
V ol. 3 1 1 :2 7 3 -2 8 3 ,2 0 0 6 MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser Published A pril 13

OPEN
ACCESS

Expanding scales in biodiversity-based research: 
challenges and solutions for marine systems

Shahid Naeem*

Departm ent of E cology, Evolution, and Environm ental B iology, Colum bia University, 1200 Am sterdam  A venue, N ew  York,
N ew  York 10027, USA

ABSTRACT: As in terrestrial biodiversity, hum an influences over m arine biodiversity will alter the 
way ecosystems contribute to biogeochemical or ecosystem processes. While m any studies have doc­
um ented how alterations of terrestrial biology affect ecosystem functioning, few studies have exam ­
ined marine systems. The main challenge faced by biodiversity and ecosystem functioning (BEF) 
research in m arine ecology is dealing with the large scales of m arine systems and the logistical diffi­
culties of attem pting to conduct the kinds of complex, combinatorial experim ents that have been 
done in terrestrial ecology. BioMERGE (Biotic M echanisms of Ecosystem Regulation in the Global 
Environment) has developed a framework for relating biodiversity, via biomass, to ecosystem func­
tioning and for em ploying extinction scenarios to explore the realm  of possible changes in ecosystem 
functioning that biodiversity loss could create. This approach may find much utility in m arine BEF 
research because it obviates the need  for complex experim ents. I provide an overview of the issues, 
the framework, and some directions m arine ecology could take to further our understanding of the 
ecosystem consequences of m arine biodiversity loss.
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INTRODUCTION

At one extrem e, in the absence of a biota, Earth's 
biogeochem ical processes by definition becom e geo­
chemical processes that yield an uninhabitable planet, 
w ith conditions som ething betw een those of Venus 
and Mars. At the other extrem e, today's biota regulate 
biogeochem ical processes that annually move giga- 
tons (IO15 g) of m aterials am ong the hydro-, litho-, and 
atm osphere, yielding an environm ent conducive to life 
and defining its surface for the last 1.5 billion yr (Love­
lock 1979, Schlesinger 1997a, Ernst 2000, Kasting & 
Siefert 2002, M athez & W ebster 2004).

Earth systems (e.g. global biogeochem ical systems) 
and ecosystems (e.g. local biogeochem ical systems) in 
general are moving to a point som ewhere betw een 
these extrem es in the sense that the role the biota plays 
in regulating geochem ical processes is changing d ra ­
matically in the face of hum an dom ination of ecosys­
tems (Vitousek et al. 1997, Hollowell 2001, Duraiappah

& N aeem  2005). There are 2 com ponents to this 
change. The first concerns change in the biologically 
active mass of the Earth's biota (henceforth, biomass), 
which can be visualized as a sort of diffuse green  or 
brow n slime coating the Earth's surface. Biomass is 
variously defined, often simply referring to the mass 
of biogenic organic material, living or dead. Here, I use 
biomass to refer only to metabolically active or living 
biomass, w hich includes standing (static) as well as 
grow ing com ponents of organisms.

The second concerns change in the structure of this 
living mass. Though often m odeled as a hom ogeneous 
slime in ecosystem, climate, or biogeochem ical models, 
biomass is, of course, actually m ade up of organisms 
structured by taxonomy, biotic interactions, functional 
differences, genetic differences, and differences in d is­
tribution over space and time (henceforth, biodiver­
sity). Part of the structure of this biomass stems from 
inter-specific differences in apportionm ent of biomass 
to the standing crop or productivity, inter-specific
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differences in impacts on elem ental cycles, and intra- 
and inter-specific interactions, especially trophic in ter­
actions, which can dram atically affect ecosystem func­
tioning. Clearly, changes in biodiversity m ean changes 
in the structure of biomass which, in turn, m eans 
changes in the ways biomass influences ecosystem 
functioning. For example, it is possible that fluctua­
tions in atm ospheric C 0 2 may have been driven almost 
entirely by the biosphere over the last 370 million yr 
(Rothman 2001). This implies that hum an dom inance 
over the biosphere, either directly by changes in the 
mass of living organism s or indirectly by changes in 
biodiversity, leaves the carbon cycle (and by extension, 
all other biogeochem ical cycles) increasingly in the 
hands of humans.

Trem endous uncertainty surrounds estim ates of how 
m uch biomass or biodiversity there is at most scales, let 
alone how much they have changed or will change 
under scenarios of continuing hum an grow th and 
developm ent. Some back-of-the-envelope calculations 
are, however, instructive. If w e consider that estim ates 
of the global biomass of plants range from 501 to 
829 Gt C, and estim ates of heterotrophic biomass 
range from 353 to 565 Gt, this gives us roughly a bios­
phere m ade up of about 1000 Gt C (summed from 
A ppendix F in Smil 2002). This biomass moves about
110.2 Gt C among the spheres annually (assuming all 
the carbon taken  up by the biosphere in a year is 
released in the same year) (Schlesinger 1997b). If we 
consider that the total am ount of carbon in the atm os­
phere is about 750 Gt, the biosphere moves that much 
in about 7 yr. Of the active carbon in soils, the bios­
phere moves an equivalent am ount in about 15 yr. To 
move an amount of active carbon equivalent to w hat is 
present in the oceans, however, would take 40 yr.

