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Abstract Globally, natural resource management agencies are increasingly recognizing
the importance of long-term ecological research (LTER) for monitoring biodiver-
sity, ranging from relatively simple, known, local-level issues, such as managing tour-
ist impacts in a conservation park, to more complex, multifaceted, pervasive, and
far-reaching impacts, such as global climate change. Much previous literature has
confused protocols for LTER projects to answer current research questions, with devel-
oping a system for long-term ecological monitoring. Contrary to perceptions that these
LTER systems are not driven by well-defined objectives, we argue that LTER systems
can be designed and implemented with the specific objective of providing a basis for
both LTER projects and long-term monitoring, We present an overview of RAPELD,
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an LTER system developed in Brazil. with comparable infrastructure established in
Australia and Nepal. The standardized biodiversity infrastructure and research platform
provides a long-term basis for powerful multi-disciplinary, multi-scale analyses.

12.1 Introduction

In 2002, the US Secretary of Defense, Donald Rumsfeld, used the phrase
“unknown unknowns™ to describe critically important aspects of military defense
that are essentially unpredictable until they start to have an effect. Taleb (2007)
more generally used the term “black swans” to describe rare and unpredictable
phenomena that have a disproportionate effect on human lives, but focused on eco-
nomic aspects. In the context of biodiversity conservation and management. such
black swans include unpredictable long-term global issues, such as climate change
(Doak et al. 2008; Wintle et al. 2010),
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The black swan concept goes to the heart of a long-running debate about the
value of long-term ecological monitoring and whether the approaches advocated
by various authors are able to achieve their stated objectives (Magnusson et al.
2005, 2008; Ferraz et al. 2008; Lindenmayer and Likens 2009; Haughland et al.
2010). Much of this debate we feel can be auributed to a misunderstanding of
the fundamental differences between designing a long-term ecological research
(LTER) project focused on particular questions (Lindenmayer and Likens 2009),
and designing an LTER system for addressing current management questions, but
which can also detect "black swans™ over much greater timescales (Magnusson
et al, 2005; Haughland et al. 2010; Costa and Magnusson 2010; Hero et al. 2010).

Designing a monitoring program can benefit from the attention paid to a limited
range of management goals, resulting in narrowly focused scientific research pro-
jects. This approach works well if all stakeholders are convinced of the relevance
of those goals, and it is reasonable to assume that other stakeholders, or goals, will
not be forced onto the study. However, these assumptions are likely to apply only
to geographically and temporally limited studies.

The LTER project approach to scientific analysis is well suited to monitor-
ing, which has the objective of estimating parameters for pre-established mod-
els. However, it is increasingly becoming evident that, without modification, this
approach cannot prepare us for early detection of black swans, which are generally
unpredicted because our models, rather than the parameter estimates, are badly
specified.

Firstly, the cost of implementing an optimal experimental design for each and
every known environmental threat within a particular scientific researcher’s uni-
verse of interest is beyond any reasonable expectation for financing within the
foreseeable future (Field et al. 2005). Secondly, even if it were possible to finance
such complex experimental designs, these studies would not self-organize into a
system that would optimize our chances of detecting and dealing with black swans
(Wintle et al. 2010). We argue that developing LTER systems 1o effectively under-
stand and manage biodiversity requires a paradigm shift in LTER approaches.

In this chapter, we present some outcomes from the RAPELD system for use
in LTER networks—a system designed to answer specific research questions in a
long-term monitoring framework. It was designed for detecting long-term trends
in biodiversity across longitudinal and latitudinal gradients at a global scale and
to maximize the chances of detecting black swans. It does this by implementing
infrastructure that is useful to a wide range of stakeholders with different objec-
tives and scales of interest, while maintaining the flexibility to deal with specific
threats and evolving research questions.

To be of greatest use to the widest range of stakeholders, the RAPELD LTER
system was designed around the following eight fundamental requirements:

1. Be technically and spatially standardized.

2. Permit standardized surveys of all taxa.

3. Be large enough to permit survey of all taxa and ecosystem processes.
4. Be modular to permit surveys over large areas.
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5. Be compatible with preexisting initiatives.

