Since then, several 
agreements have been signed, such as Contracting Parties’ agreement on the 
United Nations Strategic Plan for Biodiversity 2011–2020, and associated Aichi 
Biodiversity Targets. Despite these agreements, biodiversity continued to change 
globally (Butchart et al. 2010; Dornelas et al. 2014; Tittensor et al. 2014), with 
ongoing species loss and/or changes in communities (without species loss), and 
our knowledge is still too small to understand the exact consequences for human’s 
wellbeing and ecosystems resilience, presently and in the future. Hence, moni-
toring biodiversity change is an essential task for the XXI century, not only to 
assure we meet the proposed political goals (Aichi Targets for 2020, Parties to the 
United Nations, Convention on Biological Diversity, and Sustainable Development 
Goals for 2030 of the United Nations), but also to guarantee that the provision of 
basic ecosystem services (MEA 2005) is maintained, securing our survival on 
Planet Earth.

To monitor biodiversity-change at the global scale, harmonized observation sys-
tem and timely data are needed (Pereira et al. 2013; Matos et al. 2017). In an attempt 
to solve this problem and simultaneously trying to answer to the question “what to 
monitor?”, the Group on Earth Observations – Biodiversity Observation Network, 
proposed the concept of “Essential Biodiversity Variables” (Pereira et  al. 2013). 
This process intended to be the basis of monitoring programs worldwide, and was 
inspired by the Essential Climate Variables, that guided the implementation of the 
Global Climate Observing System by the Parties of the United Nations Framework 
Convention on Climate Change (WMO 2010). The Essential Biodiversity Variables 
aim to help biodiversity observation-communities: (i) to harmonize monitoring, by 
identifying how variables should be sampled and measured; (ii) to help prioritize, 
by defining a minimum set of essential measurements to capture major dimensions 
of biodiversity change, complementary to one another and to other environmental 
change observation initiatives; (iii) to facilitate data integration, by providing an 
intermediate abstraction layer between primary observations and indicators (Pereira 
et al. 2013). In short, the Essential Biodiversity Variables framework aims to iden-
tify a minimum set of variables that can be used to inform scientists, managers and 
the public on global biodiversity change.

The Essential Biodiversity Variables framework recognizes three distinct levels 
of biodiversity information: (i) Primary Observations (i.e., raw data); (ii) Essential 
Biodiversity Variables; and (iii) Biodiversity Indicators (Collen et  al. 2009) 
(Fig. 7.1). In a first attempt, the minimum set of Essential Biodiversity Variables 
aggregated candidate variables into six classes: “genetic composition,” “species 
populations,” “species traits,” “community composition,” “ecosystem structure,” 
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Fig. 7.1 Conceptual framework for “Monitoring Biodiversity Change” and for the selection of the 
metrics of indicators and surrogates that might reflect biodiversity change at the global scale

and “ecosystem function” (Pereira et al. 2013). The six classes  proposed by Pereira 
et al. (2013) are now widely adopted as part of the essential biodiversity variables 
framework (Geijzendorffer et al. 2016; Chandler et al. 2017; Turak et al. 2017).

7.1.2  The Challenges of Biodiversity Change Indicators

Putting into practice a global monitoring network to track biodiversity change is far 
from being an easy endeavour. The Essential Biodiversity Variables framework will 
undoubtedly help global consistent reporting of changes in the state of biodiversity, 
but it is unlikely to contribute much to halt biodiversity decline, unless it can be 
effectively applied at scales relevant to decision-making regarding conservation 
(Henle et  al. 2014). The complexity of biodiversity (different taxa, considerable 
species diversity within each, complex ecological interactions, numerous pressures 
interacting synergistically to impact multiple aspects of biodiversity, etc.) arises as 
a major obstacle, turning this purpose of tracking the trends and the state of biodi-
versity, in face of controllable and easily achievable conservation goals, a herculean 
task (Noss 1990; Brooks et al. 2014). In addition, major scientific challenges are 
faced when distilling biodiversity into a limited number of essential variables. These 
include: (i) identification of the taxa to be measured among the several that are 
important for biodiversity conservation and ecosystem services delivery; (ii) identi-
fication of a single variable for a critical aspect of biodiversity; (iii) the translation 
of information between different biological and geographical realms (e.g. terrestrial 
and marine); (iv) the heterogeneity of methods and data used for measuring and 
recording different components of biodiversity; and (v) the selection of appropriate 
metrics (units and scales) of measurement to ensure comparability between Essential 
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Biodiversity Variables (Brummitt et al. 2017). Altogether, these barriers make it dif-
ficult to consistently aggregate variables across time, space and taxa (Turak et al. 
2017). Documenting and quantifying global biodiversity change, remains a huge 
challenge due to sparse or biased data and a general lack of agreed international data 
standards.

Nearly 100 indicators have been proposed for the 2020 Convention on 
Biological Diversity targets (UNCBD 2011), but without significant advances on 
the indicator’s practical application. The mid-term assessment of the Aichi Targets 
(Tittensor et  al. 2014), suggested that while actions to counteract the decline of 
biodiversity have increased, so too have driver’s intensity, resulting in a further dete-
rioration in the state and trends of biodiversity. Meaning that to succeed, actions 
towards the Aichi targets will have to be supported by updated information on 
regional and global patterns of biodiversity change, on drivers of biodiversity 
change, and on the effectiveness of conservation policies (Pereira and Cooper 2006; 
Scholes et al. 2012; Tittensor et al. 2014; Proença et al. 2017).

