BIOLOGICAL | Cambridge
REVIEWS Philosophical%ociety

Biol. Rev. (2013), 88, pp. 327—348. 327
doi: 10.1111/brv.12002

Invertebrates, ecosystem services and climate
change

Chelse M. Prather'?%* Shannon L. Pelini**', Angela Laws®’”T, Emily Rivest®’, Megan
Woltz!%!!| Christopher P. Bloch®!'?, Israel Del Toro™!'®, Chuan-Kai Ho'*!, John
Kominoski!®!7 T. A. Scott Newbold'®, Sheena Parsons®’ and A. Joern®’

Y Department of Biological Sciences, University of Notre Dame, Notre Dame, IN 46637, USA

2 Department of Biology and Biochemistry, University of Houston, Houston, TX 77004, USA

3 Luquillo LTER, Rio Grande, Puerto Rico, PR 00945, USA

* Harvard Forest (HF LTER), Haroard University, Petersham, MA 01566, USA

% Department of Biological Sciences, Bowling Green State University, Bowling Green, OH 43403, USA

6 Division of Buwlogy, Ransas State University, Manhattan, KS 66506, USA

7 Konza Prairie LTER, Manhattan, KS 66506, USA

SDepan‘mmt of Ecology, Evolution and Marine Biology, University of California Santa Barbara, Santa Barbara, CA 93106, USA
9 Moorea Coral Reef LTER, Marine Science Institute, University of California, Santa Barbara, CA 93106, USA
10 Department of Entomology, Michigan State University, East Lansing, MI 48912, USA

"W, K. Kellogg Biological Station LTER, Hickory Corners, MI 49060, USA

12 Department of Biological Sciences, Bridgewater State University, Bridgewater, MA 02325, USA

13Departmen[ of Buology, Unwversity of Massachusetts Amherst, Amherst, MA 01003, USA

Y Institute of Ecology and Evolutionary Biology, National Taiwan University, Taipei 106, Taiwan

15 Georgia Coastal Ecosystems LTER, University of Georgia, Athens, GA 30602, USA

19 Department of Biological Sciences, Florida International University, FL 33199, USA

7 Odum School of Ecology & Coweeta LTER, University of Georgia, Athens, GA 30602, USA

18Department of Lafe Sciences, Sheridan College, Sheridan, WY 82801, USA

ABSTRACT

The sustainability of ecosystem services depends on a firm understanding of both how organisms provide these
services to humans and how these organisms will be altered with a changing climate. Unquestionably a dominant
feature of most ecosystems, invertebrates affect many ecosystem services and are also highly responsive to climate
change. However, there is still a basic lack of understanding of the direct and indirect paths by which invertebrates
mnfluence ecosystem services, as well as how climate change will affect those ecosystem services by altering invertebrate
populations. This indicates a lack of communication and collaboration among scientists researching ecosystem services
and climate change effects on invertebrates, and land managers and researchers from other disciplines, which becomes
obvious when systematically reviewing the literature relevant to invertebrates, ecosystem services, and climate change.
To address this issue, we review how invertebrates respond to climate change. We then review how invertebrates both
positively and negatively influence ecosystem services. Lastly, we provide some critical future directions for research
needs, and suggest ways in which managers, scientists and other researchers may collaborate to tackle the complex issue
of sustaining invertebrate-mediated services under a changing climate.
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I. INTRODUCTION

Climate change is currently altering ecosystem services (e.g.
primary production — Melillo et al., 1993; water flux and
quality — Vorosmarty & Sahagian, 2000), which are the
supply of benefits from ecosystems to society that support
human life and well-being (Chan e al., 2006). As a result,
politicians, land managers, researchers and the general
public all have vested interests in better understanding
how to conserve ecosystem services under a changing
climate. Global efforts to examine the magnitude and rate
of climate change (e.g., Intergovernmental Panel on Climate
Change, IPCC) and the consequences for ecosystem services
(Millennium Ecosystem Assessment, MA; Carpenter e al.,
2009; Naeem et al., 2009; Mooney, 2010) have not yet
linked with efforts to understand declines in biodiversity

(International Union for the Conservation of Nature, [UCN
and its newly formed program, the Intergovernmental
Platform on Biodiversity and Ecosystem Services), which
encompasses the organisms that affect ecosystem services
(cf., Parmesan, 2006).

There is still a general lack of understanding regarding
how the loss of particular species or groups of species will
affect ecosystem services (Balmford et al., 2011). Although
mvertebrates influence these valuable services, the general
public either often disregards the roles of many invertebrates
(Snaddon, Turner & Foster, 2008) or views them negatively,
‘with aversion, anxiety, fear, avoidance, and ignorance’,
largely because some invertebrates cause diseases and
crop damage (Kellert, 1993). Invertebrates are likely to
be important for ecosystem service conservation because
they fill many niches as the most globally abundant and
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diverse animal group, comprising over 80% of the 1.6
million described eukaryotic species (Brusca & Brusca,
2002), and estimates of invertebrate biomass, especially
in complicated systems such as rainforests, continue to
climb (Elwood & Foster, 2004). Invertebrates are also highly
responsive to climate change, and their responses to recent
climate change have been well documented in terrestrial,
marine and freshwater systems (e.g., Southward, Hawkins
& Burrows, 1995; Hogg & Williams, 1996; Sagarin et al.,
1999; Bale et al., 2002; Walther et al., 2002; Parmesan &
Yohe, 2003; Zvereva & Kozlov, 2006; Durance & Ormerod,
2007). These responses include changes in geographic
distributions, population size, phenology, behavior, and
genetic composition (Parmesan, 2006). In addition, because
invertebrates occupy a variety of trophic levels, they interact
with many trophic groups, from primary producers to top
predators, and therefore likely will have large indirect impacts
on ecosystem services under global change (Traill ezal., 2010).

Although many ecologists may agree that invertebrates
influence ecosystem services, there is a critical need to
identify which services invertebrates impact and quantify
the magnitude of their influence. To date, reviews of
mvertebrate influences on ecosystem services focus on a
specific set of ecological systems (ground water- Boulton
et al., 2008; freshwater- Covich, Palmer & Crowl, 1999;
agricultural systems- Isaacs et al., 2009; soil- Lavelle et al.,
2006; see Schowalter, 2011 for a more general review).
Furthermore, management of ecosystem services and large-
scale syntheses of ecosystem services do not always explicitly
include consideration of invertebrates and particularly their
beneficial effects. For example, the MA primarily considers
mvertebrate disservices (e.g., disease transmission, crop
damage; WRI, 2003). Similarly, the 2007 IPCC Working
Group II devoted to ecosystem services (chapter 4) only
mentions invertebrate effects on terrestrial ecosystem services
in relation to tree pest species (Fischlin et al., 2007). Yet,
understanding how ecosystem services will be affected
under future climate change scenarios first requires an
understanding of all the key players providing those services.

Here, we first conduct a series of systematic literature
searches to identify knowledge gaps in research regarding
invertebrates, their effects on ecosystem services, and how
their effects might be influenced by climate change. We
then briefly describe how invertebrates respond to climate
change, in invertebrate particular traits that are associated
with high vulnerabilities to climate change. We then review
the ecosystem services that invertebrates affect positively and
negatively through both direct and indirect mechanisms. In
doing so, we highlight representative examples from a variety
of taxonomic groups and ecosystems. We describe the several
cases in which climate change alterations of invertebrate-
mediated services have been examined. Lastly, we highlight
critical areas of research needed to understand how changes
to invertebrate populations predicted with climate change
will affect ecosystem services, and how conservation may
be guided by keeping these invertebrate-mediated effects in
mind.
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II. KNOWLEDGE GAPS IN RESEARCH
REGARDING INVERTEBRATES AND HOW
THEIR EFFECTS ON ECOSYSTEM SERVICES
MAY BE AFFECTED BY CLIMATE CHANGE

We conducted a series of searches on Web of Science
to determine knowledge gaps in the literature about
invertebrates, climate change and ecosystem services. We
determined: (2) the relative number of papers out of
the hits that were returned that measured invertebrate
community structure (biomass, density, etc.), some type
of climate measurement (temperature, precipitation, water
pH, etc.), and an ecosystem service (see Section IV); and
(i) whether relevant hits were skewed across invertebrate
groups, locations, journals, and ecosystem services.