6. Can be implemented with available human and monetary resources.

7. Provide data to stakeholders in a reasonable time.

8. Be compatible and integrated with large-scale remote sensing capabilities.

Where possible, surveys should result in abundance estimates, or at least permit evalu-
ation of detectability biases (see Chaps. 9 and 10). Details behind the logic and descrip-
tions of implementation for each of these can be found in Costa and Magnusson (2010),
Hero et al. (2010), and the PPBio Web site (http:/ppbio.inpa.gov.br). However, even
without the details, it should be clear why Brinciples such as these are necessary to
attend to the demands of the wide range of biodiversity stakeholders, and a number
of these points are raised by others committed to establishing monitoring networks
(Westoby 1991; Parr et al. 2002; Buckland et al. 2005; Abbott and Le Maitre 2010;
Gardner 2010). Stakeholders contribute to the system in a variety of ways, including
providing manpower, maintaining field infrastructure, developing remote sensing tech-
niques, providing access to their lands, identifying specimens, and undertaking labora-
tory analyses. It is their system.

Biodiversity monitoring represents an extreme case in which the stakeholders,
objectives, and funding opportunities are spatially and temporally scale depend-
ent, and there is no overarching institutional framework to coordinate monitor-
ing efforts. We will illustrate this with examples from the Brazilian Program for
Biodiversity Research (PPBio), and the use of RAPELD (Magnusson et al. 2005)
methodology. We do not purport to describe the myriad of ecological interactions
in global ecosystems but aim instead to show how the RAPELD system allows
different stakeholders to make use of the same infrastructure, despite different and
sometimes changing objectives.

12.2 How to Catch a Black Swan

Here, we present some examples of the use of RAPELD infrastructure that provide evi-
dence that LTER systems are much better equipped for detecting black swans. These
examples are not exhaustive, but they demonstrate the ability to detect black swans
using a well-designed LTER system that provides infrastructure and a framework for
answering unexpected multi-scale and multi-disciplinary ecological questions.

1. Reserva Ducke is one of the most accessible and intensively studied field
sites in the Neotropics (Pitman et al. 2011), and millions of dollars had been
spent in trying to document the biodiversity in the reserve (e.g., Adis 2002;
Ribeiro et al. 1999). However, many new species for Reserva Ducke were dis-
covered when scientists were provided with infrastructure (permanent trails
and plots) to systematically survey the entire reserve, including birds (Cintra
2008), plants (Costa et al. 2008, 2009), fish (Mendonga et al. 2008), and frogs
(Menin et al. 2008a, b). One of the most unexpected results was that Arelopus
spumarius, which belongs to one of the most extinction-prone genera of frogs,
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occurs only in the western drainage of the reserve where the water is slightly
less acid (Menin et al. 2008a). That important species had not been detected
in the reserve despite many long-term studies undertaken before the field
infrastructure was established (e.g., Magnusson et al. 1999; Hero et al. 2001).

Earlier studies, although carried out by experts, had failed to detect many rela-
tively large vascular plants and vertebrates of Reserva Ducke, and these results
were replicated in other areas. A graduate student, in a survey of a standard
RAPELD grid in the area of influence of the Balbina hydroelectric dam, encoun-
tered 58 species of frogs, whereas much more extensive studies by specialists in a
much greater area, including more obviously distinct habitats, had revealed only
48 species (Condrati 2009). RAPELD methodology, using relatively inexperienced
observers, encountered about twice as many species of amphibians for the same
field effort as directed surveys by specialists elaborating environmental impact
statements (Goralewski 2008). Apparently, the advantages of systematic sampling
far outweigh the advantages of using experts without the benefit of standardized
field infrastructure.

2. The existence of long-term ecological research sites using shared infrastruc-
ture allows multi-disciplinary studies that were not expected or designed and
allow better interpretation of short-term studies using the same methodology.
For instance, Dias et al. (2010) used data from an LTER site that also used
RAPELD methodology to evaluate the probable effect of seasonality revealed
by a short-term study of effects of logging on fish.

3. Remote Sensing: Using standard infrastructure systematically distributed across
the landscape facilitates integrating remote sensing with ground truthing. The
possibilities for feedbacks between remote sensing and biodiversity surveys
can be illustrated with two examples from Amazonian RAPELD sites. Use of
Shuttle Radar Topography Mission (SRTM) images is now one of the most use-
ful and robust methods to produce topographic maps over large areas. However,
SRTM reflects off forest canopies and may be affected by surface water, and
it was not clear how accurate data derived from SRTM was for estimation of
altitude over small areas. Schietti et al. (2007) used data from several RAPELD
LTER sites to calibrate SRTM data revealing altitudinal precision errors under
the canopy over scales of tens of km (72 = 0.7) with further bias over water-
logged ground. The ability to undertake these calibration measures was fortui-
tous as the elevation data collected from the LTER plots were not measured
with this objective in mind. Nonetheless, these data are proving useful to both
remote sensing modelers and biodiversity specialists.