Continuing w ith this simplistic exercise, given Balm- 
ford et al.'s (2002) estim ates of biome reductions of
1.2 to 11.4% over the previous decade (see discussion 
above), significant declines in global biomass and 
global biodiversity are very likely during the next 
century. What are the consequences of such loss? The 
simplest conclusion would be that for every 10 Gt of 
global biomass lost, roughly 1.1 Gt of C will not cycle 
per year, which can be readily translated into reduc­
tions in other ecosystem functions. But w hat would 
happen  if the bulk of the biomass lost consists of stand­
ing rather than grow ing biomass, or consists entirely 
of rare species, or the loss occurs predom inantly in 
the oceans rather than terrestrial systems, or consists 
of declines in heterotrophic biomass rather than auto- 
trophic biomass? Clearly, global changes in biomass 
have impacts, but how biodiversity changes (e.g. the 
spatial, trophic, taxonomic, and other components of 
biomass) is equally important. If we wish to understand 
how Earth, its biomes, or its ecosystems are shifting

betw een the biogeochemically active systems they are 
now towards depauperate, predom inantly geochem i­
cal systems (i.e. uninfluenced by biology), intense eco­
logical research is necessary now and in the near 
future (Naeem et al. 2000, Hooper et al. 2005).

Certainly there is evidence that both biodiversity 
and biomass are declining on large scales. If w e con­
sider global changes to major biome types as an indi­
cator of changing biomass, w ith the exception of boreal 
forests, Balmford et al. (2002) estim ated that betw een 
1992 and 2002, the Earth's major biomes shrunk in 
area  or extent at an annual rate of 1.2 to 11.4%. Given 
that species occurrences and biomass are positively 
related  to area, then  there is little doubt that biodiver­
sity (at least locally) and biomass have declined on a 
global scale. Although such large-scale changes sug­
gest correlated changes in biomass and biodiversity in 
natural systems, and paleoecologically the 2 seem to 
have been correlated for a long time (Rothman 2001), 
there is no a priori reason to believe that they are 
causally coupled in any way (Falkowski & Rosenthal
2001). From the standpoint of conservation, for exam ­
ple, a biodiversity hotspot (e.g. Myers et al. 2000, e.g. 
Rodrigues et al. 2004) or m arine protected area  (e.g. 
Balmford et al. 2004, Browman & Stergiou 2004) can 
contain a significant fraction of the Earth's taxonomic 
diversity, yet represent an insignificant portion of the 
global biomass. From the standpoint of unsustainable 
use, w hen hum ans construct m anaged systems, such 
as fish or shrimp farms, they often locally increase bio­
mass well beyond anything previously observed in the 
system, but at extraordinarily low levels of biodiversity 
(although this is generally achieved by subsidization 
Naylor et al. 1998). One can legitim ately ask w hether 
either activity is desirab le— creating a landscape with 
small areas that contain trem endous biodiversity, but 
show next to no biogeochem ical activity, to large 
subsidized areas that show a trem endous amount of 
biogeochem ical activity, but contain almost no bio­
diversity (Millennium Ecosystem Assessment 2003).

Clearly, changes in biomass lead to changes in bio­
geochemistry, but less clear is w hether changes in 
biodiversity, beyond the trivial point of no biodiversity, 
are of any biogeochem ical significance. Scientific ex ­
ploration of the biogeochem ical or ecosystem conse­
quences of changes in biodiversity began a little over a 
decade ago (Schulze & M ooney 1993). This research is 
dom inated by terrestrial studies, all small in spatial and 
tem poral scale. With the exception of S teinberg & 
Geller's (1993) contribution on plankton diversity and 
ecosystem processes, virtually no treatm ent of marine 
biodiversity and m arine ecosystem functioning was 
covered in the founding volume on the topic by Schulze 
& M ooney (1993). A decade later, only a handful of ex ­
perim ental studies have exam ined the ecosystem con­
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sequences of biodiversity loss in m arine systems (e.g. 
Emmerson & Raffaelli 2000, Duffy et al. 2001, Emmer- 
son et al. 2001, Stachowicz et al. 2002, Callaway et al. 
2003, Covich et al. 2004, Solan et al. 2004).

The need  to address the terrestrial bias of bio­
diversity and ecosystem functioning (henceforth, BEF) 
research  is clear (Emmerson & H uxhan 2002). Given 
that w idespread alteration of the Earth's biota is 
undoubtedly at least as significant for marine eco­
systems (Roberts & Hawkins 1999, Jackson et al. 2001, 
Myers & Worm 2003) as it is for terrestrial ecosystems, 
the motivation for terrestrial biodiversity and ecosys­
tem functioning research  applies to both m arine and 
terrestrial systems. Given that the biosphere is 71% 
m arine in surface area and probably much more in 
term s of volume (Groombridge & Jenkins 2000), that it 
is responsible for nearly half of the Earth's net primary 
production (NPP) (Schlesinger 1997b), that more than 
half the world's population lives w ithin 60 km of the 
sea, and that m arine fisheries consume 24 to 35% of 
the NPP (Roberts & Hawkins 1999), a terrestrial bias 
in BEF research limits its ability to address global 
environm ental issues.