We first conducted 34 Web of Science searches to
determine the relative number of papers that measured an
ecosystem service compared to the number that measured
the effect of an invertebrate on each ecosystem service
(Table 1). We used each ecosystem service that we discuss
in Section IV (Table 5), with either climat* change* or
climat* change* and invertebrat* (see Table 1 for search
terms). We recorded the number of hits for each ecosystem
service to determine this information. Next, we conducted
36 more Web of Science searches, all with 3 search terms (see
search terms in Table 2) to determine the relative number
of invertebrate-related papers that measure climate change
and invertebrate influences on ecosystem services, and how
these papers were spread across invertebrate groups, year
of publication and continents. We used either ecosystem
service® or ecosystem process, climate change* or global
warm*, and either invertebrat* or one of each invertebrate
phylum. For comparison, we also conducted these searches,
and the five taxonomic kingdoms for some measure of
how this type of research might be spread across higher
taxonomic levels. For each of these hits, we determined
whether the paper measured one of the three categories
we were interested in (invertebrates, climate change, or an
ecosystem service). If the paper did include relevant data, we
recorded the year of publication, journal (see online Table
S1 for results), the service measured, the type of climate
change investigated, the invertebrate group, what biome and
continent the research was conducted in, and which of our
three categories the paper contained data about.

We recognize that there are some limitations with these
types of searches, especially as our searches may miss many
relevant papers. These searches are certainly biased by
studies referring to groups of invertebrates (i.e. those that
would have ‘invertebrate’ in the title or keywords) rather
than individual species or groups that may not produce hits
when we search for ‘invertebrat*’ (e.g., pollinators). Our
methods may also miss papers that refer to an ecosystem
service by the name of the service (e.g. seed dispersal), but
not by ‘ecosystem service’. However, as our main goal 1s to
demonstrate gaps in knowledge, we feel that the data we
collected are sufficient to do this.
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Table 1. Number of hits from Web of Science searches using
different search terms: each service in the first column was
used as a search term in combination with climat* change*, or
climat* change* and invertebrat®

Service search climat* climat* change*
term change* + invertebrat*®

ecosystem service* 1155 22
ecosystem process™ 4335 104
primary product® 3581 38
seed dispers*® 449 6
pollinat*® 385 6
decompos* 2580 51
nutrient cycl* 1485 33
Hydrologic flux 282 0
habitat modif* 448 30
bioturbat* 210 13
bioero* 31 1
natural product* 2423 25
Water quality 3070 61
Food web stability 56 5
disease regulat® 137 5
pest control® 218 7
recreation® 416 6

Although these searches have some limitations, the search
did point out many knowledge gaps. First, we find that
while many papers examine ecosystem services, very few of
those papers also focus on invertebrates (Table 1). In fact,
the number of hits when invertebrates are included ranged
from 1 to 6% of the total number of hits for the ecosystem
service alone. The second round of searches revealed other
knowledge gaps. The plant kingdom produces many more
hits for all searches than the animal kingdom (of which
the invertebrates make up the largest proportion; Table 2).
The 203 non-duplicated hits (see online Appendix S1) from
these 36 searches suggest that this type of research seems to
be disproportionately spread across invertebrate phyla (e.g.,
many more hits in nematodes and arthropods than other
phyla, Table 2).

Fifty-one papers (25%) contained relevant data (measured
one out of our three categories). These relevant papers have
generally increased in time (Figure 1). The relevant papers
are not evenly spread across the globe, with the majority of
research conducted in Europe or North America, and a large
proportion, mainly reviews, were not restricted to particular
geographic regions (Figure 2). Slightly more studies were
conducted in terrestrial systems (58%) than aquatic systems
(42%). The aquatic studies, however, were mostly from
marine systems; only five were conducted in freshwater
systems, and these were all stream ecosystems. The 29
terrestrial studies represented a wider, but still limited, variety
of ecosystems: 9 forest-related papers, 8 grass-dominated
systems, 2 deserts, 2 agricultural systems, and the rest either
multiple ecosystems or global reviews. Very few relevant
papers actually measure something about invertebrates,
climate change, and ecosystem services simultaneously (only
15 papers, or 7.3% of our original 203 hits). Interestingly,
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Fig. 1. Number of papers relevant to invertebrates, ecosystem
services, and climate change over time from Web of Science
searches.

Fig. 2. Distribution of papers relevant to invertebrates,
ecosystem services, and climate change over continents from
Web of Science searches.

these papers were not spread evenly across ecosystem
services: 11 measured decomposition rates, and 5 provided
some measure of food web stability.

All of this information demonstrates some fundamental
knowledge gaps in research regarding how invertebrates
affect ecosystem services, and how these effects may be altered
by climate change. Out of all the hits in these searches, very
few measured invertebrate communities, climate, and an
ecosystem process simultaneously. In general, the relevant
papers mostly looked at arthropods in terrestrial systems
or corals in marine systems. This literature appears to
have wide knowledge gaps in many areas including: highly
managed terrestrial ecosystems, non-arthropod terrestrial
invertebrates, non-coral marine invertebrates, and most
freshwater systems (especially lakes and wetlands). We found
that very little research about how invertebrate-influenced
ecosystem services will be affected by climate change regions
outside of Europe and North America. Not only is the
literature usually focused on certain locations, ecosystems
and invertebrate groups, but most of the literature thus
far has focused on either supporting ecosystem services
(see Section IV; primary production, nutrient cycling or
decomposition) or food web stability. Below we provide
a brief review of how invertebrates respond to climate
change (as this topic has been thoroughly studied and
extensively reviewed previously), followed by a more in-depth
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Table 2. Number of hits from Web of Science searches using different search terms: either ecosystem service® or ecosystem process
was used with a search term for climate change (climat* change* or global warm*) and each invertebrate phyla

Search terms

ecosystem service®

*
ecosystem process

climat” change”

global warm”

climat” change”

global warm”

Number of hits Kingdom Number of hits
invertebrat” 20 animal” 132
porifer* 0 plant” 260
cnidar” 2 bacteria” 11
platyhelminth” 0 Sfung" 13
nematod” 4 *bacteria” 13
echinoderm” 1 protist” 1
mollus” 5
annelid” 1
arthropod” 6
invertebrat” 8 animal” 30
porifer” 0 plant* 45
cnidar” 1 bacteria” 6
platyhelminth® 0 Sung" 3
nematod” 2 *bacteria” 6
echinoderm” 1 protist” 0
mollus” 1
annelid” 1
arthropod” 2
invertebrat” 109 animal” 448
porifer” 2 plant” 1375
cnidar” 8 bacteria" 140
platyhelminth” 0 Sung" 114
nematod” 29 *bacteria” 171
echinoderm” 4 protist” 9
mollus* 8
annelid” 1
arthropod” 26
invertebrat” 19 animal” 76
porifer” 0 plant” 232
cnidar” 1 bacteria® 41
platyhelminth” 0 Jung" 24
nematod” 5 *bacteria” 45
echinoderm” 1 protist” 1
mollus” 0
annelid” 1
arthropod” 3 — —

The same combinations of search terms were used with each kingdom of organisms for comparison.

overview of how invertebrates affect ecosystem services,
before identifying where and how crucial research can inform
conservation decisions to mitigate diminished invertebrate-
affected ecosystem services.

