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FUNCTION: EXAMPLES FROM POLLINATION AND CARBON STORAGE 
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1Centro de Investigaciones en Ecosistemas, Universidad Nacional Autdnoma de Mixico, Apdo. Post. 27-3, Xangari, 
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Abstract. Human enterprise is increasingly affecting biodiversity beyond outright spe- 
cies losses, causing changes in ecosystem functions and the services they deliver to human 
beings. However, few tools are available to analyze how community attributes other than 
simple species richness affect ecosystem functioning, or how relative contribution to the 
function is distributed among the species within a community. Here, we adapted methods 
for describing the evenness in relative abundance among species (i.e., community structure) 
to the description of the evenness in species' relative contribution to ecosystem function 
(i.e., functional structure). We developed graphical approaches to: (1) describe the functional 
structure, (2) show the relationship between community and functional structures, (3) ex- 
amine the influence of species identity on ecosystem function, and the relationship between 
species' relative functional contribution and relative abundance, and (4) determine the 
effects of management on the total magnitude of ecosystem function, on community and 
functional structures, and on individual species' contribution to the function. 

We applied these methods to two contrasting ecosystem function cases: watermelon 
pollination by native bees in California and carbon storage in trees of a tropical humid 
forest in Chiapas, Mexico. Functional structure for pollination under organic management 
within a conserved forest matrix showed that the first two species contributed 80% of the 
function. Increasingly intensive management (e.g., conventional agriculture) caused the 
loss of 60% of the species, reductions in abundance of functionally important species, loss 
of 60-80% of the pollination function, and decreased evenness in functional structure. 
Functional structure for carbon storage of a conserved forest showed that 13% of species 
contributed 90% of the function. Forest under a hypothetical scenario of selective timber 
extraction showed a loss of 60% of carbon storage, no species loss, and an increase in 
evenness of the species' contribution to the function. Compared to conserved forest, sec- 
ondary forests shared only 17% of species, 80% less carbon storage, but similar evenness 
of species' contribution to this function. 

Overall, the tools developed here, and their applications, show that impacts of man- 
agement regimes on functional structure vary with the analyzed function and ecosystem, 
differentially affecting species richness, species composition, dominance of the first-ranked 
species, evenness in species' functionality, and potentially the stability of the function 
itself. 

Key words: biodiversity conservation; community structure; carbon storage; crop pollination; 
diversity-function; dominance-diversity curves; ecosystem function; ecosystem service; indicator spe- 
cies; management; species richness. 

INTRODUCTION 

Many studies have explored the relationship between 
ecological function and species diversity (Schulze and 
Mooney 1994, Loreau et al. 2001, Naeem et al. 2002); 
as yet, however, little has been done to describe and 
analyze the "functional structure" of ecosystems. Here 
we use functional structure to refer to the distribution 
of the relative contribution of species to an aggregate 
ecosystem function such as productivity (Hector et al. 

1999b, Tilman et al. 2001), carbon cycling (Brown 
1997, Clark and Clark 2000) or pollination (Herrera 
1988, Kremen et al. 2002). This aggregate function 
results from the individual contributions of each spe- 
cies to the function, plus the effects of the species- 
species and species-environment interactions on that 
function (Fridley 2002, Paine 2002). 

The relationship between ecosystem function and 
species diversity is highly debated (McCann 2000, Til- 
man 2000, Loreau et al. 2001, Naeem et al. 2002). 
Research has mainly focused on how species richness 
or the number of functional groups are related to the 
magnitude and variability of an ecosystem function 
(Hooper and Vitousek 1997, Hector et al. 1999a, War- 
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dle et al. 2000, Tilman et al. 2001). In contrast, rela- 
tively little work has focused on the relationship be- 
tween the magnitude of the function and its functional 
structure. Also, few initiatives have been undertaken 
to relate the magnitude of a function, or the species' 
relative contribution to the function, with species' 
abundances (but see Herrera 1988, Brown and Heske 
1990, Lawton 1994, Sala et al. 1996), evenness (but 
see Purvis and Hector 2000, Wilsey and Potvin 2000), 
or identity (but see Jonsson and Malmqvist 2003, Ost- 
feld and LoGuidice 2003, Symstad et al. 2003). Un- 
derstanding the consequences of gradual changes in 
abundances on the magnitude of the function, as op- 
posed to abrupt changes such as species additions or 
deletions, could be particularly important given that 
disturbances (e.g., those caused by human activities) 
more frequently influence the abundances and evenness 
of species at local spatial and temporal scales (Dennis 
et al. 1997, Chapin et al. 2000, Scherer et al. 2000). 
In turn, since disturbance generally results in nonran- 
dom patterns of species loss or reduction (Petchey and 
Gaston 2002), it is also important to understand the 
role of species identity in ecosystem function (Diaz 
and Cabido 2001, Symstad et al. 2003). 