The primary challenge for marine BEF research is that 
of scaling up, which is actually the same challenge 
terrestrial BEF faces, but because of fewer logistical 
constraints, terrestrial systems have had more options. 
BEF studies will continue in the foreseeable 
future to be small in scale and short in du ra­
tion, and are critical for the evolution of 
theory and testing of m echanism s in BEF 
research (Loreau et al. 2001, N aeem  2001,
Bengtsson et al. 2002). To meet the challenge 
of going beyond the limited scales of current 
BEF studies, a research-coordinating n e t­
work known as BioMERGE (Biotic M echa­
nisms of Ecosystem Regulation in the 
Global Environment) was created (see www. 
colum bia.edu/cu/biom erge/ and N aeem  &
Wright 2003). The majority of BEF studies to 
date, including the few marine studies, have 
all explored only a limited portion of the spa­
tial, temporal, and biological realm  of bio­
diversity and ecosystem functioning (Fig. 1). 
BioMERGE's mission is to coordinate efforts 
that lead to the development of BEF methods 
that allow exploration of a g reater range 
of ecosystems over much larger scales than 
have currently been  achieved.

The focus of the present paper is the 
fram ework developed by BioMERGE d e ­
veloped for scaling up BEF research by the 
participants of the research-coordinating 
netw ork (note, henceforth, w hen referring 
to BioMERGE it will be explicitly in refer­

ence to its framework). This framework is explicitly 
non-experim ental, aim ing to provide insights on the 
relationship betw een biodiversity and ecosystem func­
tioning by m aking use of the w ealth  of past, existing, 
and planned studies of biodiversity and ecosystem 
functioning. Using this framework, I will offer some 
suggestions for possible directions for future marine 
BEF research that can address the needs for w orking at 
large scales w ith limited information about both bio­
mass and biodiversity in marine ecosystems.

GLOBAL BIODIVERSITY AND ECOSYSTEM 
FUNCTIONING IN TERRESTRIAL AND MARINE 

SYSTEMS 

Terrestrial BEF research as a springboard for marine 
research

Even though BEF research is currently largely te r­
restrial in nature, there are sufficient similarities 
betw een m arine and terrestrial systems that enable 
current BEF research to serve as a springboard for 
developing ideas concerning the scaling up of marine 
BEF research. For starters, there are m any similarities 
at the global scale betw een m arine and terrestrial 
environm ental concerns. For example, in m any cases
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Fig. 1. The realms of current research in biodiversity and ecosystem functioning 
(BEF) and BioMERGE (Biotic Mechanisms of Ecosystem Regulation in the 
Global Environment). Each axis abstractly and approximately represents the 
scales of biodiversity and ecosystem functioning, illustrating the latter as a de­
pendent function of the former. The center box illustrates the average domain 
of current BEF research, which has focused on relating species diversity to 
ecosystem functioning at small spatial (in the realm of square meters) and tem­
poral scales (in the realm of weeks to years). Arrows indicate directions of new 
research necessary for the expansion of BEF research. The larger box en­
compassing the upper right quadrant represents the domain of BioMERGE, 
which seeks to extend BEF research to larger scales (after Naeem et al. in press)
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m arine Zooplankton and phytoplankton show uni- 
modal relationships w ith their own biomass (Irigoien et 
al. 2004), m uch like w hat is seen in terrestrial systems 
(M ittelbach et al. 2003). M arine ecosystems are experi­
encing rates of change similar to major terrestrial bio­
mes (Balmford et al. 2002). And both terrestrial (e.g. 
Purvis et al. 2000) and marine ecosystems have propor­
tionally larger percentages of top predators or carni­
vores th reatened  or vulnerable than  species at lower 
trophic levels (e.g. Myers & Worm 2003, e.g. Hutchings 
& Reynolds 2004). Furtherm ore, marine NPP, esti­
m ated at 48.5 X IO15 g C, is similar to terrestrial NPP, 
estim ated at 56.4 x IO15 g C (Schlesinger 1997b).

Estimates for both terrestrial and marine biodiversity 
are completely lacking, because of the difficulties of doc­
umenting the many dimensions of biodiversity (e.g. func­
tional diversity, and spatial and temporal patterns of dis­
tribution), but to the extent that taxonomic diversity may 
serve as a crude proxy (Naeem 2002a, Petchey & Gaston
2002), m arine and terrestrial systems may be similar. 
Deep-sea m acrofaunal diversity, based on box-core 
samples, has been  estim ated to be as high as 10 million 
species (Grassle & M aciolek 1992), but the uncertainty 
surrounding this num ber is similar to the uncertainty 
surrounding the estim ate of 30 million species of te rres­
trial insects estim ated by Erwin (1982). Conservatively, 
dismissing some of the very high estim ates for species 
richness, the global total is more likely to be about 
14 million species (Groombridge & Jenkins 2000), with 
a sense that m arine taxonomic diversity is lower (in 
species), but certainly larger in phyla.