III. INVERTEBRATES ARE HIGHLY
RESPONSIVE TO CLIMATE CHANGE

Invertebrates are affected directly by abiotic conditions that
are altered by climate change and indirectly by altered
biotic relationships under climate change. The abiotic
conditions that impact invertebrates under climate change
differ depending on substrate. The effects of temperature
change on aquatic invertebrates are accompanied by their
responses to altered water chemistry and flow. For example,

acidification in stream systems has significantly reduced the
abundance of caddisflies, which alone could account for
37% of leaf litter breakdown, the basic ecosystem process
in woodland streams (Simon, Simon & Benfield, 2009).
Acidification can also affect marine organisms, for example,
by reducing the survivorship of brittle stars, which function
as a keystone species in regional food webs (Dupont et al.,
2008). Acidification will also likely damage the diversity and
structure of coral reefs (Walther et al., 2002). Furthermore,
other consequences of climate change, like sea level rise,
have important effects on invertebrates: sea level rise will
likely outpace the growth of reef islands, creating unsuitable
habitats for current, resident organisms (Wilkinson, 1996).
Similarly, below-ground terrestrial invertebrates, which
contribute to decomposition and above-ground productivity,
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LBl Determine a need to sustain a vulnerable ecosystem service,

2 2

Identify the key organisms that control or play a role in
the vulnerable ecosystem service.

Step 2

Identify potential vulnerabilities. Are these organisms
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Sociologists

Economists

%

highly vulnerable to climate change in some way?

Will the effects of climate change on
the key organisms be problematic for
sustaining the desired service?

Are there management techniques
that may mitigate the effects of

climate change on these
organisms?
Evaluate the ecological, ll
societal and economic b
costs and benefits of ES
employing management
techniques, and make
recommendation.

Step 6

Lyl

Examine the other
ways in which
climate change may
affect the
vulnerable service
(e.g., abiotic
effects, possible
influences of
invading organisms,
or those organisms
crucial to key
organisms)

Evaluate other ways in
which the service may
be provided under
climate change in the
future. Make

recommendation.

Fig. 3. A decision tree to identify when key organisms can be managed to sustain a vulnerable ecosystem service. Arrows are used
to identify when researchers from different disciplines may have input in answering questions.

will respond to altered air and soil temperature, soil moisture,
and thaw depth and timing (Wall, 2007).
Climate change may fundamentally alter many species

interactions involving invertebrates. One well-studied
example is plant-invertebrate interactions. Shifts in
temperature  decouple phenology of flowering and

invertebrate emergence, potentially reducing pollination
Memmott et al. (2007) and herbivory. Increased atmospheric
COy concentrations could also affect plant C:N ratios
for many plant species (Ayres, 1993; Zvereva & Kozlov,
2006), consequently altering food quality for herbivores and
detritivores. Changes in plant quality due to climate change
can lead to altered growth, survival, and/or feeding rates in
herbivorous and detritivorous invertebrates in aquatic and
terrestrial environments (Roth & Lindroth, 1994; Hughes
& Bazzaz, 2001; Tuchman et al., 2002; Zvereva & Kozlov,
2006). Variations in plant quality and other traits can affect
the ability of invertebrates associated with plants to find
adequate resources, influencing invertebrate population size,
life history traits, and behavior, all of which may affect
invertebrate impacts on ecosystem services.

While much of the literature has examined plant — insect
herbivore responses to climate change, altered interactions
among competitors, parasites, pathogens, predators, and
mutualists are also important (Tylianakis et al., 2008;
Van der Putten, Macel & Visser, 2010). For example,
increasing temperatures may alter interactions between
marine amphipods and trematode parasites, leading to a
collapse in amphipod populations (Mouritsen et al., 2005).
Species range shifts will lead to different combinations of

species, creating new biotic interactions that alter population
dynamics of invertebrates, potentially altering invertebrate
influences on ecosystem services.

Climate change affects invertebrates at all levels of
ecological hierarchy (Table 3). At the level of the individual,
physiological and behavioral responses to temperature
change include phenological changes in emergence,
development and migration, as well as changes in the timing
and amount of resource consumption and reproduction (Bale
et al., 2002). Consequently, individuals’ responses to climate
change cause shifts in population phenology, abundance,
geographic distribution and genetics (Thomas et al., 2001;
Parmesan & Yohe, 2003; Parmesan, 2006; Braune et al.,
2008). Additionally, in some cases (e.g., butterflies and
intertidal communities) entire communities characteristic
of lower clevations and latitudes have shifted higher in
elevation or poleward to match temperature change (Barry
et al., 1995; Sagarin et al., 1999; Menendez et al., 2006;
Wilson et al., 2007).

IV. INVERTEBRATES AFFECT A VAST ARRAY
OF ECOSYSTEM SERVICES

As well as being highly responsive to climate change,
invertebrates affect most all ecosystem services. We
categorize ecosystem services, following the framework
provided by the Millennium Ecosystem Assessment (WRI,
2003), as supporting, provisioning, regulating, and cultural
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services; however, some categories were combined or
expanded in accordance with the most recent literature
(any changes are noted in the text). Where available, we
quantify the monetary value of invertebrate contributions to
these services (using dollar values from published literature
adjusted to 2010 USD values). The definitions of each
service, major ecosystems affected, and major invertebrate
taxonomic groups providing these services are summarized

in Table 4.

(1) Supporting services

Supporting services are necessary for the maintenance
of all other ecosystem services. Discussions of supporting
services typically focus on primary production. Here we
expand primary production to include pollination and seed
dispersal, which are important drivers of primary production,
and soil formation to the broader, more-inclusive category
of habitat formation, which includes drivers of habitat
formation: bioturbation and bioerosion. Additionally, we
added hydrologic flux as a supporting service.

(@) Primary production

Primary production is essential to ecosystems at local
and global scales because it bridges solar and biological
energy and affects material cycles (Field et al., 1998;
Jobbagy & Jackson, 2000). Ultimately, primary production
provides humans with resources, including food and
biofuel. Invertebrates positively and negatively affect
primary production through direct and indirect interactions.
Herbivorous and detritivorous invertebrates convert primary
production into energy and resources that are critical to
organisms from higher trophic levels or other subsystems
of food webs (Hairston, Smith & Slobodkin, 1960; Polis
& Strong, 1996). Studies have demonstrated the abilities
of invertebrates to affect primary production in a variety
of habitats. In terrestrial systems, supporting examples come
from forests (Laakso & Setala, 1999), agricultural land (Isaacs
et al., 2009), grasslands (Belovsky & Slade, 2000; Leriche
et al., 2001), and marshes (Silliman & Bertness, 2002). In
aquatic systems, examples have been found in rocky intertidal
zones (Menge, 2000), pelagic communities (Hairston &
Hairston, 1993), streams (Hill, Ryon & Schilling, 1995;
Morin, Bourassa & Cattaneo, 2001), benthic communities
(Covich, Palmer & Crowl, 1999), and coral reefs (Hay &
Taylor, 1985).

Invertebrates accelerate primary production directly
through pollination (Klein et al., 2007) and seed dispersal
(Brunet & Von Oheimb, 2002), and indirectly through
trophic cascades (Schmitz, Hamback & Beckerman, 2000)
and facilitation of nutrient cycling (Covich, Palmer & Crowl,
1999; Lavelle et al., 2006). However, invertebrates can
also reduce primary production directly through herbivory,
especially in outbreaks (Carson & Root, 2000), and indirectly
through specific trophic interactions, including predation
(Wise et al., 1999; Leriche et al., 2001). Although particular
characteristics of the processes described above most
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likely determine whether invertebrates accelerate or inhibit
primary production (e.g., the abundance of predators), the
degree of invertebrate impacts could be affected by many
factors, such as biodiversity (Hooper et al., 2005; Stachowicz,
Bruno & Dufly, 2007), trophic structure and interactions
(Hairston & Hairston, 1993; Werner & Peacor, 2003),
invertebrate feeding preferences (Coll & Guershon, 2002;
Ho & Pennings, 2008), bottom-up forces (Menge, 2000;
Denno et al., 2002), and geographic variation (Pennings
et al., 2009; Schemske et al., 2009).