The development of methods for analyzing the func- 
tional structure of ecosystems would provide the basis 
for exploring how changes in species' abundance (due, 
for example, to management) affect species' functional 
contribution, ecosystem function, or the relation be- 
tween the three. Such tools would be useful for better 
understanding those ecosystem functions that influence 
human welfare, e.g., ecosystem services (Daily 1997), 
and for assessing the potential coincidence or conflict 
between biodiversity-centered and ecosystem service- 
centered conservation initiatives (Balvanera et al. 
2001). 

Here, we first describe the functional structure in 
analogy to community structure by using dominance- 
diversity models of species contribution to total func- 
tion rather than to abundance. Second, we explore the 
relationship between community and functional struc- 
tures. Third, we examine, on a species by species basis, 
the relationship between species abundance and species 
contribution to the function. Fourth, we explore the 
effects of management on the magnitude of the func- 
tion, on the functional structure, and on functionally 
sensitive species that can be used as indicators of the 
effects caused by management. Finally, to illustrate the 
use of these methods and their potential applications, 
we apply this four-part approach to two case studies: 
watermelon pollination by native bee species in Cali- 
fornia and carbon storage in trees of a tropical humid 
forest in Chiapas, Mexico. 

CONCEPTUAL BASIS: ANALYSIS 

OF FUNCTIONAL STRUCTURE 

We define the contribution of a given species, j, to 
a given aggregate ecosystem function, X, as cj. The 

magnitude of the function provided by the entire com- 

munity is 

X = 1 cjx (1) 
j=1 

and the relative contribution of species j to aggregate 
functionality is 

fix = cJX. (2) 

In this equation, we do not explicitly consider species- 
species and species-environment interactions; they are 
assumed as part of individual species contributions. 

The efficiency of a species, ej, is the species-specific 
per capita contribution of individuals of species j to 
the function. This efficiency can be constant for all 
individuals within the species. Then, species contri- 
bution to the function is simply the product of the ef- 
ficiency and the abundance of species, nj: 

C• 
= n. X ejx. (3) 

Otherwise, cj is the result of individual contributions 
of all individuals, k, of the speciesj to a given aggregate 
ecosystem function X: 

k 

Cjx 
= ekJx. (4) 

k=l 

The relative abundance of a given species j with respect 
to the total number of individuals in the community N 
is rj: 

rj = nj/N. (5) 

In analogy to species dominance-diversity models 
(Preston 1948, MacArthur 1957, Whittaker 1965, May 
1975, Tokeshi 1993), which are obtained by plotting 
species' relative abundance (rj) against the abundance 
rank of each species, we can graph species' relative 
functional contribution 

(fJx) against the rank of func- 

tionality for each species. The shape of this curve re- 
flects the way in which functional contribution is dis- 
tributed across species (e.g., highly even or uneven, 
see Fig. la). 

The same data can be plotted as cumulative mag- 
nitude of the function against species richness; here 

species are added in order of decreasing contribution 
to the function (Fig. lb). As a result, a graph analogous 
to the widely discussed relationship between the mag- 
nitude of ecosystem function and species diversity (Vi- 
tousek and Hooper 1993, Schlapfer 1999) is obtained. 
When species are added at random (as they usually are 
in diversity-function experiments, e.g., Hector et al. 
1999b), or in response to known environmental patterns 
(e.g., Ostfeld and LoGiudice 2003), different patterns 
may emerge. Thus, both the actual pattern of com- 

munity assembly/disassembly and the relationship be- 
tween species identity and function will greatly influ- 
ence the relationship between aggregate ecosystem 
function and species diversity. 
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FIG. 1. Description of the functional structure of an eco- 
system and the corresponding relationship between richness 
and magnitude of the function. (a) In analogy to species dom- 
inance-diversity curves, here the relative contribution of each 
species to a function. )(f is plotted against its rank for de- 
creasing contribution to the function. For illustrative pur- 
poses, three statistically oriented dominance-diversity mod- 
els were chosen (Tokeshi 1993) to construct the curves: (1) 
logarithmic (May 1975), where log(f) declines constantly 
with each species (geometric); (2) an asymptotic model con- 
structed with the Zipf or log-log model (Bastow 1992, To- 
keshi 1993); and (3) a totally equitable model. (b) Plot of the 
cumulative magnitude of the ecosystem function vs. cumu- 
lative species richness (ordered by rank of decreasing func- 
tional contribution) for the three models. This graph is anal- 
ogous to three alternative models proposed for the relation- 
ship between magnitude of an ecosystem function and species 
richness (Vitousek and Hooper 1993): (1) depending on only 
one or two species (logarithmic), (2) asymptotic (Zipf or log- 
log), and (3) linear (equitable model). Nevertheless, each model 
here represents a single treatment with addition of species in 
decreasing order of contribution to the function, rather than 
individual points representing independent treatments. 