Perhaps the greatest uncertainty surrounds microbial 
species richness (Tiedje 1995, Pace 1997, Torsvik et al. 
2002, N ee 2004), which, given that microbes dom inate 
biogeochem ical processes (Fenchel et al. 1998), rep re ­
sents a major gap in our knowledge of taxonomic diver­
sity. For example, one of the most thorough molecular 
estim ates of prokaryotic diversity is that of Venter et al. 
(2004) in w hich they estim ated 1800 genomic species in 
the samples they collected from the Sargasso Sea. 
Analyses of their data, however, suggest that a 12-fold 
g reater depth  of sam pling is needed  before they would 
be w ithin 95 % of the likely diversity. This study illus­
trates the difficulty in attem pting to quantify prokary­
otic diversity, even from 1 m arine site.

One interesting difference betw een terrestrial and 
m arine systems, however, is that vast though the 
m arine realm  is, it may contain a smaller proportion of 
the global biomass. Total m arine biomass (in term s of 
carbon) is estim ated at 5 to 10 x IO15 g C, while land 
contains 560 x IO15 g C —or almost 2 orders of m agni­
tude more biomass (Groombridge & Jenkins 2000). 
N evertheless this does not affect the way the question 
of how biodiversity and ecosystem functioning are 
related  (see next section).

Diversifying the slime

At one level, it is not uncommon in ecology to treat 
the biosphere or an ecosystem as simply autotrophic 
biom ass— the equivalent of a homogeneous, photon- 
fuelled slime coating the Earth or an ecosystem. Like­
wise, microbial biomass (a brow n slime) in sedim ent 
and soil is often associated w ith decomposition, m iner­
alization, and other ecosystem functions w ithout con­
sideration of microbial diversity.

C rude though it is, this slime approach provides a 
m eans of determ ining the role our biota play in gov­
erning biogeochem ical processes or ecosystem func­
tioning by a simple formula that might look like this:

E  = BR (1)

in which some m easure of ecosystem function (E) is 
equal to the product of the biomass (B) of the biological 
community in the ecosystem and the per unit biomass 
rate of biogeochem ical activity (R). Note that there are 
m any possible metrics or currencies one could use for 
biomass, such as C, N, and P for all biomass (though 
dead biomass would have to be removed) or RNA and 
ATP for active biomass. As m entioned previously, one 
can also divide biomass into standing, growing, and 
reproductive biomass (e.g. Reekie & Bazzaz 1987a,b,c), 
but for simplicity, I ignore these divisions here.

This slime, however, is m ade up of individuals 
whose body sizes range from 10~6 cm (e.g. viruses) to 
nearly IO4 cm (e.g. blue w hale Balaenoptera musculus), 
though the vast majority of such organism s are very 
small (10~5 to 10~3 cm, such as prokaryotes and protists) 
(Fenchel 1987, Nee 2004) and their individual densi­
ties range from substantially <1 individual (e.g. v erte ­
brates) to trillions (e.g. microbes) per square meter. 
Each unit of biodiversity, such as a species, a group of 
organism s sharing functional traits, or ecosystem type, 
represents some portion of community biomass. By cal­
culating the sum of the biomass of all individuals in the 
unit of diversity, w e can determ ine its relative role in 
ecosystem processes by com paring it to the sum of the 
biomass of all individuals across all units of diversity in 
the ecosystem. Adding diversity to the equation, or 
diversifying the slime, changes the formula to:

D

E  = ^ B ,R ,  (2)
i - i

or simply the sum of biomass x function for each unit (i) 
of diversity (e.g. species, functional group, ecosystem 
type, or other unit of biodiversity) for all the units of 
diversity in the estim ate (D).

Solan et al. (2004) followed this approach to model 
ecosystem functioning relevant for a benthic marine 
community. The function was biogenic mixing depth 
(BMD), or the depth  to which animals burrow  from the
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sedim ent surface, and Solan et al. related  this to bio­
diversity by the simple formula:

BMD = 0.719log  ̂̂ Bf15̂  j + 4.55 (3)

w here B¡ is the m ean biomass of the ith  unit of diver­
sity, and Rj for their system was defined as the product 
of the propensity to move and the rew orking mode (the 
functional sedim ent mixing class of the organism  such 
as surface modifier, burrower, excavator, or other class 
of impact on the sediment) of the ith  unit of diversity, 
and for their system the unit of diversity, i, is a 
species and D is the total num ber of species in the 
community or ecosystem. The constants and log trans­
formation w ere derived from curve-fitting a formula 
that bounded BMD to observed depths (see Solan et al. 
2004, supplem entary information, for further details). 
One can see the similarity betw een Eqs. (2) & (3) and 
also appreciate how relatively simple the task can be 
for relating biodiversity and biomass to ecosystem 
functioning. Admittedly, BMD may represent a case in 
which ecosystem functioning w as readily related  to 
biodiversity and biomass. Complications arise w hen 
ecosystem functioning is not so readily related  to 
biomass, and other factors must be included in the 
formulation.