A successful example was attained with typical ecological indicators, the epi-
phytic lichens (Matos et al. 2017). Since the industrial revolution (sulphur dioxide) 
to the present (nitrogen, land use, climate change), lichens have been used to track 
the major drivers of global change. Yet, currently the challenge is to harmonize 
methodologies, so they can be used at the global scale. Two protocols are applied at 
the continental scale, the United States and the European (Fig.  7.2). This work 
developed a framework to help bridge existing long-term monitoring data sets, 
investigating the compatibility of the interpretation of their outcomes using broadly 
accepted biodiversity metrics. This work showed that both methodologies generate 
similar interpretation trends. The framework developed incorporates measures of 
species richness, community shits and functional trait metrics. This enabled the use 
of available data and new data together in jointly analysis under a biodiversity 
change perspective, giving information on the drivers of change and on the effec-
tiveness of conservation policies at the global scale.

However, very few biodiversity data sets of sufficient quality, across broad taxo-
nomic, temporal and spatial scales are available for official reporting, all of which 
result in a reduced ability to reliably detect biodiversity change. This leads to infor-
mation gaps and geographical, temporal and taxonomic biases in reporting efforts 
worldwide; for example, most data come from less biodiverse areas such as North 
America and Europe rather than biodiversity-rich areas (Collen et al. 2008; Mora 
et al. 2008; Pereira et al. 2012). Similarly, vertebrates are much better covered than 
other taxa (Pereira et al. 2012). In global assessments such as the Global Biodiversity 
Outlook 4 (CBD 2014), this leads to the predominant use of bird data for many 
biodiversity indicators (Pereira et al. 2012), undermining the comprehensiveness of 
the effects of global change on biodiversity and biasing also policy responses based 
on these reports. Information gaps and biases can originate from the indicator set 
used or from a lack of robust and reliable data. These constitute practical barriers 
that require increased efforts before biodiversity data can be used in assessments. 
Concerning the gaps in data, mobilization of existing data and the collection of new 
data could help fill current information gaps (Kot et al. 2010). The potential for 
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Fig. 7.2 Successful example of a harmonized monitoring framework to be included in the global 
monitoring network to  track biodiversity change. This framework refers to the use of epiphytic 
lichen diversity collected with the most widely applied methodologies, the United States and 
European. (Adapted from Matos et al. 2017)
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data mobilization is internationally recognized, and several long-term initiatives 
have focused on mobilizing biodiversity data and metadata (e.g. the Global 
Biodiversity Information Facility – GBIF, and the Long-Term Ecological Research 
Network – LTER).

7.1.3  The Need for Surrogates of Biodiversity Change

Most species have not yet been described and even for those that are known, data on 
spatial distributions are sparse and often unreliable. Given the inability to properly 
and comprehensively cover all taxa, planning for biodiversity conservation requires 
surrogates of biodiversity. In an environmental context, a “surrogate” is a compo-
nent of the system of concern that one can more easily measure or manage than 
others, and that is used as an indicator of the attribute/trait/characteristic/quality of 
that system (Mellin et al. 2011). The use of surrogates is important and often neces-
sary because resource constraints in monitoring and management require cost- 
effective yet useful ways to assess ecosystem responses and key ecological processes 
(Lindenmayer et al. 2015).

Surrogates can be roughly divided into taxonomic and environmental catego-
ries. Taxonomic surrogates are predominantly based on biological data and nor-
mally include known taxonomic groups, focal species, umbrella species, species 
assemblages, and various ecological classifications (Grantham et  al. 2010; 
Lindenmayer et al. 2015; Hunter et al. 2016). Environmental surrogates are usually 
based on a mix of physical and biological data, subdivided into two types: those 
based on discrete classes (ecological classifications or land types) and surrogates 
where continuous data are analysed directly in the selection of areas. They can 
reflect drivers known to be important in determining the distribution of species and, 
modelled with species data, can be mapped more consistently, quickly, and inex-
pensively across large areas (Fig. 7.3). The choice of the drivers is determined also 
by data availability, spatial scale, choice of data merging techniques, biogeography, 
and perceptions about the importance of specific variables in shaping biological 
distributions.

There are four important common steps in the development of ecological surro-
gates: (i) identify well-developed goals for the use of ecological surrogates 
(McGeoch 1998; Collen and Nicholson 2014); (ii) develop a robust conceptual 
model of the system in question to then guide the identification of appropriate sur-
rogates (Niemeijer and de Groot 2008); (iii) rigorously test the ecological surro-
gates (Bockstaller and Girardin 2003); and (iv) overcome widespread problems of 
translating the scientific knowledge on ecological surrogates in a way that effec-
tively informs managers and decision-makers, or even the wider public (Halpern 
et al. 2012; Westgate et al. 2014) (Fig. 7.3).

Recently, Lindenmayer and co-workers (2015) developed a new conceptual 
Adaptive Surrogacy Framework to explicitly address five trade-offs: (i) whether it is 
better to employ surrogates or address (e.g. measure) an entity directly; (ii) the 
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Fig. 7.3 Diagram representing the use of Indicators and Surrogates of Biodiversity Change. 
Before using Surrogates of Biodiversity Change (bottom-left), they need first to be modelled and 
validated in relation to the Biodiversity Change Indicator of interest (bottom-right) which must be 
related to changes in a limiting/impact driver (top-right)

accuracy versus generality of a surrogate; (iii) the temporal stability of a surrogate 
versus its ability to detect change over time; (iv) simple communication value ver-
sus communication complexity associated with caveats and details of methodology; 
and, (v) cost-effectiveness versus certainty.