METHODS 

Analytical tools for the analysis 
of functional structure 

Description of the functional structure.-We applied 
the above framework assuming that measurements of 

functional contribution by species are made on repli- 
cated treatments. For each replicate, species were 
ranked in decreasing order of their relative functional 
contribution, and the among-replicates average value 
of the ith species contribution was then calculated, ir- 
respective of species identity (rank1). Cumulative mag- 
nitude was calculated by adding the average value of 
the ith species contribution in order of decreasing rank, 
and was plotted against species richness. To visualize 
the functional structure, values of the ith species con- 
tribution were plotted against its rank. Best fit for the 
shape of functional structure was obtained using the 
following general linear model: 

fjx = b, - b2 rankj (6) 

with log-transformation of 
fx, 

and rankj as needed (Bas- 
tow 1992, Tokeshi 1993). 

Relationship between community and functional 
structures.-The comparison between community and 
functional structures can be achieved using the following 
model: 

Y = b1 - b2rankj + b3structure type 

+ b4[structure type X rankj]. (7) 

Here, Y is the relative contribution to either abundance 
or the function of species j. The "structure type" term 
is a categorical independent variable for "community" 
or "functional" structure. The parameter b, is the over- 
all y-intercept, i.e., the average species relative con- 
tribution to abundance or function of the species with 
the highest rank. The parameter b2 is the overall slope 
of the function, i.e., the evenness of the contribution 
of species to abundance or function. The effect of struc- 
ture type, accounted for by parameter b3, indicates dif- 
ferences in the y-intercept between community and 
functional structures and, thus, in dominance of the 
first-ranked species for abundance or function. The y- 
intercept is equivalent to the Berger-Parker index of 
dominance (Magurran 1988). The effect of the inter- 
action term "structure type X rank1," as estimated by 
parameter b4, accounts for differences in slope, i.e., 
species evenness, between community and functional 
structures. Differences in slope are comparable to dif- 
ferences in the Q statistic of dominance-diversity 
curves (Magurran 1988). Relative values can be trans- 
formed to arcsine to meet normality criteria (Sokal and 
Rohlf 1995); Generalized Linear Models with normal 
error for the y variable can then be used (Crawley 
1993). 

Species classifications.-Species were classified 
based on their relative abundance and relative func- 
tionality (Fig. 2). A priori boundaries based on orders 
of magnitude intervals were defined to distinguish spe- 
cies with low (< 1% of total individuals), intermediate, 
or large (>10% of total individuals) contribution to 
abundance, and those with low (<1%), intermediate, 
or high (>10%) contribution to the function. Particular 
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FIG. 2. Exploration of the relationship betweer 
functionality and relative abundance for single speci 
an ecosystem. (a) Species classification based on 
boundaries to identify species according to both r 
functional importance, and those that are importai 
important for the function. (b) Examples of species ( 
accordingly. Solid circles indicate one-to-one corres] 
between a species' relative abundance and its rela 
tribution to ecosystem function. Open circles repres 
realistic scenarios in which relative abundance anc 
functionality are identical. Among them, gray diamo 
species that contribute disproportionately less to func 
expected based on their abundance; the gray triang 
the species that contributes disproportionately more 
tion than expected based on their abundance. 

emphasis was made on rare species that contril 

proportionately to ecosystem function, or a 
species that are disproportionately unimportar 
function. Species that contribute disproportior 
function, relative to their abundance, are iden 
those that differ significantly (+95% confiden 
val) from the null model fx = rj. An analog( 
cedure has been used previously to identify k 
species as those whose impacts on the ecosys 
large and greater than expected from its relatiP 
dance (Mooney et al. 1995). 

Effects of management regimes.-The abo 
yses can be applied to a reference treatment 
which other management treatments can be co] 
Specific effects of management can then be e 

using a replicated approach. 

100 

1. Effects on the cumulative magnitude of the func- 
tion.-For each management treatment, the average 
functional contribution of the ith-ranked species irre- 

spective of species identity was plotted against species 
richness. The final average magnitude of the function 
was compared among management regimes by inspect- 
ing overlap of treatment-related confidence intervals. 

2. Effects on community and functional structure.- 
Changes in community and functional structures as- 
sociated with different management regimes were as- 
sessed using a modification of Eq. 7: 

Y = b - b2rankj + b3management type 

+ b4[management type x rankj]. (8) 

In this case, however, Y is the absolute, rather than the 
relative, contribution of a species to either total abun- 
dance or total magnitude of the function to explore for 
direct effects of management on those variables. 

Changes in y-intercept, i.e., the absolute contribution 
of the first-ranked species, among management treat- 

.. ments were accounted for in effects of "management 
type." Such differences express the impact of the en- 
vironmental changes caused by alternative manage- 

b ment regimes on species population size, performance 
of individuals, and, consequently, on species function- 