Additional complications arise w hen attem pting to 
use units of diversity that are not as readily defined or 
obtained as taxonomic diversity. For example, one can 
define the unit of diversity as a group of organisms 
clustered by similarities in their phenotypes (e.g. body 
size, morphology, physiology, behavior, biochemistry, 
reproductive rates and dispersal patterns) or by their 
functional traits (e.g. traits related  to the ecosystem 
function of interest) (Díaz & Cabido 2001, Lavorel & 
G arnier 2002, N aeem  2002b, Petchey & Gaston 2002). 
Such classification schemes tend to be hierarchical in 
nature, the basic unit being the species in taxonomic 
classifications and individuals sharing functional traits 
in functional classifications. With respect to the latter, 
as noted by Lavorel & G arnier (2002), one must further 
distinguish betw een traits that are associated with 
the ecosystem function and traits associated with re ­
sponses to environm ental change, a fact that is partic­
ularly im portant w hen considering extinction scenarios 
(see 'M odeling biodiversity, loss: extinction drivers and 
scenarios' section).

els. Statzner & Moss (2004) point to the long history in 
ecology of studying allometric relationships among 
biodiversity, ecosystem function, habitat properties 
(e.g. area, structure, and abiotic factors), and species 
properties (e.g. body size, longevity), m uch of which 
constitutes the current field of macroecology (Brown 
1995, Gaston 2000, Blackburn & Gaston 2003a,b), as a 
source for guiding the developm ent of BEF studies at 
larger scales than  our current experim ents permit. 
These macroecological relationships provide, not only 
a foundation for structuring and testing descriptive 
models of the relationship betw een  biodiversity and 
ecosystem functioning, but may serve as a m eans for 
approxim ating BEF variables w hen data are lacking.

As an exam ple of the utility of macroecology, consider 
attem pting to apply the m ethod developed by Solan et 
al. (2004) described above to another marine system in 
which only the taxa are known. One needs estim ates of 
relative abundance of species which Solan et al. derived 
from actual photographs of the fauna, but one seldom 
has such data to hand. In the absence of such inform a­
tion about distribution and abundance, however, m acro­
ecology provides useful insights into what the patterns of 
relative abundance might be and how one might esti­
m ate a biologically plausible range of relative abun­
dances for a given biota (Brown 1995, Gaston 2000, 
Blackburn & Gaston 2003a,b). Species w ithin trophic 
groups, for example, often show predictable patterns 
w ith respect to area, productivity, climate, and other 
geographical features, and relative abundance typically 
exhibits log-normal like distributions (Preston 1962, 
Sugihara 1980, H ubbell 2001, H ubbell & Lake 2003, 
N ee 2003), in w hich m any species are rare and a few 
dominant. Hypothetically, it is possible to approxim ate 
abundance of other species using macroecological m eth­
ods in terrestrial systems (and hypothetically all systems 
for the neutral, unified model), even if one has only lim ­
ited information on such aspects as presence/absence 
data  and total biomass (or density) of the community, as 
well as some know ledge about relative abundance (e.g. 
w hich species are rare and which are numerically 
dominant). In comparison to terrestrial ecosystems, 
macroecology is less well developed for marine systems, 
but some studies suggest macroecological principles 
may be usefully employed in marine studies (McKinney 
1998, Belgrano et al. 2002, Li 2002, Foggo et al. 2003, 
Statzner & Moss 2004).

Adding macroecology

The units of diversity are not randomly, uniformly 
spread over space and time, w hich allows for the possi­
bility of using patterns of association betw een diversity 
and biotic and abiotic factors in developing BEF m od­

M odeling biodiversity loss: extinction drivers 
and scenarios

Achieving the prim ary goal of BEF research requires 
knowing how biodiversity will change over time 
in order to predict how ecosystem functioning will
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change as biodiversity changes. Empirical studies, 
w ith few exceptions (e.g. Zavaleta & Hulvey 2004, e.g. 
Schlapfer et al. 2005), have largely sidestepped the 
issue by exploring all possible patterns of loss of bio­
diversity, which effectively involves em ploying a sce­
nario in which every unit of diversity (e.g. species, 
functional group, or some other unit of biodiversity) 
has a uniform, random  probability of going extinct. 
This is the most general approach one can take that 
will lead to results that can relate to all possible extinc­
tion scenarios. It is also the most difficult to employ, 
however, because of the large num ber of replicate 
communities one would have to construct to explore 
biodiversity loss. Further, the relationship betw een a 
specific path  of biodiversity loss and ecosystem func­
tioning may be m asked by the large num ber of p a th ­
ways of loss that come from random -extinction models. 
Even more disturbing for some is the fact that random- 
extinction models lead to the construction or modeling 
of communities that are unlikely to exist in nature. For 
example, in a random -extinction grassland experim ent 
(e.g. Tilman et al. 1996, N aeem  et al. 1999) one con­
structs communities that completely lack grasses— 
fine for theory, but troublesom e for those concerned 
explicitly w ith the loss of biodiversity in grasslands. 
One might take comfort in knowing that som ewhere in 
the hodge-podge of results from a combinatorial BEF 
experim ent lies the pattern  of biodiversity loss of in ter­
est, but one will also be dism ayed by the fact that iden­
tifying it in a cloud of data may be impossible.