() Pollination. ~ Roughly three fourths of all plants and
one third of all crops by volume are pollinator-dependent
to some degree (Berenbaum et al., 2007; Klein et al., 2007).
Insects provide most of the animal pollination in natural and
agricultural systems globally (Klein et al., 2007; Allsopp,
de Lange & Veldtman, 2008). In unmanaged habitats,
pollination facilitates primary production that supports
entire ecosystems (Allen-Wardell et al., 1998). Insufficient
pollination may make plant species more vulnerable to
extinction (Berenbaum et al., 2007) by reducing fecundity
(Burd, 1994), seed and fruit set, and genetic variability. In
agricultural systems, invertebrate pollinators are responsible
for successful production of most vegetables, fruits, nuts,
seeds, and forage crops that sustain dairy and livestock
production (Southwick & Southwick, 1992; Berenbaum et a/.,
2007). Pollinator scarcity can lead to increased production
costs by reducing crop yield and quality (Gallai et al.,
2009) or even total crop failure (Allen-Wardell et al., 1998).
Invertebrate pollinators consist largely of insects, especially
wild and managed bees (Buchman & Nabhan, 1996; Allen-
Wardell et al., 1998; Berenbaum et al., 2007; Klein et al.,
2007; Allsopp et al., 2008).

The economic value of invertebrate crop pollination in
the U.S. is estimated at $3.66 billion/year (2010 USD)
for unmanaged, native pollinators (Losey & Vaughan,
2006), and $3.7-$13 billion/year (2010 USD) for the
European honeybee (Southwick & Southwick, 1992). These
values, based on commercial production, are probably
underestimates because they do not consider the multibillion-
dollar value of home garden and natural vegetation
pollination to property owners or outdoor enthusiasts
(Southwick & Southwick, 1992; Allsopp et al., 2008).
However, predacious or parasitic invertebrates can also
reduce invertebrate pollination services, as in the case of
Apis mellifera (honey bee) declines due to mite infestations.

(1) Seed dispersal. Seed dispersal by invertebrates
reduces plant parent-offspring competition and links habitats
spatially and temporally (Lundberg & Moberg, 2003;
Kremen et al., 2007). In general, invertebrates move seeds
short distances (< 10m for some ant species) compared
to dispersal by vertebrates or wind (> 10km; Corlett,
2009). The interaction of seeds and invertebrates spans a
gradient from accidental encounters to highly co-evolved
mutualisms. The latter include an estimated 11000 species of
myrmecochores (Lengyel et al., 2009), plants that attract ants
with a lipid-rich food body and rely on ants as their primary
dispersal agent (Giladi, 2006).
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Ants are likely the most conspicuous, well studied, and
perhaps most common invertebrate seed dispersers. They
range from the seed-harvesting, granivorous species (e.g.,
Pogonomyrmex spp.), to more generalist species that encounter
and move seeds by accident. Dung beetles are also considered
mmportant secondary seed dispersers, transporting seeds
in mammal dung horizontally to sites on the surface, or
vertically to nutrient-rich sites below ground (Nichols et al.,
2008). Ground beetles, although less effective, may also
disperse seeds (Ohkawara, Higashi & Ohara, 1996). Among
non-insect invertebrates, terrestrial slugs (Turke e al., 2010)
and annelids in both terrestrial (Willems & Huijsmans,
1994; Eisenhauer et al., 2008; Regnier et al., 2008) and
aquatic environments (Luckenbach & Orth, 1999) may
be relatively important seed dispersers. Invertebrates that
provide dispersal services are distributed worldwide but may
be most influential in arid and semi-arid environments where
granivorous ants are common (Willems & Huijsmans, 1994;
Eisenhauer et al., 2008; Regnier ¢t al., 2008), in tropical
forests and savannahs where dung beetle diversity is greatest
(Nichols et al., 2008), and regions where myrmecochores
are concentrated (e.g., temperate deciduous forests: Giladi,
2006).

Seed dispersal directly affects plant community organiza-
tion and ecosystem services, such as food production. For
example, invertebrates may facilitate the spread of exotics
causing reduced production in agricultural systems [e.g.,
earthworms and giant ragweed (Ambrosia trifida); Regnier et al .,
2008]. Additionally, seed movement redistributes organic
matter both horizontally and vertically, affecting nutrient
cycling and decomposition rates (MacMahon, Mull & Crist,
2000; Nichols et al., 2008). Consequently, some species of
seed-harvesting ants have been used as biological indicators
to assess ecosystem integrity (Underwood & Fisher, 2006).

(b) Decomposition

Most primary production eventually enters detrital food
webs (Cebrian, 1999), where invertebrates are the dominant
consumers (Seastedt, 1984; Mann, 1988; Wallace & Webster,
1996). Invertebrate detritivores fragment detritus into fine
particles, easily used by microorganisms (Swift, Heal &
Anderson, 1979), and produce frass, which increase detrital
nutrient quality (Belovsky & Slade, 2000). Invertebrates also
foster decomposition by dispersing fungal and bacterial
propagules throughout the litter layer (Behan & Hill,
1978). Invertebrate-mediated decomposition also supports
secondary production and enhances the formation of soil
and aquatic sediments, maintaining ecosystem structure and
function in benthic (freshwater and marine) and detritus-
based food webs (Covich, Palmer & Crowl, 1999; Wall
& Moore, 1999). Invertebrates mediate effects of detrital
heterogeneity on decomposition (Hattenschwiler & Gasser,
2005; Swan & Palmer, 2006), and the top-down effects of
invertebrate diversity on decomposition are stronger than
the bottom-up effects of detrital diversity (Srivastava et al.,
2009). Herbivorous invertebrates may increase or decrease
decomposition and nutrient release from litter, depending

C. M. Prather and others

on the nutrient content and quality of preferred foliage
(reviewed in Weisser & Siemann, 2004).

Invertebrate detritivores are commonly used as biological
indicators among environmental management practices that
help maintain organic matter processing (Lavelle ez al., 2006).
The economic value (in 2010 US dollars) of dung beetles that
actively decompose cattle feces in pasture and rangelands is
estimated at $454 million (Losey & Vaughan, 2006). This
waste would otherwise foul watersheds with heavy waste
loads, affecting cattle production and water quality. On
the other hand, invasive invertebrate decomposers may
negatively impact ecosystems. For example, widespread
invasions of exotic earthworms have reduced standing stocks
of detritus in North American forests (Hendrix & Bohlen,

2002).

(¢) Nutrient cycling

Invertebrates can redistribute and alter nutrient availability
within an ecosystem through consumption and egestion of
plants and detritus, and by physically moving materials
and disturbing sediments via bioturbation and bioerosion.
Selective feeding on vegetation, litter, or particulate organic
matter (POM) may alter producer composition and POM
quantity and quality, which in turn may either increase
or decrease decomposition rates and nutrient availability
in ecosystems. Invertebrate consumers transform organic
matter into frass, the quality and internal porosity of
which can stimulate or reduce nutrient transformation rates
(Derouard et al., 1997). In freshwater and marine systems,
filter feeders remove POM and redistribute nutrients within
the water column (Covich, Palmer & Crowl, 1999). Phloem-
feeding invertebrates (Hemipterans) can also stimulate soil
and microbial processes by producing highly labile honeydew
(Dighton, 1978; Stadler, Muller & Orwig, 2006). However,
honeydew may provide nutrients for colonizing foliar
pathogens, thereby decreasing the ability of leaves to acquire
energy (Blakeman & Fokkema, 1982), ultimately decreasing
rates of primary production.