7.1.4  The Importance of Drivers Limiting or Impacting 
Biodiversity Change

The preliminary analysis of biodiversity indicators showed that it requires addi-
tional information on non-biodiversity variables, i.e. the drivers limiting or 
impacting biodiversity in some way (Tittensor et al. 2014). These are essential to 
inform a specific objective of a policy target (e.g. progress in policy implementa-
tion, public awareness, and policy and management responses, such as the change 
in global surface temperature) and to provide an interpretation of the detected 
changes in biodiversity (e.g. driven by pollution or climate change), so that actions 
can be taken to address that problem. A driver is any natural or human induced 
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pressure factor that directly or indirectly causes a change in an ecosystem. 
Whereas a direct driver unequivocally influences ecosystem processes, an indirect 
driver operates more diffusely, by altering one or more direct drivers. Some 
important anthropic direct drivers affecting biodiversity are habitat change, cli-
mate change, invasive species, eutrophication, overexploitation, and pollution 
(MEA 2005).

Changes in biodiversity are almost always caused by multiple interacting drivers 
working in space and over time, that can occur intermittently (such as droughts) or 
permanently (such as land-use) (MEA 2005). Though some drivers are global, the 
actual set of interactions that brings about an ecosystem change is more or less spe-
cific to a particular place (Ribeiro et al. 2013). The strength of a driver effect, how-
ever, is determined by a range of location-specific factors (MEA 2005). Therefore, 
it is crucial to identify and evaluate the intensity of the driver limiting or impacting 
biodiversity (recognized threats and pressures), and the actual positive or negative 
effects on physiological and ecological performance of individuals, species, com-
munities, habitats and ecosystems. These non-biodiversity variables are not covered 
by the Essential Biodiversity Variables list (Pereira et al. 2013). Yet, comprehensive 
interpretation of biodiversity trends clearly requires the integration of other data, 
notably on drivers and pressures for biodiversity. This is crucial to decide which 
type of metric of biodiversity change indicator/surrogate should be selected for each 
Essential Biodiversity Variable.

7.1.5  The Nature and Intensity of the Drivers from the Past 
to the Future

Direct drivers vary in their importance within and among systems and in the extent 
to which they are increasing their impact. Historically, habitat and land use change 
have had the biggest impact on biodiversity across biomes. Overexploitation and 
invasive species have been important as well, and continue to be major drivers of 
change (MEA 2005). Pollution, in the past by metals and sulphur dioxide, and 
more recently the deposition of nitrogen and phosphorus, is expected to increase 
its impact, leading to declines in biodiversity across biomes. Climate change is 
projected to increasingly affect all aspects of biodiversity, from individual organ-
isms, through populations and species, to ecosystem composition and function 
(MEA 2005).

Due to human activities and to climate change, ecosystems are experiencing 
changes from the local to the global scale (MEA 2005; Canadell et al. 2007). The 
impacts are of such magnitude that have led to the consideration of a new era – the 
Anthropocene (Zalasiewicz et al. 2010). Since the first warning by The Limits to 
Growth (Meadows et al. 1972), scientists have been trying to quantify the environ-
mental, economic, and social limits to human activities on Earth. In a context of 
global change, Rockström et al. (2009), and more recently Steffen and co-workers 
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(2015) analysed the safety of nine planetary systems (with  great importance for 
human habitability on Earth) and concluded that the rate of biodiversity loss, cli-
mate change and eutrophication have already crossed the safety borders of the ter-
restrial system. On the other hand, they show that chemical pollution, although 
undeniably important, had not yet been quantified. All these changes in the plane-
tary systems impact the structure and functioning of ecosystems and the consequent 
delivery of goods and services they provide. Managing and understanding complex 
systems such as our society or ecosystems, requires simplification. It is therefore 
essential the construction of a simple image with a limited set of relevant factors: 
the “Indicators & Surrogates of Biodiversity Change”.

7.2  Objective and Rationale

In the Era of Anthropocene and under the framework of the Essential Biodiversity 
Variables, the main aim of this work is to call attention for the need to develop 
Biodiversity Change Indicators and Surrogates to monitor biodiversity changes. 
These can only be interpreted and applied after knowing their relationship with the 
drivers that limit or impact biodiversity. We propose a conceptual model to select 
the most cost-effective metrics of biodiversity change, based on both the nature and 
the intensity of the drivers that limit or impact biodiversity. During the Anthropocene 
Era we expect most ecosystems to be affected by at least one anthropic driver 
(whether it is global or local). Some drivers, such as some pollutants (e.g. DDT) 
never existed in nature and others existed in much lower amounts or intensity than 
today (carbon dioxide or ammonia). Ecosystems are currently affected by drivers 
which limit or impact biodiversity with different intensities. In this work, we use the 
term ‘Driver Intensity’ to convey not only the amount but also the toxicity of the 
drivers affecting biodiversity. Additionally, driver’s intensity changes over time. In 
the past, biodiversity was mostly affected by air pollution (e.g. sulphur dioxide and 
metals), while nowadays nitrogen pollution is the driver with stronger effects on 
biodiversity, particularly in rural areas. In the future, we expect changes in climate 
patterns due to climate change to become the most important driver. Sulphur diox-
ide in the atmosphere increased almost ten-fold during the industrial revolution 
(with its maximum in the 70s), whereas ammonia emissions increased more recently 
and with an intensity of approximately four-fold. Climate change effects on biodi-
versity are mostly related to changes in the deviation from average climatic vari-
ables, such as the case of global surface temperature (Fig.  7.4). Due to this, 
significant changes were only recently detected, and its intensity is still low in com-
parison with the magnitude of the previous drivers. Our conceptual model will be 
based on the selection of the most cost-effective biodiversity change metric having 
in mind the nature and intensity of drivers, and the nature of the Essential Biodiversity 
Variables.
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7.3  How to Choose Biodiversity Change Metrics in Relation 
to Driver’s Intensity