In reality, biodiversity loss involves local (or global) 
extinctions that follow trait-based probabilities of loss 
based on the extinction driver or ecological, evolution­
ary, or anthropogenic process that governs extinction. 
How does one incorporate such trait-based extinction 
drivers into the BioMERGE framework? The fram e­
work uses extinction scenarios. 'Extinction scenarios' 
w ere used by Sala et al. (2000) in w hich the authors 
explored scenarios for how loss would shape biodiver­
sity by the year 2100. They used expert opinion, not 
data, in which anthropogenic drivers that lead to biodi­
versity loss w ere ranked separately for each biome. 
These extinction drivers included land use, climate 
change, nitrogen deposition, invasion or biotic ex­
change, and elevated atm ospheric C 0 2. They explored 
3 kinds of scenarios based  on these 5 extinction dri­
vers. In the first case, all drivers had  additive effects. In 
the second, the dom inant driver governed the change. 
In the third, the drivers interacted synergistically such 
that each driver's effect was m ultiplied by the other. 
Rather than using expert opinion, however, scenarios 
in which extinction drivers (e.g. increasing pollution in 
an estuary) are explicitly associated w ith trait-based 
extinction probabilities (e.g. m arine invertebrate sensi­
tivity to pollution) provide a more direct way of assess­

ing the realm  of possible ecosystem responses to bio­
diversity loss than expert opinion. Below, I review 
Solan et al. (2004) as an example.

There are many extinction scenarios one could em ­
ploy. The first study to employ extinction scenarios in an 
observational BEF study was, again, that of Solan et al. 
(2004). The authors em ployed 4 extinction scenarios for 
their m arine system: (1) random, (2) body size (smaller 
has a higher extinction probability), (3) population size 
(smaller has a higher extinction probability), and (4) sen­
sitivity to pollution. Zavaleta & Hulvey (2004), in con­
trast, em ployed a single nested  extinction scenario (all 
depauperate  communities w ere taxonomically nested 
sets of higher diversity communities) without stipulating 
w hat extinction driver would produce such a pattern. 
The defense of using a nested  scenario of biodiversity 
loss is that nestedness is widely observed in nature 
(Patterson & Atmar 1986, Atmar & Patterson 1993). One 
could additionally use trophic position, home range size, 
population grow th rates, or other traits identified by 
com parative m ethods (e.g. Purvis et al. 2003) that allow 
one to relate diversity loss with extinction drivers.

In summary, an extinction scenario describes the 
realm  of possible biodiversities likely to be obtained 
based  on probabilities of extinction that are governed 
by species traits and their sensitivities to extinction dri­
vers, or the ecological, evolutionary, or anthropogenic 
processes that drive units of diversity to extinction.

The BioMERGE framework for scaling up BEF

The BioMERGE fram ework for scaling up BEF 
research (Naeem & Wright 2003, N aeem  et al. in press) 
is one in w hich fundam ental ecological principles can 
be em ployed to provide first approximations of the role 
of biodiversity in ecosystem functioning. The most 
extrem e version of the BioMERGE approach involves 
being able to indicate w hat the biogeochem ical or 
ecosystem consequences of biodiversity loss would be 
for a region in w hich the only information one has is a 
list of the existing taxa and the global positioning sys­
tem  (GPS) coordinate. A more feasible BioMERGE 
approach involves having, not only the taxa and geog­
raphy, but the relative grow th rates of all species, their 
relative abundance (e.g. commonness and rarity), the 
trophic interactions that structure the community, the 
dynamics of the different populations, and spatial and 
tem poral patterns of both the biota and ecosystem 
functions and properties. In such a case, however, one 
hardly needs the BioMERGE framework, since trad i­
tional community and ecosystem ecology can be com ­
bined to model the relationship betw een biodiversity 
and functioning and how changes in community com ­
position change ecosystem functioning.
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Every study will fall som ewhere betw een these 2 
ex trem es—having just a list of taxa and GPS coordi­
nates to having a w ell-docum ented study of biodiver­
sity and ecosystem functioning (empirical and obser­
vational) over space and time. There will be a tradeoff 
in the precision w ith which one can predict the ecosys­
tem consequences of biodiversity loss w ith the degree 
of information one employs in the analysis, but the 
BioMERGE goal is to not be paralyzed by a lack of 
information that could require far too many resources 
or far too long to provide answers.

The 3 step BioMERGE framework

As the above outlines, there are essentially 3 major 
steps in the BioMERGE framework. The assum ption is 
that one has the biota, basic ecosystem m easures, and 
a specific ecosystem function selected for investigation 
(Naeem & Wright 2003, N aeem  et al. in press). From 
there, 3 steps are important:

(1) Diversify the slime. As described above, ecosys­
tem functions are often readily related to biomass; 
thus, one has to estim ate biomass and structure it 
according to known or observed relationships betw een 
a unit of diversity, the am ount of biomass in that unit, 
and the function that converts that biomass to a unit of 
ecosystem function. For NPP in pelagic m arine sys­
tems, this requires determ ining phytoplankton bio­
mass and phytoplankton diversity which can, again, be 
taxonomic, functional, or some other unit. In coral 
reef systems, calcium carbonate production and coral 
diversity may be the function-diversity pair of interest. 
In an estuary, BMD and infaunal (sediment-dwelling 
animal) diversity may be the func­
tion-diversity  pair of interest. In 
most cases, allometric relation­
ships betw een body size and 
metabolic rates or other physio­
logical functions may be used to 
derive the relationship betw een 
unit biomass and ecosystem func­
tioning, a suggestion for BEF 
research first m ade by Steinberg 
& Geller (1993).