100 ality. Differences in steepness of the slope, i.e., in spe- 
cies abundance or functional evenness are accounted 

n relative for in the effect of the interaction term "management 
es within type X rankj." Such differences express the differential 
a priori population and functional responses of species to the 

arity and environmental scenarios operating under alternative nt or un- 
classified management regimes. 
pondence To test for differences in y-intercept and slope among 
tive con- management treatments, we suggest the use of Gen- 
ent more eralized Lineal Models. For the case of community i relative 
nds show structure, since Y measures absolute values of species 
:tionthan abundances, a Poisson error and a log-link function, as 
,le shows indicated for count variables (Crawley 1987), must be 

to func- used. For the case of functional structure, Y values can 
be counts (e.g., number of pollen grains deposited per 
species) and then a Poisson error must be used, or can 

bute dis- be a continuous variable (e.g., amount of stored carbon 
ibundant per species) for which a normalized error can be used. 
nt to the 3. Effects on single species.-Changes in species' 
lately to relative abundance and relative functionality due to 
Itified as management regimes are compared graphically. For 
ce inter- that purpose a scaled relative functionality of a species 
ous prp- under a given management regime m is defined as 

keystone 
stem are 
ve abun- 

ve anal- 
against 

ntrasted. 
explored 

fJxm = CjxmIXr (9) 

where cjxm is the relative contribution of the species j 
to the function X under management regime m, and Xr 
is the magnitude of the aggregate function X under the 
reference treatment. Scaled relative abundance and 
scaled relative functionality of each species are com- 

pared among treatments using the among-replicates av- 
erage values and their standard errors. 
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Functionally sensitive species are defined as those 
with significantly different scaled relative functionality 
under a certain management regime in comparison with 
the reference treatment. These species are identified 
first by pinpointing those species that disappear from 
management regimes relative to the reference treat- 
ment. Additional species are identified, among those 
that are present across all management types, by com- 
paring average values of their scaled relative contri- 
bution to the function among management regimes us- 
ing +95% confidence intervals obtained from treat- 
ment replicates. 

Case study systems and data collection 

Watermelon pollination in California.- 
1. Farm types.-We studied the pollination by na- 

tive bees of watermelon (Citrullus lanatus) on farm 
sites in Yolo County, California, USA, that varied in 
agricultural management and surrounding matrix. 
Three contrasting farm types were considered as man- 
agement treatments: organic farms within a matrix of 
oak woodland and chaparral, organic farms within an 
agricultural matrix, and conventional farms within an 
agricultural matrix. Organic farms were certified ac- 
cording to the California Organic Foods Act of 1990; 
conventional farms used the same three moderately to 
highly toxic insecticides, as well as one or more of 11 
other insecticides (Kremen et al. 2002). Organic farms 
within oak woodland chaparral matrix (hereafter re- 
ferred as Organic Near) were within 400 m of natural 
habitat and contained '30% natural habitat within a 
1-km radius of the watermelon transects. This is our 
reference management treatment. Organic and conven- 
tional farms within agricultural matrix (hereafter re- 
ferred as Organic Far and Conventional, respectively) 
were further than 4 km from natural habitat and had 
-1% of natural habitat within a 1-km radius. No Con- 

ventional farms were found close to natural habitats. 
Five Organic Near, four Organic Far, and five Con- 
ventional farms were studied in 2001. 

2. Species.-Species were identified to the lowest 
possible taxonomic level possible through field obser- 
vations. Nine genera and an estimated 26 species of 
native bees were observed at watermelon flowers: Hal- 
ictus tripartitus, H. farinosus, H. ligatus, Agapostemon 
texanus, Lasioglossum (mellipes or titusi) spp., La- 
sioglossum (Evylaeus) spp. (N - 4 morphospecies), 
Lasioglossum (Dialictus) spp. (N = 4) [Halictidae]; 
Bombus californicus, B. vosnesenskii [Apidae], Pepon- 
apis pruinosa, Melissodes (lupina, robustior, stearnsi, 
or tepida timberlake) spp. [Anthophoridae]; Hylaeus 
spp. (N = 3) [Colletidae]. Apis mellifera, an introduced 
honey bee that is managed for pollination, occurred at 
all sites, but its abundance did not vary significantly 
between farm types. The abundance and resulting func- 
tional contribution of A. mellifera depends on the num- 
ber and placement of managed colonies. We therefore 
restricted our analysis to wild bee communities because 

Ecological Applications 
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we were interested in how changes in farm management 
influenced "natural," not managed, pollination servic- 
es. In addition, we previously had found no evidence 
supporting competitive interactions between A. melli- 
fera and wild bees at our watermelon study sites; thus, 
leaving this species out of the analysis should not affect 
the conclusions (Kremen et al. 2002). 

3. Measurement of per species pollination func- 
tion.-Pollination efficiencies (ei) were calculated on 
a per species and per sex basis. We allowed individual 
bees foraging in the watermelon field to visit a female 
watermelon flower that had been previously protected 
from visitation, collected the stigma, and counted the 
number of pollen grains deposited per single visit. The 
medians of these distributions were used as the effi- 
ciency estimate (Kremen et al. 2002). Per species con- 
tributions to pollination function (cj) were then cal- 
culated for each species on each farm based on the 
estimated daily visits per flower of each sex multiplied 
by its pollination efficiency and summed over sexes. 
Daily visits per flower were measured separately 
through 10-min transect walks conducted every half 
hour between 07:30 and 14:30, the period during which 
female flowers are open. Watermelon flowers are open 
for a single day; therefore, these estimates of species- 
specific contributions represent the entire contribution 
to pollination for each species per flower per day. 