Invertebrates also impact the spatial distribution of
nutrients between ecosystems. They redistribute nutrients
from one system to another during outbreaks and emergence
events (Yang, 2004; Yang et al., 2008). For example, large-
scale defoliations transfer nutrients from plant canopies to the
litter surface, increasing ion export to streams (Swank et al.,
1981), and aquatic insect emergences redistribute nutrients
from freshwater systems to terrestrial systems (Jackson &
Fisher, 1986). Also, cyclic cicada emergences cause large
nongaseous nitrogen fluxes from the soil to plants and litter
(Callaham et al., 2000; Yang, 2004).

(d) Hydrologic flux

Invertebrates influence water movement within and between
ecosystems. Within ecosystems, detritivores decrease litter
quantity (Wardle 2002) and burrowing soil invertebrates
(e.g., earthworms) increase soil porosity (Derouard et al.,
1997), both of which enhance infiltration rates. Conversely,
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invertebrates with compact frass decrease soil porosity
and infiltration rates (Swift, Heal & Anderson, 1979;
Chauvel ez al., 1999). Invertebrate herbivores increase plant
water loss by damaging plant tissues, and allow more
precipitation to reach the ground by decreasing canopy
cover (reviewed in Schowalter, 2011). Similarly, benthic
organisms in both freshwater and marine systems, especially
burrowing organisms or deposit-feeding organisms, can
increase porewater turnover (irrigation) and increase water
in sediments, blurring the boundary layer between water
and sediment (Rhoads & Young, 1970). In marine systems,
larger burrowing organisms, such as large polycheate worms
(Nerers) and lugworms (Arenicola), may especially increase
porewater exchange in shallow coastal sediments (Kristensen
& Blackburn, 1987).

Invertebrates also alter hydrologic flux between
ecosystems. For example, the roots of invasive Tamarix spp.
in the North American Southwest tap into ground and
surface water, lowering water table levels and stream flow
(Stromberg et al., 2007). Terrestrial biocontrol insects may
counteract this hydrologic change by decreasing 7amarix
abundance, restoring water table levels and streamflow rates
(Shafroth et al., 2005).

(e) Habulat formation and modification

Many invertebrates are ‘ecosystem engineers’ (sensu Jones,
Lawton & Shachak, 1994), i.e., organisms whose presence
or activity alters their physical surroundings or changes
resource flow, thereby modifying or creating habitats and
influencing associated species (Jones, Lawton & Shachak,
1994; Crain & Bertness, 2006). These habitat changes range
from local to biogeographic-scale modifications (Crain &
Bertness, 2006), and help to maintain biodiversity, nutrient
and biogeochemical cycles, and physical environments. For
example, reef-building coral species form three-dimensional
structures that serve as habitat for most coastal fish
species (Luckhurst & Luckhurst, 1978) and protect coastal
communities from strong ocean currents. Colonial anemones
(Coryanctis californica) also create habitat for many macroalgal
and invertebrate species (Levenbach, 2008). In aquatic
habitats, bivalves and caddisflies directly produce and
maintain biogenic substrates, providing stable habitat for
other aquatic species (reviewed in Moore, 2006). In terrestrial
systems, nesting structures built by ants, termites and
earthworms promote soil formation, alter decomposition
rates and indirectly promote biogeochemical cycling (Jouquet
et al., 2006; Lavelle et al., 2006). Additionally, invertebrate
ecosystem engineers have been used as bioremediators. For
example, earthworms play a critical role in the removal of
hydrocarbons from contaminated soils (Ceccanti et al., 2006).
However, habitat modifications by invertebrates sometimes
result in ecosystem disservices. For example, several bark
beetle species increase tree mortality, modifying the physical
attributes of temperate forests and negatively impacting the
forestry industry (Bentz et al., 2009).

(1) Bioturbation. Bioturbation 1is the mixing and
redistribution of sediments. Invertebrate burrowing, feeding,
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ventilatory, and locomotory behavior cause bioturbation,
and these sediment-working techniques directly affect
sediment structure and composition in terrestrial and
aquatic environments (Murray, Meadows & Meadows, 2002;
Meysman, Middelburg & Heip, 2006). For example, mucous-
caused particle aggregation and size-selective particle feeding
by invertebrates can homogenize or stratify distributions
of sediment particle size. Additionally, vertical movement
of material distributes organic matter within sediments
and alters the distribution of dormant life history stages
of planktonic organisms (Marcus & Schmidt-Gengenbach,
1986). Though individual invertebrate bioturbators displace
sediment particles over spatial scales of only micrometers to
decimeters, they can affect sediment geomorphology on the
scale of meters to kilometers (Murray, Meadows & Meadows,
2002).

Invertebrate bioturbators can indirectly positively or
negatively affect primary production (Thompson et al.,
1993; Kristensen & Alongi, 2006) and influence hydrology
and nutrient and gas fluxes by modulating water flow
(Volkenborn et al., 2007) in both terrestrial (Richards,
2009) and aquatic ecosystems (Aller, 2001). Increased
sediment surface area and bioirrigation enhance oxygen flux
and aerobic microbial processes, including mineralization
1988; Reichardt, 1988).
Additionally, bioturbators can influence cycling rates of
macro- and micronutrients (Kristensen & Blackburn,
1987; Magni & Montani, 2006). By altering various
sediment properties, invertebrate bioturbators generate
habitat complexity and influence community composition.

and respiration (Kristensen,

However, sediment-destabilizing species (e.g., lugworms)
can inhibit recruitment and establishment sessile epifauna,
thereby reducing benthic diversity (Widdicombe et al.,
2000).

(u) Bioerosion.  Bioerosion is the biological breakdown
of carbonate rock into smaller fragments by mechanical
abrasion and chemical dissolution of CaCOs (Neumann,
1966). Invertebrates bioerode carbonate substrata in
terrestrial, aquatic and marine ecosystems by grazing and
boring. Grazers, such as echinoids, scrape carbonate rock to
consume algae, creating CaCOg chips, and etch cavities in
substrates, often by chemical means, while macroborers, such
as sponges, excavate chambers within carbonate substrate,
using acid to soften the rock and then mechanically removing
CaCOg chips (Hutchings, 1986). Invertebrate grazing and
boring enhance species diversity by increasing available
surface area for colonization (Hutchings, 1986; Pinn et al.,
2008) and shelter for cryptofaunal communities. The balance
between bioerosion and accretionary processes determines
the structural integrity of carbonate substrata ecosystems,
particularly coral reef environments (Hutchings, 1986).
Bioerosion rates could be used to assess marine ecosystem
health Holmes, Ortiz & Schonberg (2009) because negative
net carbonate erosion results in the loss of carbonate substrata
ecosystems (Reaka-Kudla, Feingold & Glynn, 1996).
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(2) Provisioning services

Provisioning services are goods obtained from ecosystems.
Humans use invertebrate products for food, clothing, medical
treatments and building materials. Here, we focus on
provisioning services produced directly by invertebrates,
although invertebrates indirectly affect the production of
many other products both positively and negatively. For
example, crop pests negatively impact food production, but
allow for the establishment of a multi-billion dollar pesticide
industry. Collectively, goods provided by invertebrates
comprise a multi-billion dollar industry and improve human
quality of life.

(@) Natural products

(1) Food.  Many invertebrates, including crustaceans
and mollusks, are farmed and consumed globally. Some
mvertebrates are used as food for aquaculture, like the brine
shrimp fed to farmed prawn and fish. Insects, with high
protein and caloric content, comprise a large proportion of
some human diets (Dufour, 1987; Meyers, 1997). In addition,
other invertebrates, including jellyfish and tarantulas, are
regarded as delicacies. Humans also consume products made
by invertebrates, such as honey.