7.3.1  Low Intensity Drivers may Change Biodiversity Metrics 
from Genetic Composition to Species Populations

When the limiting or impacting drivers are of low intensity (due to both nature or 
magnitude), we expect them to interfere with individuals’ performance, but not to 
the point of jeopardizing their existence. Individuals physiological performance 
might be different due to differences in their genetic pool and on acclimation condi-
tions (plasticity). When a population is subject to limiting or impacting drivers, the 
most  sensitive individuals tend to have a lower physiological performance (e.g. 
lower growth) in comparison with the most tolerant ones, that are not affected for 
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starting points (genetic or phenotypic variability) of individual performance would also produce 
different ending points. The ecological performance (realised niche; double arrows) of the sensi-
tive and tolerant individuals indicates their niche width and would be reflected in the biodiversity 
of the species population

the same driver intensity (Fig. 7.5). The amplitude of driver’s intensity where sensi-
tive and tolerant individuals grow determines their realised niche width (Fig. 7.5).

In the beginning there was the gene: one unit, more or less filled with variability 
(alleles) and prone to mutations that might expand biodiversity and drive evolution. 
An individual is a complex interaction of genes, with differences enough from the 
next to make it unique, but also limited within a common pool. Taxonomy studies 
these genetic pools, mostly by looking at the phenotypes, the physical expression of 
genes together with the environment, characterizing groups of similar individuals as 
a species, genus or phylum (e.g.). The more biodiverse a gene is (different alleles), 
the higher the chances for the outcome to be a more plastic phenotype, capable to 
withstand environmental variation (Fusco and Minelli 2010).

The fundamental niche concept is deeply connected with that of genetic pool: 
genes determine the limitations and plasticity ranges an individual can outstand. 
This concept of fundamental niche (theoretically, the widest range of abiotic condi-
tions where a species can maintain a sustainable population (Hutchinson 1957)) can 
be considered one of the bases for biodiversity: different sets of abiotic conditions 
will encompass different performances for different individuals with different 
genetic backgrounds (Hutchinson 1991). Phylogeny intends to go a bit further than 
taxonomy, relating the species current taxonomic position to time and evolution. 
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Both taxonomy and phylogeny are measures of biodiversity that are dependent on 
the definition of species. With time and environmental drivers in action, the gene 
pool might be reduced or modified to a point of no return (speciation or extinction).

To add complexity to these interactions, single individual’s performance depends 
not only on their genetic pool, but also on the interaction with the community (other 
individuals of the same and of different species) and with limiting (soil, water, light, 
temperature) or impacting drivers (pollution, eutrophication, etc.). The fitness of the 
several single individuals (their physiological performance) determines the overall 
performance of the population. Thus, the fitness of the several populations, which 
all together make the species (ecological) performance, is a proxy for the species 
realised niche, the part of the fundamental niche that is in fact occupied by the spe-
cies in natural conditions (Colwell and Rangel 2009). An ecosystem is thus, the 
combination of a specific community, in a particular set of abiotic conditionings 
(limiting drivers), that make it unique. A change in community composition or in 
limiting (edaphoclimatic factors) or impact drivers (e.g. climate change; pollution) 
will eventually result in a change in biodiversity and the ecosystem status.

In water and nutrients rich ecosystems, and without other abiotic stress drivers, 
the main limiting drivers for the establishment of an individual should be its disper-
sion ability to more empty areas and tolerance to interactions with other species 
(e.g. pathogens, parasites, herbivores). As more individuals occupy those empty 
spaces, competition arises (intra or interspecific), mostly for light in the case of 
primary producers, for example. On the other extreme, in poor and hostile ecosys-
tems, low resource availability implies a stronger competitive drive between nearby 
individuals. Biodiversity here, is shaped by the width of the realised niches, more or 
less reduced from the fundamental niche width, according to competitive ability to 
reach or occupy the areas with more resources (Colwell and Rangel 2009; Hortal 
et al. 2015).

In the case of strong competition (intra or interspecific), the strongest competitor 
will occupy the areas with more resources, while the weakest one will be pushed to 
areas with higher abiotic stress, where it doesn’t perform so well physiologically 
(Colwell and Fuentes 1975). In this case, for the weak competitors, the areas of 
higher ecological performance (abundance) will not be the areas of higher physio-
logical fitness, against what common sense would dictate (McGill 2012). 
Biodiversity in these communities can change dramatically, if the established eco-
system equilibrium is disrupted by strong drivers, like changes in community com-
position (e.g. introduction of exotic species) or abiotic factors (e.g. climate change), 
see Fig. 7.6 for an example. Therefore, at the community level (individuals or even 
species), the measure of physiological performance vs. ecological performance, 
would integrate the local biodiversity drivers that affect it, from genes, to individu-
als, to community, reflected in the niche width. Thus, individual physiological per-
formance of the population can be a good Biodiversity Change Metric that respond 
to low intensity drivers.