Carbon storage in a tropical rain forest of Mexico.- 
1. Forest types.-We studied carbon storage of trees 

in the tropical rain forest in the La Selva Lacandona 
region (Mendoza and Dirzo 1999), southeast Mexico, 
in a primary forest and two different land management 
treatments. The reference treatment was the primary 
forest within the Montes Azules Biosphere Reserve 
(hereafter referred to as Conserved Forest). This is a 
diverse forest with a canopy -30 m tall (Ibarra-Man- 
riquez and Martinez-Ramos 2002). The first manage- 
ment treatment was a hypothetical selective logging 
(hereafter High-graded) of the Conserved Forest, con- 
structed by simulating the removal of large trees (di- 
ameter at breast height [dbh] >30 cm) of species with 
known commercial value for timber (Echenique-Man- 
rique and Plumptre 1990, Martinez et al. 1994, Ibarra- 
Manriquez and Sinaca 1995, Ibarra-Manriquez et al. 
1997, Pennington and Sarukhan 1998). The second 
management treatment was secondary forest that had 
re-grown on abandoned agriculture and cattle pasture 
within the neighboring Marques de Comillas region 
(hereafter Secondary Forest). Study fallows represent- 
ed the oldest secondary forest (12-13 years old) found 
in the area. 

2. Forest plots.-Data for the Conserved Forest and 
the simulated High-graded forest were obtained from 
the same five separate plots (1.5-7 km apart) all located 
within the dominant geomorphological unit of "low 
hills" (115-300 m altitude), sandy or limestone soils 
of low pH (3.9-5.4), and undulating landscape with 
slopes ranging from 0° to 30° (Ibarra-Manriquez and 
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Martinez-Ramos 2002). The 20 x 250 m plots were 
established in 1994 (total sampled area = 2.5 ha). All 
trees with diameter at 1.3 m above ground or above 
buttresses (dbh) -10 cm were identified to species, and 
measured for dbh in yearly censuses conducted be- 
tween 1994 and 2001 (M. Martinez-Ramos, unpub- 
lished data). 

Data for the Secondary Forest is scarcer, both spa- 
tially and temporally. We used data derived from three 
separate fallow sites (3-8 km apart) located within the 
same "low hill" geomorphological unit. The sites, all 
located within 5 km of the Conserved Forests, were 
each burned 2-4 times during 1-2 years of maize cul- 
tivation, followed by 12-13 years of fallow. No chem- 
ical or organic fertilizers were used. One of the sites 
was also used for two years of cattle ranching following 
maize cultivation. Within each site, five 2 x 50 m plots 
were systematically established to cover the hetero- 

geneity within the area, and all trees with dbh -10 cm 
were identified and measured for dbh (Mendez-Bahena 
1999). To develop qualitative comparisons against the 
Conserved Forest, we created one single composite 
Secondary Forest data pool (total area = 3 sites X 5 

plots x 100 m2/plot = 1500 m2). An equivalent area 
was selected by randomly subsampling 20 X 75 m 
(1500 m2) from each of the five conserved plots. The 

comparison between the Conserved and the Secondary 
Forest is therefore based on similar total area, but is 
limited by the different spatial sampling design and by 
the lack of replicates for the Secondary Forest data. 

3. C storage calculations.-Aboveground biomass 
(AGB) of each individual of a given species j, was 
calculated using a general model that depends on tree 
dbh values and average species-specific wood density 
(SWD), developed by Nelson et al. (1999) using Am- 
azonian rain forest tree species: 

ln(AGB)= -1.4 + 2.4 ln(dbh) + 0.8 ln(SWD). 
(10) 

This model is much more sensitive to changes in dbh 
than in SWD. For instance, AGB for the largest indi- 
vidual reported here was close to 1000 times larger 
than that of the smallest one. Instead, AGB for a given 
dbh was only five times larger for the species with the 

highest SWD than that for species with the lowest one. 
Nevertheless, differences in SWD have been observed 

among tropical rain forest species, and the model used 
here emphasizes contrasts in AGB among pioneer, fast- 

growing, light-wooded species and canopy, slow-grow- 
ing, dense-wooded species (Nelson et al. 1999). While 
SWD values are accessible in the literature for many 
of our studied species (Barajas-Morales 1987, Barajas- 
Morales and G6mez 1989, Carmona-Valdovinos 1995, 
Barajas-Morales et al. 1997, Brown 1997, Fearnside 
1997), using a compilation of such values would suffer 
from errors associated with differences in sampling and 

processing techniques, tree age, tree diameter, and en- 

vironmental conditions for tree growth (Fearnside 
1997, Cornelissen et al. 2003). For this reason, we de- 
cided to estimate SWD of the species using field mea- 
surements of species annual relative growth rate (RGR, 
obtained from five years dbh census; M. Martinez- 
Ramos, unpublished data), gathered within the plots 
used here. The SWD values were thus calibrated 