Light detection and ranging (LIDAR) methods use point height data to pro-
duce surface topographical strata and can be used to generate structural images
of forest canopies. It may therefore be possible to calibrate LIDAR data to esti-
mate arboreal biomass (Lefsky et al. 2002). This has become the objective of a
consortium of Brazilian and North American researchers (http://www.amazonpir
e.org/) who are using data from RAPELD and other long-term monitoring sites
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in Amazonia to calibrate airborne LIDAR. These data are also being calibrated
against ground-based LIDAR and in the future will be used to calibrate satellite
LIDAR (M. A. Lefsky, pers. comm.). This is another example preparing for a
black swan, in which LIDAR technology was not envisioned when the RAPELD
grids were being installed, though the calibration would not have been as effec-
tive if remote sensing in general had not been taken into account in designing the
RAPELD system (Costa and Magnusson 2010).

4. Many studies have shown biomass accumulation in Amazonian forests.
However, only studies undertaken using RAPELD infrastructure have been
able to show within-site variation in biomass accumulation due to soils, and
short-term (2-year) variation in soil-biomass accumulation relationships
(Castilho et al. 2006, 2010). This biomass comparison can be linked to cli-
mate change, and data are now comparable with other RAPELD LTER sites
nationally and internationally. Although the total biomass per hectare is
much greater in the Amazonian rainforest site, the proportion of biomass in
each 10-cm-diameter-at-breast-height size class is very similar in Australian
eucalypt forest (Fig. 12.1). The proportion of biomass in each size at Reserva
Ducke (Castilho et al. 2006) predicts 95 % of the variation between size
classes in Karawatha measured by Butler (2007), a result totally unexpected
before the comparison was made.

12.2.1 Examples of LTER Projects that Used RAPELD
Infrastructure

RAPELD LTER infrastructure has proven useful for studies of carbon stocks
(Castilho et al. 2006, 2010), decomposition processes (Braga-Neto et al. 2008;
Toledo et al. 2009, 2011, 2012), and distributions of plants (Costa et al. 2005,
2009; Kinupp and Magnusson 2005; Drucker et al. 2008), fish (Mendonga et al.
2005; Pazin et al. 2006; Espirito-Santo et al. 2009), amphibians (Menin et al.
2007, 2008b), mammals (Mendes Pontes et al. 2008, 2012; Calzada et al. 2008),
and invertebrates (Oliveira et al. 2009; Rodrigues et al. 2010). It has revealed gaps
in our knowledge with regard to the effects of forestry (Castilho et al. 2006; Dias
et al. 2010) and legislation to protect riparian areas (Drucker et al. 2008; Bueno
et al. 2012). It is allowing integration of LTER and ILTER sites in ways that were
not previously possible. This is not because RAPELD infrastructure is necessar-
ily optimal for surveys of any particular taxon or ecosystem process. Its strength
comes from planning which encourages interactions among researchers from
diverse fields as well as with management and industry partners. It would appear
that the usefulness of the infrastructure provided by the RAPELD system is more
limited by our imagination than by any limits in the design.
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12.3 Conclusion

The RAPELD LTER system is unashamedly standardized. It is also unashamedly
flexible. No system can guarantee answers to all questions on all scales. However,
systems should be designed to be used for a wide range of questions across a great

o
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variety of scales. Use of standardized infrastructure cannot replace thinking about
individual questions, and RAPELD was not designed for blind application, though
looking at the available time series data may greatly facilitate planning for an indi-
vidual study. New approaches, such as NEON in the USA (http://www.neoninc.org/),
ATBI in Europe (Eymann et al. 2010), and TERN-ACEAS in Australia (http://www.
tern.org.au/), are increasingly recognizing the need for LTER systems. More broadly,
we now have online sites (http://www.kaggle,com/, https://kepler-project.org/) that
allow custodians of large-scale compatible data sets to interface with data analysts
across the globe, who then compete to provide the best analysis or model from the
data. While such approaches once seemed anathema to traditional scientific process,
they appear to be necessary for solving complex and multifaceted scientific questions
that seemed intractable using conventional studies.

A well-planned LTER system provides a shared scientific infrastructure for all
sorts of biodiversity and ecosystem studies, and infrastructure for individual pro-
jects within it (Magnusson et al. 2005; Costa and Magnusson 2010; Hero et al.
2010). The RAPELD LTER system allows integration of a diverse range of indi-
vidual LTER projects using comparable methods. While its design supports LTER
projects and publications using conventional scientific research approaches, the
system is increasingly demonstrating its capacity to detect and inform managers
about black swans.
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