Consider two drivers affecting a community: biotic – competition (intra or inter-
specific); and environmental – a particular stress. The response of the individuals in 
the community to those local drivers will determine its biodiversity (Fig. 7.6).
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#1 has a narrower realised niche than #2 due to 
its low stress tolerance, so its distribution is 
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widespread generalist species with potential to 
become invasive.

Interaction of #1 and #3
Competition between two low stress tolerants. 
The stronger competitor #1 pushes #3 to most 
stressful areas, resulting in a very narrow 
realised niche for #3. The best physiological 
performance for both would be achieved in the 
low stress areas. #3 would easily become a very 
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Interaction of #3 and #4 (or #1 and #4)
Both #3 and #4 are weak competitors, so 
competition is not the driver for biodiversity. 
Because their stress tolerance is quite different, 
they can also occupy different areas without 
overlapping. The outcome is similar to that of the 
interaction between #1 and #4, but fin this case 
the reason is low competition due to the different 
stress limits. Although #4 is not at its best 
physiological performance where its ecological 
performance is best, this is enough to sustain 
their population (e.g. Plantago almogravensis; 
Serrano et al. 2015) depending on the 
maintenance of those refuges, but still prone to 
high rarity locally.
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Interaction of #2 and #4
#2 being a much stronger competitor than #4, it 
pushes #4 to its limits of distribution (areas of 
high stress). These refuge areas for #4 
(unnecessarily stressful for #2) are very feeble 
making this species prone to rarity. 
For #2 and #3 there is no coexistence possible, 
as #2 would dominate over the areas of #3 
fundamental niche, leaving not enough 
resources and driving #3 to local extinction.

ph
ys

io
lo

gi
ca

l p
er

fo
rm

an
ce

intensity of limiting and/or impacting driver

ph
ys

io
lo

gi
ca

l p
er

fo
rm

an
ce

intensity of limiting and/or impacting driver

#4
#2

#1

#2

#1

#2

Fig. 7.6 Effect of the biodiversity change drivers in the physiological and ecological performance 
of two species with different characteristics
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7.3.2  Intermediate Intensity Drivers May Change Biodiversity 
Metrics from Species Traits to Community’s Composition

The capacity of an ecosystem to withstand disturbances without shifting to an alter-
native ecosystem state, losing functions and services, defines ecosystem resilience 
(Holling 1973; Scheffer et al. 2001), and is tightly dependent on the ecosystems’ 
biodiversity in all its facets (Pollock et al. 2017). Depending on the nature and inten-
sity of the driver, these different facets may be hierarchically affected, from indi-
vidual organism’s performance to changes at the community level (de Bello et al. 
2013). The selection of the appropriate Metrics to measure Biodiversity Change 
should, therefore, depend on the type or intensity of the driver. For that reason, and 
as suggested by this book title, assessing and conserving biodiversity to face the 
challenges posed by global change implies moving beyond a mere individual spe-
cies approach.

As discussed in Sect. 7.3.1, when the drivers act on ecosystems at low intensity, 
they are expected to affect firstly the physiological performance of biological organ-
isms (at the individual level), which in turn affect their fitness, e.g. growth, repro-
duction success. Only then, changes in the performance of populations or species 
may lead to changes in their abundance, determining a decrease in more sensitive 
species and/or an increase in the most tolerant ones (Cornwell and Ackerly 2009) 
(Fig. 7.7). This may be seen as a response of species ecological performance that, as 

threshold
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on species
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intensity of the limiting and/or impacting driver
selected 

metrics of 
biodiversity
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based trait
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species
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types of 
essential 

biodiversity 
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ecological performance 
of sensitive individuals

physiological performance
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ecological performance 
of tolerant species

Fig. 7.7 Effect of the driver’s intensity on Essential Biodiversity Variables at the individual and 
species performance level. A low intensity of the driver affects individual’s performance, reflected 
by ecophysiology-based metrics. Increasing intensity of the driver will affect sensitive species 
before tolerant ones, leading to changes in species abundance and consequently to changes in com-
munity functional characteristics, reflected by trait-based metrics
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Fig. 7.8 Effect of the driver’s intensity on Essential Biodiversity Variables, from individuals’ per-
formance to communities. Increasing intensity of the driver will affect sensitive species before 
tolerant ones, leading to changes in species abundances and consequently to changes in commu-
nity functional characteristics, reflected by trait-based metrics. A higher intensity of the driver may 
culminate in species loss, reflected by taxonomic based metrics

mentioned in Sect. 7.3.1, may be due not only to the pressure drivers but also to 
biotic interactions (de Bello et al. 2012). If the pressure driver persists in time or 
increases its intensity, changes in ecological performance may culminate in species 
extinction or their substitution by others with specific traits that make them more 
tolerant to the pressure driver (Grime and Díaz 2006). Those less tolerant species 
may be filtered out of the community, affecting species composition and, ultimately, 
species richness (Fig. 7.8).