(2) D etermine the macroecology.
D epending on the unit of diver­
sity, biomass (or densities), p a t­
terns of distribution and abun­
dance becom e im portant for 
w eighting each unit's contribution 
to ecosystem functioning. If the 
diversity unit is species, then one 
would expect that m any species 
are probably rare and a few dom i­

nant, as described above. Either way, this necessitates 
biotic inventories that go beyond taxonomic diver­
sity—they need  to include, at a minimum, relative 
abundance and, ideally, m easures of traits relevant to 
extinction drivers.

(3) Develop extinction scenarios. The BioMERGE 
approach combines extinction drivers w ith trait-based 
extinction probabilities w hich are referred  to as extinc­
tion scenarios. Again, we may borrow from Roberts & 
Hawkins (1999) whose review  of m arine extinctions 
identified natural causes (e.g. disease), biotic ex ­
change, unsustainable harvest, habitat alteration or 
destruction, and multiple causes as drivers that are 
associated w ith known m arine extinctions. As in Sala 
et al. (2000), one has to determ ine w hether the sce­
nario considers single drivers, the additive effects of 
drivers, or the multiplicative effects of drivers. For 
m arine systems, w e can begin with Roberts & Hawkins 
(1999) whose list of traits that relate to threats of 
extinction for m arine species can be used in scenarios 
(Table 1). W hat m arine ecologists need to do is to iden­
tify which drivers w arrant investigation (e.g. unsus­
tainable harvest, climate change, or pollution), which 
traits are relevant to w hich drivers, and to docum ent 
these traits for the species in the ecosystems being 
modeled.

After completing these steps, one can plot ecosystem 
functioning against biodiversity loss for as many com ­
munities as one wishes to model, for as m any scenarios 
as one wishes to explore. The results one obtains 
would look som ething like that shown in Fig. 2 in 
which the scenario determ ines the gradient of biodi­
versity, the empirically derived formula relating bio­
mass, biodiversity, and function provides the estimate

T ab le  1. T h ree  c lasses of tra its  of m arin e  spec ies th a t can  b e  u se d  for ex tinction  sce ­
n arios in  BioMERGE (Biotic M echan ism s of E cosystem  R egula tion  in  th e  G lobal E nvi­
ronm en t) m o d elin g  b a se d  on ex p ert opinion. P a ren th e tica l classifications describe  
en d  of sp ec tru m  for possib le  v a lu es th a t w o u ld  describe  spec ies a t g re a te r  risk  of 

ex tinc tion  (ad ap ted  from  R oberts & H aw kins 1999)

Lite history or 
ecological traits

Capacity for 
recovery

Range and 
distribution

Longevity (short)
Growth rate (slow)
N atural mortality rate (low) 
Production biomass (low) 
Reproductive effort (low) 
Reproductive frequency 
(semilparity)
Age or size a t sexual m aturity 
(old or large)
Sex change occurs (occurs) 
Spawning (aggregations at 
predictable locations and time) 
Allee ettects on reproduction 
(strong)
Trophic level (high)

Regeneration from fragm ents 
(does not occur)
Dispersal (short distance) 
Competitive ability (poor) 
Colonizing ability (poor) 
Adult mobility (low) 
R ecruitm ent by larval 
settlem ent (irregular or 
low-level)
Allee ettects on recovery 
(strong)

Horizontal distribution 
(nearshore)
Vertical depth  range 
(narrow)
G eographic range (small) 
Patchiness of population 
within range (high) 
H abitat specificity (high) 
H abitat vulnerability to 
people (high) 
Commonness and/or 
rarity (rare)
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Fig. 2. E xam ple  outcom es from  a  BioMERGE m odel exp lo ring  th e  
ecosystem  co n seq u en ces of b iod iversity  loss. T he x-axis describes b io d i­
versity  as q u an tified  b y  th e  m odel, w h ich  m ay  b e  spec ies, functional, 
lan d scap e , or som e o ther m ea su re  of b iodiversity . T he y-axis describes a 
sing le  se lec ted  func tion  th a t is m o d eled  b y  th e  BioMERGE fram ew ork. 
T he lines re p re se n t th e  cen tra l ten d en c ie s  of th e  m odel ou tpu t. M odel 
ou tp u t w o u ld  re flec t m u ltip le  ite ra tio n s in  w h ich  m axim um  diversity  is 
d riven  to low er levels by  in c rem en ta l chan g es in  ex tinc tion  driver in te n ­
sity. T he h ig h er th e  in tensity , th e  low er th e  biodiversity ; h en ce , th e  x- 
axis also re p re se n ts  th e  inv erse  of driver in tensity . If th e re  a re  ecosystem  
e n g in eers  or k ey sto n e  spec ies th e  p re sen c e  of w h ich  d ram atically  alters 
ecosystem  function ing , th e n  m ultip le  curves a re  possib le. H ere , only 2 
possib le  curves a re  show n, e ach  s u rro u n d e d  by  gray  a reas in d ica tin g  th e  
ra n g e  of possib le  va lues. This ra n g e  m ay  b e  co n sid ered  th e  inverse  
of b io log ical in su ran ce  as la rg e r a reas im ply  g re a te r  u n c erta in ty  w ith  