using a regression between log(RGR) and SWD (R2 = 

0.49, F = 15.93, df = 1, 16, P < 0.001; SWD = 

-9.71 log(RGR) + 0.81) for a subset of species with 

highly consistent SWD values in the literature, all ob- 
tained within a single tropical rain forest site and with 
a standard protocol (Barajas-Morales et al. 1997). The 

degree of significance and amount of variance ex- 

plained by our regression is comparable to the ones 
found in the 12literature (Castro-Diez et al. 1998). To 
avoid overestimations of differences among species' 
SWD, maximum and minimum values were bounded 
within a 0.1-0.9 g/cm3 range, where 80% of SWD val- 
ues found here and in the literature are concentrated 

(Barajas-Morales 1987, Fearnside 1997, Suzuki 1999). 
When a RGR value was not available for a species, the 

species was first classified as pioneer or slow-growing 
species (M. Martinez-Ramos, unpublished data), and 
then assigned the average SWD obtained for each group 
in the Conserved Forest (SWD = 0.443 g/cm3 for pi- 
oneer species, and 0.452 g/cm3 for slow-growing spe- 
cies). 

Based on estimations of C content in trees in another 

tropical rain forest of Mexico (Hughes et al. 1999, 
2000), contribution of each tree to the carbon storage 
function, ekj was calculated as: 

ekx(Mg C/ha) = AGBkj x 0.47/plot area. (11) 

Contribution of each species to the carbon storage func- 
tion was then calculated by summing the individual 
contributions of each tree (Eq. 4). 

RESULTS 

Pollination 

Description of the functional structure of the refer- 
ence treatment.-The aggregate pollination function in 
the Organic Near treatment accounted for 1757 + 872 

pollen grains-flower-l day-1 (mean + 1 SE) provided 
by 12 native bee species groups (eight species groups 
on average per farm). Nearly 80% of the function was 

given by the first two species; many species had in- 
termediate to tiny contributions (Fig. 3a). The best fit 
for the functional structure was that of ln(jx) and rankj; 
thus, similar to a geometric function (Table la). 

Relationship between community and functional 
structures for the reference treatment.-Community 
structure showed a best fit to the same model as func- 
tional structure. There were no significant differences 
between community and functional structures, neither 
in y-intercept (i.e., dominance of the first-ranked spe- 
cies) nor in slope (i.e., steepness; Table la, Fig. 3b). 
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^^__g^ Species classifications.-Halictus tripartitus was the 

only species classified as abundant/functionally im- 

portant (Fig. 4a). No rare/functionally unimportant, 
abundant/functionally unimportant, nor rare/function- 

* ON ally important species were found. Three species, how- 
. OF ever, differed significantly from thefj = rj model: the 

abundant tiny bee Lasioglossum (Dialictus) spp. con- 
tributed less to pollen deposition than expected from 
its abundance, while the rare medium-sized bees Hal- 
ictus farinosus and Lasioglossum titusi or mellipes con- 
tributed more to pollination than expected from their 
abundance. These disproportionate cases contributed to 
greater evenness of the functional structure as com- 

ersity pared to the community structure (cf. Fig. 3b), as did 

species that were intermediate in abundance and effi- 
structure in ON ciency, such as Bombus vosenesenskii and B. califor- 

nicus. 

Effects of management.-Management treatments 
resulted in a great depression in the aggregate ecolog- 
ical function (Fig. 3a). Community structure differed 

among management treatments (Table lb) both in y- 
intercept (i.e., contribution to abundance of the first- 

gT i ranked species), and slope (i.e., species evenness in 

abundance). Organic Near farms showed significantly 
....r- higher abundance of the first-ranked species than Or- 

8 10 ganic Far and Conventional farms, among which there 

k were no differences (Table lb). The same pattern was 
found for the slope or evenness in species' abundances, 

. O . where evenness was greater in Organic Near farms than 
in the two other treatments (Table lb). There were sig- 
nificant effects of management in the structure of spe- 

* ON cies' contribution to pollination (Table Ic), both in 
-- OF terms of y-intercept (i.e., contribution to pollination by 
-O- C the first-ranked species) and slope (i.e., species even- 

ness in functionality). Although the tendencies were 
similar to those found for community structures, the 
contribution to pollination of the first-ranked species 

'.__ was significantly lower in Conventional farms, relative 
to Organic Near farms (Table Ic). Also, species even- 
ness in functionality was only significantly lower in 

Organic Far farms, relative to Organic Near ones (Table 
c). The most important species contributed almost 

8 10 90% of the pollen deposition in Organic Far and Con- 
ventional farms, while more than three species were 
needed in Organic Near to reach 90% of the total (cf. 