7.3.2.1  Intraspecific Trait Variation

It is known that species response to environmental drivers and their effect on eco-
system functioning depend on their characteristics, namely on their functional traits 
(Hooper et al. 2005; de Bello et al. 2010). For that reason, functional trait-based 
metrics are emerging as better indicators to quantify changes in ecosystems in 
response to global change drivers (Díaz and Cabido 1997; Díaz et al. 2007; Lavorel 
et al. 2011; Mouillot et al. 2013). Functional traits are species attributes, measurable 
at the individual level, that influence their responses to environmental conditions 
(by affecting their fitness), or determine their influence on ecosystem properties 
(Lavorel and Garnier 2002; Hooper et al. 2005). This approach can quantify compo-
sitional shifts accounting for species functional redundancy or uniqueness, and has 
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the potential to be both universal and applicable at broad spatial scales (to compare 
very distinct communities), unlike some taxonomic diversity metrics, because it is 
not linked to species identity per se. Thus, in a case where compositional shifts 
occur, these metrics enable us to identify which group of species declines (i.e. sensi-
tive species) and which remains (Fig. 7.7).

When studies are focused on the turnover of species (and their traits) in commu-
nities and compared across space or over time, the most frequent procedure is to use 
one mean trait value per species, ignoring trait variation within species. The trait 
value of each species (mean, range or categories) is then “weighted” by their abun-
dance, to obtain trait-based metrics at the community level. However, some traits 
are more plastic than others, and may show a high intraspecific variation along 
environmental gradients (e.g. plant specific leaf area). In general, intraspecific trait 
variability should be also considered: (i) for more ubiquitous species showing high 
plasticity along environmental gradients; (ii) in communities with a low turnover in 
species composition; or (iii) in studies addressing trait variations at finer spatial 
scales.

Plant trait data may be obtained locally, using standard methodologies (Pérez- 
Harguindeguy et al. 2013), or retrieved from scientific literature or trait databases 
(Kattge et al. 2011). The first approach is considered crucial in the study of pro-
cesses acting at the plot-scale (e.g. niche partitioning), while the use of database 
values is considered acceptable for studies at the site-level or at broader scales 
(Albert et al. 2011; Cordlandwehr et al. 2013; Shipley et al. 2016). Given that mea-
suring species traits is often laborious and time consuming, and not always possible, 
trait databases are expected to support the change in paradigm from species to trait- 
based ecology at the global scale. However, trait data available in databases is still 
insufficient, and lacks large geographical coverage (Kattge et al. 2011). Trait data 
gaps are more pronounced, for instance, in northern and central Africa, parts of 
South America, southern and western Asia (Kattge et al. 2011). Thus, trait-based 
studies should contribute to fulfil trait data gaps as much as possible.

7.3.2.2  Functional Trait Metrics

Trait-based metrics may be described by several metrics comprising either the mean 
of functional traits, often called functional structure, or their range or dissimilarity, 
i.e. functional diversity (Díaz et al. 2007; Lavorel et al. 2008). Both were reported 
to respond to major environmental drivers or biotic interactions, and to affect major 
ecosystem processes like primary production or decomposition rates (de Bello et al. 
2010; Mouillot et al. 2011, 2013; Valencia et al. 2015). The most widely used metric 
to measure functional structure at the community-level is the community-weighted 
mean (CWM) (Garnier et  al. 2007). This metric reflects the dominant traits in a 
community, and derives from the “mass ratio hypothesis”, according to which the 
effects of communities on ecosystem processes are largely determined by the traits 
of the dominant species (Grime 1998). CWM enables the quantification of commu-
nity shifts in mean trait values due to environmental selection for certain traits, 
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associated to changes in the abundance of dominant species (Mouillot et al. 2013). 
For instance, CWM metrics of epiphytic lichen traits and vascular plants were 
shown to be related to aridity, having the potential to work as indicators of its effects 
in drylands (Matos et al. 2015; Nunes et al. 2017).

Functional diversity (FD) shows the degree of functional dissimilarity within the 
community and can be expressed through various indices (Mason et  al. 2005; 
Villeger et al. 2008; Laliberte and Legendre 2010). FD may be used to quantify the 
decrease or increase in trait dissimilarity in response to driver’s intensity compared 
to a random expectation (i.e. trait convergence or divergence, respectively). For 
instance, some drivers may act as abiotic filters on communities, selecting for spe-
cies with similar “more adapted” trait values, i.e., causing trait convergence. This 
has been found in vascular plant traits of Mediterranean dryland communities, as a 
response to increasing aridity (Nunes et al. 2017). Following the “niche comple-
mentarity hypothesis”, a higher FD is thought to reflect an increase in complemen-
tarity in resource use between species, and thus an increase in ecosystem functioning 
(Tilman et al. 1997). Similarly to taxonomic diversity, FD may be divided into three 
components namely, functional richness, functional evenness, and functional dis-
persion (Mason et al. 2005). Functional dispersion, which considers trait abundance 
in addition to richness, has shown a better predictive ability than, for instance, func-
tional richness (Schleuter et al. 2010; Mouillot et al. 2011). Functional diversity also 
allows the assessment of ecosystems’ resilience towards disturbance drivers. The 
greater the presence of functionally similar species (higher functional redundancy), 
the higher the probability that disturbance-induced local extinctions of species will 
be compensated by the presence of similar species, ensuring higher ecosystem resil-
ience (Pillar et al. 2013).