(1) Household goods and ornamental resources. — Invertebrates
supply many common household goods. Silk is extracted
from silkworm (Bombyx mori) cocoons. Scale insect secretions
are used to produce shellac, a food glaze and wood finish,
and cochineal, the ‘natural red 4’ dye used in cosmetics and
paints. Marine sponges are used for various applications,
including household cleaning and helmet lining. Corals
and other marine invertebrates produce calcium carbonate,
which 1is used for construction materials. Amberized
mosquitoes and fossilized trilobites are used in jewelry, and
other invertebrates create expensive ornamental products
including pearls and red coral. Additionally, corals are also
in high demand in the aquarium trade, an estimated $41—-82
million (2010 USD) industry in the mid-1980s (Spurgeon,
1992). However, invertebrates can exact tremendous damage
to household goods, such as caterpillars of the clothing moth
(Tineola bissellela) that destroy fabric, or dermestid beetles
that consume natural fibers, such as wool, silk, fur and
feathers.

(u1) Biochemicals and  pharmaceuticals. Insects secrete
hormones and substances used in birth-control hormones,
wound-healing promoters, antiviral agents, and cardiotonic
factors (Eisner, 1992). Sea urchins contain holothurin, which
is used to treat coronary disorders and cancer. Octopuses
produce a compound that eases hypertension. Sponges
have antiviral properties that suppress the common cold.
Chitin from crustacean skeletons cures fungal infections,
heals wounds, and kills malignant cells. Barnacles possess
a compound potentially useful for tooth and bone fillings
(Meyers, 1997). However, some invertebrates, through
harmful stings and bites, create a need for the development
and use of biochemicals and pharmaceuticals. For example,
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life-saving antivenom is extracted from several species of
scorpions, spiders, ticks, and jellyfish.

(1) Genetic resources. ~ Humans use genetic resources, the
hereditary material of species, to identify and maintain
ecologically important strains of organisms. The U.S.
Department of Agriculture National Invertebrate Genetic
Resources Program (http://www.ars-grin.gov/nigrp/index.
html) maintains stocks of pollinators, biocontrol agents,
disease-resistant strains and reference specimens of pest
invertebrates. For example, this program identified a
honeybee strain that is resistant to the invasive mites that
have destroyed U.S. bee populations.

(3) Regulating services

Regulating services are those that regulate ecosystem
processes or maintain ecosystem structure. We focus on
how invertebrates affect water quality, stabilize food webs,
and help regulate discases and pests/invaders. Additional
regulating services are described in other sections (e.g.,
erosion control and storm protection in the section on habitat
modification).

(a) Water quality

Invertebrate filtering of particles and contaminants from
water counters eutrophication and pollution. In shallow
marine and freshwater ecosystems, bivalves (i.e., mussels
and oysters) often comprise most invertebrate biomass and
filter 10-100% of the water column, though insects and
other invertebrates also contribute (Strayer et al., 1999). By
transferring energy and nutrients from the water column
to the benthos, bivalves can remove pelagic and drifting
contaminants and help reduce toxic phytoplankton blooms.
Invertebrates and their diversity are important biological
indicators of water quality (Lenat, 1988). The presence or
absence of particular taxa is used in bioassessment protocols
to examine habitat heterogeneity and water quality in
aquatic ecosystems (Barbour ef al., 1999). However, water
quality maintenance often requires diverse assemblages of
bivalves with unique and complimentary traits (Caraco
et al., 2006; Spooner & Vaughn, 2008); therefore, restoring
native invertebrate populations may not be sufficient to
re-establish their ability to adequately maintain healthy
water quality because anthropogenic environmental changes
place invertebrate communities at risk (Pomeroy, D’Elia &
Schaffner, 2006; Spooner & Vaughn, 2006, 2008; Coen
et al., 2007). In the case of the invasive zebra mussel
(Dreissena polymorpha), excessive water filtration has altered
the Great Lakes, greatly reducing plankton levels, shifting
these food webs from predominantly pelagic to benthic
(bottom-feeding), and increasing water clarity.

(b) Food web stability

The high taxonomic diversity and biomass of invertebrates
helps to reduce fluctuations in the community composition
and intensity of interactions within food webs. Increased

Biological Reviews 88 (2013) 327348 © 2012 The Authors. Biological Reviews © 2012 Cambridge Philosophical Society



Invertebrates, ecosystems and climate change

species richness may generate sufficient functional redun-
dancy to buffer against perturbations (Nacem, 1998). Even
in simple food webs, the addition of invertebrate consumers
can dramatically alter relationships between biodiversity and
rates of ecosystem processes, such as productivity, or between
biodiversity and community stability (Worm & Dufty, 2003).
Examples of invertebrate effects on community stability are
common (e.g., richness of sessile animals is associated with
increased resistance and resilience of marine communities
with respect to disturbance or invasion (Stachowicz, Bruno
& Dufly, 2007). However, invertebrate organisms can also
be the cause of destabilizing food web ecosystems, especially
in the case of invasive invertebrates (Dick, Platvoet & Kelly,
2002; McNickle, Rennie & Sprules, 2006). Even when
an invasion is relatively benign, the invader may facilitate
mvasion by additional species, thereby accelerating changes
in biodiversity and community structure (Simberloff & Von
Holle, 1999; Grosholz, 2005).

Maintenance of food web stability can be either top-down
or bottom-up. In rocky intertidal communities, invertebrate
predators reduce the intensity of competition among other
species (e.g., Connell, 1961), thereby forestalling competitive
exclusion and maintaining high biodiversity (Paine, 1969).
Invertebrate predators and parasites may also regulate prey
populations, indirectly affecting services provided by these
species. In addition, parasitism is among the most prevalent
trophic interactions and increases connectivity within food
webs, increasing their stability (Lafferty, Dobson & Kuris,
2006a; Lafferty et al., 20065).

Conversely, invertebrate prey species provide important
resource subsidies to consumers and link terrestrial and
aquatic food webs (Nakano & Murakami, 2001; Baxter,
Fausch & Sanders, 2005). These subsidies directly and
indirectly affect food web structure by substantially affecting
predator energy budgets, abundance, growth, and behavior
(Baxter, Fausch & Sanders, 2005). In addition, invertebrates
influence resource availability to other consumers, for
example, by altering detrital characteristics in processing
chains (e.g., Covich, Palmer & Crowl, 1999).

(¢) Disease regulation

Invertebrates serve as hosts for countless parasites and
pathogens (Poulin & Morand, 2000); conversely, inverte-
brate predators and parasitoids also regulate many parasites
and disease vectors. As the number of invertebrate species
is still unknown, the number of pathogens and parasites that
use invertebrates as hosts is also unknown (Poulin & Morand,
2000). Nevertheless, pathogens and parasites are important
ecosystem components that regulate host populations and
species interactions (Marcogliese & Cone, 1997; Mouritsen
& Poulin, 2002; Hatcher, Dick & Dunn, 2006).