by native bees Fig. 3a, c). Overall, agricultural intensification caused 
;s. (a) Relation- a clear reduction in visitation rates and thus in asso- 
as a percentage ciated pollen deposition (Fig. 3c). 
es richness (or- The depression in the aggregate ecological function 
mnction) for Or- 
nventional (C) with management was due both to the outright loss of 

and functional species that made small (e.g., Halictus farinosus) to 
treatment). (c) large (e.g., Bombus californicus) contributions to pol- 

h management lination in the reference treatment (Fig. 4a), and to 
ieans with 95% 

important reductions in abundances of remaining spe- 
cies (see also Kremen et al. 2002). Many bee species 
were identified as functionally sensitive to the man- 

agement treatments. Six species recorded in the Or- 

ganic Near farms disappeared in the Organic Far treat- 
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STRUCTURE OF ECOSYSTEM FUNCTION 

TABLE 1. Comparisons between community structure (distribution of species' relative abun- 
dance, rj) and functional structure (distribution of species contribution to function X, fj), and 
effects of management treatment on both, based on generalized linear models (GLMs) fit 
according to Eqs. 7 and 8 for watermelon pollination by native bees in California. 

Source Deviancet df F R2 P 

(a) Community vs. functional structure for reference treatment. Model: log(arcsine(rj or f)) 
0.282 - 0.456 rankj 
Structure type (T) 0.00 1 0.02 0.00 NS 

Rank, 1.18 1 280.18 0.94 * 

Ranki x T 0.00 1 0.02 0.00 NS 
Error 0.08 18 

(b) Effects of management on community structure. Models: ln(rjON) = 4.91b -0.78B rankj; 
ln(r,oF) = 4.20a - 1.46A rankj; ln(ric) = 3.81a - 0.99AB ranki 

Management (M) 9.30 2 0.03 ** 
Rank, 337.20 1 0.95 **** 
Rankj x M 8.10 2 0.02 * 
Error 10.20 15 

(c) Effects of management on functional structure. Models: ln(cjpollinationoN) = 6.73b - 0.65B 
rankj; ln(cjpollinationOF 

= 6.24b - 1.71A rankj; ln(cjpollinationc) 
= 4.63a - 0.68AB rankj 

Management (M) 14.50 2 0.09 *** 
Rank, 134.50 1 0.80 *** 

Rankj X M 8.79 2 0.05 * 
Error 11.96 15 

Notes: Effects of structure type (T; abundance or functionality) and of management (M) 
account for differences in the y-intercept, and thus contribution of the first-ranked species. 
Effects of interaction terms rankj x T or rankj x M account for differences in slope between 
structures or among treatments, i.e., differences in evenness (steeper slopes reflect lower even- 
ness). Parameters in the models sharing same letter (lowercase superscripts for y-intercept, 
uppercase for slope) did not differ statistically between structure types or among management 
treatments (P > 0.05). Models differ depending on the nature of the response variable and the 
best fit with alternative use of logarithmic transformations. Abbreviations for models are: ON, 
Organic Near farms; OF, Organic Far farms; C, Conventional farms; and cj,, the contribution 
of a given species, j, to pollination under management treatment x. 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** = P < 0.0001; NS, nonsignificant. 
t Deviance is used only for count variables with a Poisson distribution (number of bees, 

number of trees, and number of pollen grains). For parts a and c, a X2 test was run to test for 
significant differences among treatments. 

ment (Bombus californicus, B. vosnesenskii, Halictus 
farinosus, Hylaeus spp., Lassioglossum mellipes/titusi, 
and Melissodes spp.; Fig. 4b). Six also disappeared in 
the Conventional treatment (Agapostemon texanus, 
Bombus californicus, B. vosnesenskii, Halictus fari- 
nosus, Lassioglossum mellipes/titusi, and Peponapis 
pruinosa; Fig. 4c). Two species (Halictus tripartitus 
and Lasioglossum (Dialictus) spp.) were found in all 
treatments, but presented significant reductions in their 
contribution to abundance and functionality (Fig. 4a, 
b, c). The remaining species (Lasioglosum (Evylaeus) 
spp. and Halictus ligatus) retained essentially the same 
relative positions in all treatments (except for L. (Ev- 
ylaeus) spp. in Organic Far), tended to occur frequently 
across all farm types, and demonstrated relatively little 
sensitivity to the effects of agricultural intensification 
(Fig. 4a, b, c). 

Carbon storage 

Description of the functional structure of the refer- 
ence treatment.-Total carbon storage, estimated from 
aboveground biomass of the 169 species present, was 
94 ± 26.30 Mg C/ha in the Conserved Forest. Just 13% 
of the species contributed 90% of the aggregate carbon 

storage; most species made intermediate to tiny con- 
tributions (Fig. 5a). The best fit for the functional struc- 
ture was that of log(jx) and log(rankj), thus similar to 
a Zipf function (Table 2a). 