In short, functional trait-based metrics enable a universal and mechanistic under-
standing of species response to environmental drivers (Mason and de Bello 2013) 
and may improve predictions of the effect of global change drivers on biodiversity 
and on ecosystem functioning if drivers have an intermediate intensity (Suding et al. 
2008).

7.3.2.3  Multi-trait Metrics

Over the last decade, several multi-trait metrics have been developed with the aim 
of resuming the functional diversity of multiple traits into a single FD value, esti-
mating the “functional trait space” occupied by a community (Villeger et al. 2008; 
Laliberte and Legendre 2010; Schleuter et al. 2010). However, the integration of 
multiple traits into one metric has to take into account single-trait trends and their 
possible co-variation, to avoid misinterpretation (Butterfield and Suding 2013). 
Different traits may show divergent responses to environmental variation due, for 
instance, to trade-offs among species strategies. Another point to consider is that 
different traits may be redundant, i.e. convey the same information. Thus, joining 
them in a single FD value may overestimate their importance in relation to other 
traits. Two solutions may be adopted to avoid redundancy. The first one is to 
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condense the information of single-traits FD into main axes of functional special-
ization, with techniques that reduce trait data dimensionality in the most informa-
tive variation axis, e.g. multivariate methods such as principal components analysis. 
Alternatively, and considering that correlated traits may not give exactly the same 
information, one may include all traits in a composite metric, giving a lower weight 
to correlated traits. However, in either case, it is important to start by checking for 
each particular context whether the considered traits co-vary or not, as species may 
show different combinations of traits under different environments, to maximize 
their performance (Maire et al. 2013; Volis and Bohrer 2013).

7.3.2.4  Taxonomic Diversity Metrics

Assessing biodiversity changes has largely relied on species richness metrics (i.e. a 
biodiversity-based taxonomy metrics) (Cadotte et al. 2011; Pereira et al. 2013). This 
was done firstly because this metric directly addresses biodiversity loss, enabling an 
assessment of the state of biodiversity change in relation to systematic loss. For 
several years, this metrics revealed highly effective in quantifying biodiversity 
changes in relation to drivers of great intensity (e.g. sulphur dioxide pollution), 
revealing trends of declining biodiversity (Cardinale et  al. 2012; Hooper et  al. 
2012). In taxonomic diversity metrics, this is considered the α biodiversity compo-
nent, which measures the diversity of spatially defined units (Magurran 2013).

Though undeniably useful to measure species loss, this metrics application has 
revealed some limitations. At the global scale, more than a sharp trend of systematic 
species loss over time, we seem to be witnessing consistent compositional shifts 
(Dornelas et al. 2014). These compositional shifts depict the β component of biodi-
versity that measures spatial or temporal differences in composition between com-
munities. The intensity and time of action of the drivers may be responsible for this. 
The most important drivers in the recent past (Fig. 7.4) have declined its intensity, 
while the new emerging ones have lower intensities at present, so only in a few 
years-time, with their continuous action, we will start to observe consistent declines 
(see Sects. 7.1.2 and 7.1.3). The adoption of measures to control industrial and 
urban pollutants emissions (e.g. sulphur dioxide or lead) has successfully reduced 
their levels in the atmosphere (Fenger 2009), since they peaked in late 1970s 
(Fig.  7.4). Since then, other drivers such as nitrogen pollution or even climate 
change, became more important (Fig.  7.4). Nonetheless, given their character, 
intensity, or still short time of action, they seem to trigger compositional shifts more 
than species loss (Balmford et al. 2003; Dornelas et al. 2014). This happens because 
species richness may not only be unresponsive, but it may also respond idiosyncrati-
cally or peak at intermediate levels of disturbance, potentially showing no signal of 
change (Mouillot et al. 2013). However, contemplating only metrics of the β com-
ponent of taxonomic diversity may also reveal insufficient from an ecosystem view-
point. They are unable to account for species functional redundancy or uniqueness 
in the ecosystems when such compositional shifts occur, disregarding species func-
tional role in the ecosystems (Petchey and Gaston 2006; Cadotte et al. 2011). For 
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example, in a recent work, while a decreasing trend was found for functional diver-
sity of several plant traits along a spatial climatic gradient in Mediterranean  drylands, 
no pattern was observed for species richness (Nunes 2017; Nunes et  al. 2017). 
Accordingly, other metrics that maximize tracking changes with a lowest effort 
should be considered in this context.

Thus, under intermediate driver’s intensity a trait-based analysis should perform 
better, whereas under a strong driver’s intensity a taxonomic analysis may be more 
cost-effective (Fig. 7.8).

7.3.3  Surrogates of Ecosystem Structure and Functioning 
Change from Remote Sensing

Making decisions regarding the conservation of biodiversity and the maintenance of 
ecosystem services, fostered the need to study indicators and/or surrogates that 
reflect the structure of ecosystems in a more in-depth way. Ecosystems are complex 
systems of energy and matter exchange, where a series of ecological processes oper-
ate at different scales and with different impacts on their functioning, dependent on 
their biodiversity. In turn, these processes respond to several drivers that can act 
simultaneously and interact, often in a non-linear way. This complicates how we 
can assess the integrity of ecosystems and the state of its processes.