re sp ec t to b iod iversity  loss

for ecosystem functioning for any sim ulated com m u­
nity, and the scatter of points around any given level of 
biodiversity provides an estim ate of the variability 
(instability) or biological insurance (inverse of the 
spread) associated w ith a level of biodiversity. As the 
study of Solan et al. (2004) revealed, it is possible that 
some species can have such dram atic impacts on 
ecosystem functioning and that several curves are 
likely. Such multiple curves would indicate the pos­
sible existence of ecosystem engineers, keystone spe­
cies, or other species w ith distinct, strong impacts on 
ecosystems.

In reality, ecosystem functioning is more than just 
the sum of biomass x function for each unit of diversity. 
Biotic interactions (e.g. competition, predation, dis­
ease) are incredibly im portant in governing how popu­
lations will fluctuate, which, in turn, determ ines com ­
pensatory grow th and system stability (M cNaughton 
1977, Grover & Loreau 1996, Yachi & Loreau 1999, 
M cCann 2000, H ughes et al. 2002, Loreau et al. 2002).

Niche partitioning, redundancy, and com ple­
m entarity are also very im portant to separate 
out selection and com plem entarity effects 
(Hooper 1998, N aeem  1998, Duffy et al. 2001, 
Emmerson et al. 2001, Loreau & Hector 2001, 
Pfisterer & Schmid 2002). But to tackle such 
dimensions requires obtaining relative growth 
rates, interaction coefficients (strengths and 
directions), niche breadth, carrying capaci­
ties, and much m ore— all well-developed 
fields in ecology, but generally never known 
to any degree of sufficiency for ecosystems to 
relate biodiversity to ecosystem function at 
large scales. The BioMERGE framework 
motivates the necessary synthesis and unifica­
tion of many existing ecological disciplines 
(i.e. population, community, macro-, eco­
system, biogeographical, physiological, and 
functional ecology) to address BEF issues by 
observational means. The end  result may be 
fairly complex models of ecosystems, but in 
the same way that climate m odelers have not 
been  dissuaded by the complexity necessary 
to address global w arm ing in climate models 
and contend with the uncertainties that sur­
round such approaches (e.g. M urphy et al. 
2004), ecologists should not be dissuaded 
from developing complex models. M eeting 
the challenge is especially im portant for 
m arine systems in w hich biotic changes due to 
anthropogenic influences are w idespread and 
large scale (e.g. Roemmich & M cGowan 1995, 
Kleypas et al. 1999, Sanford 1999, Jackson 
et al. 2001, Baum et al. 2003, Abram et 
al. 2004, Coleman et al. 2004, Hutchings 

& Reynolds 2004, e.g. Richardson & Schoeman 2004, 
D uraiappah & N aeem  2005).

C O N C L U S IO N S

Scaling up the findings of ecological research to 
larger and longer scales has been  a challenge to m ath ­
em atical and experim ental ecology since its beginning 
(e.g. Levin et al. 1997, G ardner et al. 2001), and BEF is 
no exception (Naeem 2001, Bengtsson et al. 2002). 
Experim ental approaches will always be limited in 
size, replication, and duration, and theory will always 
employ simplifying assumptions. Principles learned 
from such approaches, however, in combination with 
observational work, can be com bined in BioMERGE- 
type models that will provide insights into the ecosys­
tem  consequences of biodiversity loss both in te rres­
trial (Emmerson et al. 2001, Stachowicz et al. 2002, 
Solan et al. 2004) and marine systems.
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Given the urgency of m any m arine conservation and 
m anagem ent issues concerning biodiversity (Roberts & 
Hawkins 1999), we should not shy away from provid­
ing scientific insights to m anagers and policy makers. 
The range of options spans using little more than 
expert opinion (e.g. Sala et al. 2000) to data-rich m od­
els (Solan et al. 2004). The more work done in this area, 
the stronger the case, the more we can identify general 
principles, and the more precise we can be in our 
recom m endations. One thing that is certain  is that if 
we do nothing, then the options to sustainably m an­
age, protect, or restore degraded m arine ecosystems 
and the services they provide will continue to be dom ­
inated by species- or ecosystem -oriented approaches 
although the proper approach is to integrate both.

A ck n o w led g e m e n ts .  I th a n k  M. Solan, B. Schm id, S. F. 
T jossem , a n d  2 anonym ous rev iew ers for critically  evalu a tin g  
th e  m an u scrip t a n d  all m em b ers of th e  BioMERGE n e tw o rk  
for th e  dev elo p m en t of th e  fram ew ork  re v ie w e d  in  th is p aper. 
BioMERGE is su p p o rte d  b y  NSF DEB 0435178.
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