Many infectious human diseases are transmitted by
mvertebrate vectors, including Lyme disease (ticks) and West
Nile Virus (mosquitoes) (Pongsiri et al., 2009). Nine of the
13 priority diseases identified by the Special Programme
for Research and Training in Tropical Diseases are either
transmitted by invertebrate vectors (e.g. malaria, dengue,
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onchocerciasis), use invertebrates as hosts (schistosomiasis), or
are caused by invertebrates (e.g. helminthes, schistosomiasis)
(http://apps.who.int/tdr/svc/diseases). An estimated 520
million people in the tropics are infected annually with
diseases borne by invertebrate vectors and about 200
million more people are infected with diseases that use
mvertebrates as intermediate hosts (Hay, Packer & Rogers,
1997). Many of these diseases have serious social and
economic costs. Malaria, for example, kills more than 1
million people annually and exacts considerable economic
costs including medical costs and lost income (Sachs &
Malaney, 2002). However, many invertebrates also control
invertebrate vectors of disease. For example, a variety of
arthropods prey on ticks in nature, including nematodes,
spiders, mites, predatory hemipterans and ants (Samish &
Rehacek, 1999). Additionally, many invertebrate natural
enemies are being developed for vector control. Notonecta sp.,
predatory copepods, and predatory Toxorfiynchites mosquitoes
have been successfully used in field trials for inundative
biocontrol of mosquito disease vectors (Lacey & Orr, 1994)
and copepods in particular show potential for controlling
mosquitoes in artificial containers such as those found around
human habitations (Rey et al., 2004). Schistosomiasis, caused
by parasitic flatworms that use snails as intermediate hosts,
can be controlled by trematode parasites or snail species that
compete with host snail populations (Pointier & Jourdane,

2000).

(d) Pest/wnvader control

Biocontrol is the use of organisms to reduce the abundance
of pest populations and thus decrease pest damage.
Invertebrates control crop-feeding insects and disease
vectors through parasitism, direct predation, or transmission
of viruses, bacteria and toxins (Hajek, 2004). Invertebrates
can also disrupt biocontrol through intraguild predation
(Polis, Myers & Holt, 1989). Insects control invasive weeds
by consuming biomass, reducing reproductive output,
and increasing plant susceptibility to other stressors (van
Driesche & Bellows, 1996). Biocontrol of weeds 1s often most
effective when multiple forms of herbivory are employed
including direct feeding, mining, boring, and gall-forming.
For example, the weevil Cyrtobagous salviniae can clear lakes of
millions of tons of the aquatic weed Salvinia molesta because
larvae tunnel through and feed on vascular tissue, while
adults feed on meristems (Hajek, 2004). Biocontrol of disease
vectors and agricultural pests are other examples of the
important roles that some invertebrate consumers play in
feeding on other invertebrate species (e.g., Yusa, 2006).
Biocontrol of native crop pests by native or naturalized
insects is valued at $5.4 billion annually (2010 USD) in
the U.S. (Losey & Vaughan, 2006). However, this estimate
excludes money saved through biocontrol of invasive crop
pests, disease-spreading insects, and invasive weeds. This
1s an important omission because the value of naturally
occurring biocontrol of a single invasive insect (the soybean
aphid, Aphis glycines) in only four U.S. states was estimated
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between $256 and $1.5 billion/year in 2010 USD (Landis
etal., 2008).

(4) Cultural services

Cultural services are nonmaterial benefits obtained from
ecosystems. Invertebrates provide many of these benefits,
as they are spiritually and aesthetically valued in some
cultures. However, the values of such services are not easily
quantifiable, because cultural attitudes vary widely among
individuals and communities. Support for conservation of
mvertebrates that mediate important ecosystem services will
largely be driven by people’s values and preferences. Here,
we describe recreation services and briefly other cultural
services.

(a) Recreation services

Recreational services are those that provide opportunities
for recreational activities, e.g. outdoor activities, nature
viewing such as bird watching, and eco-tourism. We can
estimate the monetary value of invertebrates’ contributions
to recreational activities such as fishing, hunting, and
wildlife-viewing following the methodology of Losey &
Vaughan (2006) and using the current National Survey
of Fishing, Hunting, and Wildlife-Associated Recreation
(U.S. Department of the Interior et al., 2006). We estimated
this value at approximately $77 billion in total 2010 USD
directly or indirectly supported by invertebrates (Table 5).
Additionally, marine systems populated with invertebrates
attract millions of tourists each year. Recreational diving is a
multi-billion dollar global industry (Moberg & Folke, 1999).
Cooral reef communities generate $11.5 billion annually (2010
USD) from tourism and recreation (Cesar, Burke & Pet-
Soede, 2003). Yet invertebrates also can hinder outdoor
recreation; for example, groups of large Humbolt squid swam
into shallow California waters in 2009, alarming swimmers
and divers (Post/AP, Huflington, 2009). Unwelcomed
mosquitoes, bees/wasps, ticks, flies, spiders, cockroaches and
ants, can thwart other indoor or outdoor activities.

(b) Other cultural services

In addition to important material contributions, inverte-
brates entertain and stimulate people. In ancient times,
scarab beetles (Scarabaeus sacer) were worshipped by Egyp-
tians as symbols of the sun god and therefore were used
in art and burial rituals. Currently, numerous insect zoos
and museums allow visitors to observe and handle insects
while learning about their biology and importance. Tours are
available to see invertebrate phenomena such as Monarch
butterfly migrations, glowworms, dung beetles, and dragon-
flies (Huntly, Van Noort & Hamer, 2005). Many people enjoy
interacting with invertebrates by keeping ant farms, tarantula
and scorpion pets, butterfly gardens and insect collections,
to name a few. Many other invertebrates inspire modern art,
music, a multi-billion dollar movie industry (Table 6), cloth-
ing and even car designs (e.g., Volkswagon beetle). A Google
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Table 5. Outdoor recreation activities influenced by
invertebrates
Activity Participants Proportion TAR ISR
Hunting 12.5 — $27.34 —
Small game 4.8 0.51%* $2.86 $0.56
Migratory bird 2.3 0.43* $1.55 $0.23
Fishing 30 $50.14
Freshwater 25.4 1 $31.40 $31.40
Wildlife watching ~ 71.1 — $54.55 —
Around home 67.8 — — —
Birding 41.8 0.61* $32.11 $20.65
Insects/spiders 16 1 $13.13 $13.13
Away from home 23 — — —
Birding 20 0.61* $15.16 $9.31
Other wildlife 10.4 1 $8.24 $8.24
Total recreation 87.5 — $145.10 $83.51

The number of participants (in millions of people) and total activity
revenue (TAR; in billions of U.S. dollars) were obtained from
the National Survey of Fishing, Hunting, and Wildlife-Associated
Recreation (U.S. Department of the Interior et al., 2006). The
proportion of wildlife influenced by invertebrates, denoted by (¥) was
determined by Losey & Vaughan (2006). Invertebrate-supported
revenue (ISR; in billions of U.S. dollars) is the product of the total
activity revenue and the proportion influenced by invertebrates.

search for invertebrate-related activities and art (‘insect art’,
‘invertebrate art’) returned 1.5 million hits (June 2012),
including an annual insect fear film festival (http://www life.
llinois.edu/entomology/egsa/ifff.html). Blogs with ‘insect’
themes or subject content also returned nearly 4 million
hits.