Many of the indicators and/or surrogates used to measure the state of ecosystems 
do not consider the different effects that drivers have on the ecosystem they act 
upon, and on their degree of resilience. Measuring the impact on ecosystems is 
much more complex than measuring the drivers limiting or impacting them. 
Ecological indicators or surrogates are used to measure the effects of the drivers on 
the structure and functioning of ecosystems. They are used to communicate envi-
ronmental data to stakeholders by helping describe them in a simpler and more 
concise way, more easily understood and used by non-scientists to make manage-
ment decisions (Lindenmayer et  al. 2015). Ecological indicators can be used to 
diagnose the cause of an environmental problem, to assess the effects of environ-
mental conditions on ecosystem functioning or to provide an early warning signal 
in the event of changes in the environment. However, ecological indicators are 
expensive to use at the global scale, being commonly replaced by surrogates based 
on remote sensing. Before its use, the relationship between the ecological indicators 
and the surrogates must first be modelled (Fig. 7.3).

Of the six components of the Essential Biodiversity Variables, two can be com-
prehensively assessed by remote sensing, namely those related to ecosystem struc-
ture and ecosystem functioning (Pereira et al. 2013). Common examples include the 
use of NDVI – normalized difference vegetation index, as a surrogate of vegetation 
vigour (Gaitan et al. 2013), or the use of other wavelengths to infer measures of 
vegetation physiological status (Nestola et al. 2018). Remote sensing is also used to 
directly monitor species and populations, although this remains dependent on the 
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size of such species and populations (Vihervaara et al. 2017). Remote sensing mea-
sures, offer a major advantage over ground measurements of species and  populations 
in field assessments: they allow upscaling and/or generalizing spatial and temporal 
cover, which ground measures cannot provide. It also gives us the ability to look to 
ecosystems with a holistic perspective, for example allowing to look for critical 
thresholds resulting from multiple non-linear interactions (Scheffer et al. 2009), or 
to search for emergent properties, i.e., ecosystem properties that do not occur when 
ecosystems are considered isolated. The importance of remote sensing led to the 
development of the concept of the Satellite Remote Sensing – Essential Biodiversity 
Variables by the Group on Earth Observations – Biodiversity Observation Network 
(Pettorelli et al. 2016). Those are, within the Essential Biodiversity Variables, the 
ones that need remote sensing to be quantified.

Besides structure and functioning, the effects of many drivers related with biodi-
versity change can also be measured by remote sensing, including global change 
drivers like land-use change (Steffen et  al. 2015). However, the link that relates 
ecosystem structure and functioning surrogates to its drivers is still missing. As in 
Sect. 7.3.2 dealing with species and communities, it is important to use the response 
to drivers to select the most appropriate remote sensing surrogates of ecosystem 
structure and functioning. This link would not only allow a better selection of the 
most appropriate surrogates of ecosystem structure and functioning, but also to 
upscale the knowledge obtained through a modelling approach.

Modelling approaches can be more direct (e.g. modelling changes in vegetation 
density by NDVI caused by frequency of wildfires) or more mechanistic (e.g. mod-
elling the response of tree vitality to drought induced by climate change and medi-
ated by insect’s outbreaks). In either case, models’ contribution would highly 
support the use of remote sensing in estimating ecosystem structure and functioning 
as surrogates of Essential Biodiversity Variables. The inclusion of explicit links to 
drivers in these models provides a much needed generalization capacity, and the 
possibility to track change over time and space at larger geographical scales. More 
specifically, that link would support the GEO-BON Global Biodiversity Change 
Indicators “Species distribution in habitats” and “Biodiversity loss by habitat degra-
dation” (GEO BON 2015).

7.4  Final Remarks

There is a strong need for measuring biodiversity change and/or loss at the global 
scale and over time, to comply with all national and international conventions that 
protect species, habitats and ecosystems. Despite this, our main objective should be, 
at least, to live on Earth in a sustainable way, assuring the delivery of provision, 
cultural and regulation ecosystem services that allow our well-being. Measuring all 
forms of biodiversity everywhere and over time is an impossible task. That’s why 
the framework of Essential Biodiversity Variables was developed, reducing the 
forms of biodiversity to six types (“genetic composition,” “species populations,” 
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“species traits,” “community composition,” “ecosystem structure,” and “ecosystem 
function” (Pereira et al. 2013)). However, even reducing it to six forms of biodiver-
sity, it is not possible to measure all taxa relevant for the maintenance of the delivery 
of ecosystem services. Thus, we need to find good surrogates that can work as 
Biodiversity Change Metrics of the Essential Biodiversity Variables.

In this work, we expect biodiversity in the Anthropocene to be changed, in its 
different facets, by limiting and impacting drivers. We propose that a driver’s inten-
sity is determinant to the response of the different biodiversity change metrics. We 
expect low intensity drivers to influence the response of individual’s physiological 
performance, and propose  that Biodiversity Change Metrics should be 
ecophysiological- based in that case. At intermediate levels of driver’s intensity, we 
expect the most cost-effective Biodiversity Change Metrics to be trait-based. Finally, 
in situations of strong driver’s intensity we expect decreases in abundance and spe-
cies loss, proposing a taxonomic-based approach as the most cost-effective to detect 
biodiversity changes. We further discuss the use of remote sensing data to measure 
changes in some of these indicators or surrogates of Essential Biodiversity Variables, 
particularly those reflecting ecosystem structure and functioning, allowing to 
upscale and/or generalize spatial and temporal information.
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