V. FUTURE DIRECTIONS: CONSEQUENCES OF
INVERTEBRATE RESPONSES TO CLIMATE
CHANGE ON ECOSYSTEM SERVICES

As we demonstrate in Section II, there is a substantial lack
of studies linking invertebrate responses to climate change
to consequences for ecosystem services. There have indeed
been some recently documented insect-mediated changes in
ecosystem services under climate change (Volney & Fleming,
2000; Ladanyi & Horvath, 2010; Rojas, Locatelli & Billings,
2010, Moraal & Jagers Op Akkerhuis, 2011; Rafferty &
Ives, 2011), but these are far and few between and tend
to only be services (and disservices) directly provided by
invertebrates, often ignoring the indirect effects through
food web interactions (Traill et al., 2010). Because they
are known to be highly sensitive to climate change, the
consequences of invertebrate responses to climate change for
ecosystem services need to be evaluated. We present a simple
decision tree showing the information needed to make a well-
informed recommendation for how to manage invertebrates
that influence vulnerable ecosystem services (Figure 3). These
studies are still far too few to provide us with any general
understanding of how the services provided by this important
animal group are being/predicted to be altered under climate
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Table 6. Invertebrate-related movie revenue, using data
collected from www.boxofficemojo.com, reported in U.S. dollars
(2010 USD), and only U.S. domestic revenue is denoted (¥)

Movie title

Production company
(release date)

Total gross
(in millions USD)

Alien Fox (May 1979) $104.9

Antz DreamWorks $171.8
(October 1998)

Arachnophobia Buena Vista (July $53.2%
1996)

Bee Movie Paramount/ $287.6
DreamWorks
(November 2007)

Bug Paramount (June $3.6
1975)

Bugs! (IMAX) SK Films (March $29.4
2003)

A Bug’s Life Buena Vista $363.4
(November 1998)

Eight Legged Freaks ~ Warner Bros. (July $45.9
2002)

The Fly Fox (August 1986) $60.6
Joe’s Apartment Warner Bros. (July $ 4.6%
1996)

Mimic Miramax (August $25.5%
1997)

Slither Universal (May $12.8
2006)

change. We suggest that land managers or others involved in
making recommendations for how to conserve vulnerable
ecosystem services could be substantially improved by
interdisciplinary collaborations among invertebrate and
ecosystem scientists, economists, sociologists and engineers
(Figure 2). This figure also depicts at which steps members
of an interdisciplinary team may provide the most input.
Obviously, each step represents information that can indeed
be hard and costly to obtain. Below, we make suggestions
for how each group may go about obtaining the information
they need, and how land managers may use this information
to make informed decisions.

(1) Recommendations to scientists and other
researchers

(a) A call for invertebrate-mediated ecosystem services research

We encourage scientists to undertake experiments that
quantify the potential effects, whether positive or negative, of
invertebrate effects on ecosystem services whenever possible,
and where possible to look at climate change effects on
these influences, in particular to inform steps 1 -4 (Figure 2).
Collaborations with between invertebrate and ecosystem
scientists could facilitate appropriate measurements that
invertebrate biologists have not traditionally used but that
have been used extensively in microbial and plant systems
(e.g., nutrient fluxes; Melillo ¢t al., 2002). Improved employ-
ment of these tools can be facilitated through increased
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emphasis on ecosystem services when training undergradu-
ate and graduate students working in invertebrate systems.
Collaborations between invertebrate and ecosystem ecolo-
gists also could be initiated through organized workshops
and working groups related to the interplay of global change,
invertebrate responses and ecosystem services at regional
and national scientific meetings. Particularly fruitful areas of
research to improve conservation decisions may be to:

e Determine how invertebrates in producer and
decomposer food webs mediate ecosystem services. This
has been done for aquatic macroinvertebrates (Bady
et al., 2005; Feld & Hering, 2007; Statzner, Bonada &
Doledec, 2007; Carlisle ez al., 2008; Doledec & Statzner,
2008) and herbivorous and predator invertebrates (Bell
et al., 2008; Davis & Raghu, 2010; Hitchmough &
Wagner, 2011).

¢ Determine how invasion or human-mediated relocation
of invertebrates affects ecosystem processes and services.
Identification of potential new invertebrate pests is also
needed (Vanninen et al., 2011).

¢ Examine spatial and temporal patterns, functional and
genetic components of invertebrate biodiversity that
affect ecosystem services (Feld ez al., 2009).

A variety of approaches should be used to determine
how invertebrate responses to climatic change affect ecosys-
tem services. For example, Gotelli, Ulrich & Maestre (2011)
report randomization tests and software that can be used to
determine species’ importance in ecosystem function using
natural variation in species’ presence and ecosystem vari-
ables. These associations can then be validated by laboratory
studies that manipulate invertebrate diversity and density
and measure the resulting service of interest (e.g., nutrient
flux, primary productivity, biomass for food production, etc.).
Studies should also use field and laboratory addition/removal
treatments of invertebrates, particularly in conjunction with
alterations to abiotic variables expected to be altered by cli-
mate change (i.e., minimum, maximum, mean and variance
in temperature or precipitation) and quantify responses of
variables indicative of ecosystem services (e.g., plant produc-
tivity, water clarity, disease transmission, etc.). Studies also
should consider the indirect effects of invertebrates on alter-
ations to ecosystem processes and services, as well as climate
feedbacks, through food web or other species interactions
(Wallin & Raffa, 2001; Classen et al., 2005; Schowalter, 2011).

() A call for interdisciplinary research

In addition to gathering more empirical data on the
linkages between invertebrates, climate change, and
ecosystem services, management, and policy decisions will
be better informed by efforts that include interdisciplinary
collaborations. In particular, we suggest collaborations
with: economists, who can provide better quantification
of the economic value of invertebrate contributions to
ecosystem services: sociologists, who can help improve
the understanding of cultural value of invertebrates, and
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feasibility of management strategies for human populations;
and with engineers who can develop and suggest better
ways of managing invertebrates of physically supporting
vulnerable ecosystem services. Strategies to initiate dialogue
and collaboration among these groups may include:

e Recruitment of interdisciplinary teams through
advertisements in listservs (e.g., envtecsoc, Environment,
Technology and Society), journals (e.g., Journal of
Environmental Economics and Management, Fcology and Society,
or Fcospstems) and at conferences [e.g., The Association
for Environmental Studies and Sciences (AESS)]
associated with professionals working in economics,
sociology, or other fields.

e Encouragement of funding solicitations for interdis-
ciplinary collaboration from government and private
organizations.

e Initiating intra-university projects that include principal
investigators and students working in these various
disciplines, e.g., through the National Science
Foundation Integrative Graduate Education and
Research Traineeship program.

¢ Planned future ecosystem assessments (like the Intergov-
ernmental Science-Policy Platform on Biodiversity and
Ecosystem Services) should include input from interdis-
ciplinary experts in order to better consider the effects
of biodiversity, including explicitly invertebrates, on
the sustainability of ecosystem services, as suggested in
Figure 2.

(2) Recommendations for managers: a call for
managers to implement results of empirical work

One of the major questions that managers struggle with
in relation to this type of work is: when should we intervene to
conserve ecosystem services influenced by invertebrates? We suggest that
managers dealing with an ecosystem service that is heavily
influenced by invertebrates work closely with scientists and
other researchers to collect the information suggested in
Figure 2. In particular:

e Conduct biomonitoring of invertebrate communities
to monitor changes in invertebrate populations and
communities over time. Managers should seek the help
of invertebrate specialists and ecosystem scientists alike
to decide what groups of invertebrate species to monitor.
Understanding of which invertebrates to monitor in a
particular ecosystem will have to be developed on a
case-by-case basis depending on the service of interest
and the system.

e Initiate informed discussions with stakeholders and
policy makers.

e Increase public awareness of the role invertebrates play
in ecosystem service management. Increased public
awareness can be achieved by reaching out to local
schools and park visitors as well as through radio
and television appearances and journal, magazine and
newspaper editorials (Primack, 1993).
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VI. CONCLUSIONS

(1) In his classic paper “The little things that run
the world’, E.O. Wilson (1987) claimed that human life
could not persist beyond a few months if invertebrates
disappeared. Here, we demonstrate that significant
knowledge gaps exist in understanding how invertebrate
effects on humans may be altered by climate change.
Accordingly, we summarized how invertebrates, the
dominant taxa in most ecosystems, affect almost all
categories of ecosystem services and are also highly sensitive
to climate change.

(2) To understand how to sustain ecosystem services
for human societies, it is imperative to understand what
organisms and mechanisms affect these services.

(3) Therefore, we argue that conservation efforts to
mitigate effects of climate change on ecosystem services
must include consideration of invertebrate populations. In
particular, we suggest that interdisciplinary groups be used
to collect necessary information to make informed decisions
about when and how conservation efforts to manage for
ecosystem services mediated by invertebrates should be
accomplished.
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