Relationship between community and functional 
structures for the reference treatment.-Community 
structure also showed best fit to the log(Y) and 

log(rank) model; the Zipf function. Differences be- 
tween community and functional structures were sig- 
nificant for slope, with a higher evenness in community 
than in functional structure. There were no differences 
in y-intercept, i.e., in dominance of the first-ranked 

species (Table 2a, Fig. 5c). 
The greater evenness in community as compared to 

functional structure is due to the fact that Dialium gui- 
anense, the dominant species, accounted for only 15 

+ 2% of total number of individuals but as much as 
28 + 2% of carbon storage. It can also be attributed 
to the fact that species with similar abundance differed 

strongly in individual dbh and wood density, empha- 
sizing differences in functionality among them. 

Species classifications.-Dialium guianense (Fig. 
6a), a very abundant and widely distributed canopy 
tree, was the only species in the abundant/functionally 
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FIG. 4. Abundance-functionality species classification 
based on rj andfjx values for watermelon pollination by native 
bees in California for three management treatments: (a) Or- 
ganic Near (ON), (b) Organic Far (OF) and (c) Conventional 
(C). Values shown are means with 95% confidence intervals 
over 4-5 replicates per management treatment. Open dia- 
monds and triangles indicate species that differed signifi- 
cantly from the fjx = rj model (see Fig. 2). Species numbers 
are as follows: 1, Agapostemon texanus; 2, Bombus califor- 
nicus; 3, B. vosnesenskii; 4, Lasioglossum (Dialictus) spp.; 5, 
Lasioglossum (Evylaeus) spp.; 6, Halictus farinosus; 7, H. 
ligatus; 8, H. tripartitus; 9, Hylaeus spp.; 10, Lasioglossum 
titusi or mellipes; 11, Melissodes spp.; and 12, Peponapis 
pruinosa. 

important category, while -95% of the species were 
classified as rare/functionally unimportant. No abun- 

dant/functionally unimportant, nor rare/functionally 
important species were found. Seven species, however, 
differed significantly from the model fj = r j (Fig. 6a, 

Ecological Applications 
Vol. 15, No. 1 

star symbol). Among these species, fast-growing, pi- 
oneer species such as Cecropia spp. contributed less 
to carbon storage than expected from their abundance. 
In contrast, slow-growing canopy species with large 
individuals and dense wood contributed more to carbon 
storage than expected from their abundance. A clear 
example was Terminalia amazonica, which is har- 
vested for timber. 

Effects of management.--Management treatments 

greatly depressed the aggregate ecosystem function 
(Fig. 5a, b). The High-graded treatment simulated the 
extraction of only 11% of the individuals, with no im- 
pacts on species richness; nevertheless, the extracted 
trees were the larger ones, with denser woods. A re- 
duction of 67% of carbon storage was estimated. A 
stronger depression of up to 80% was observed for the 
Secondary Forest together with a decline in species 
richness (68 + 24 species per 20 x 75-m plot in Con- 
served Forest compared to 27 species in Secondary 
Forest). An increase in variance of the contribution of 
the ith species to carbon storage is due to the higher 
uncertainty that any given plot will include a large tree 
making a large contribution to carbon storage. 

The community structure of Conserved Forest and 
High-graded treatment did not differ either on y-inter- 
cept or slope (Table 2b). The lack of difference reflects 
that the extraction of 11% of the individuals did not 
substantially affect the abundance of the first-ranked 
species, or the evenness in species' abundance. The 
functional structures of Conserved Forest and High- 
graded treatments, however, differed significantly both 
in y-intercept and slope (Table 2c). The first-ranked 
species contributed significantly less to carbon storage 
in the High-graded treatment than in the Conserved 
Forest. Evenness in species' contribution to carbon 
storage was significantly higher in the High-graded 
treatment than in the Conserved Forest. Simulated se- 
lective extraction targeted species, and within those 
species individuals, which contributed more to carbon 
storage; extraction, therefore, caused higher evenness 
in carbon contribution. Differences in the y-intercept 
occurred due to the dramatic reduction in carbon stor- 
age provided by Dialium guianense, which dropped 
from 28 ± 6 Mg C/ha in the Conserved Forest to only 
6 + 1 Mg C/ha in the High-graded treatment. 

The community structure of the Conserved Forest 
and the Secondary Forest showed a best fit to the log(Y) 
and rankj model; the Geometric function (Table 2b). 
There were no differences in y-intercept, i.e., in the 
abundance of the first-ranked species. A lower even- 
ness in abundance was found in the Secondary Forest, 

probably associated to the change in species compo- 
sition, given that the two treatments only shared 17% 
of the species. The functional structure of the Con- 
served and Secondary Forests showed a best fit to the 

log(Y) and log(rankj) model; the Zipf function (Table 
2c). There were significant differences in the y-inter- 
cept among them, with lower abundance of the first- 
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FIG. 5. Aboveground carbon storage function by tropical rain forest trees (210 cm dbh) in Chiapas, Mexico, under three 
management treatments. (a) Relationship between aggregate carbon storage function (as a percentage of total in the reference 
treatment) and species richness (ordered by rank of decreasing contribution to function) for Conserved Forest (CF, reference 
treatment) and High-graded Forest (HG), and (b) for Conserved and Secondary Forest (SF). (c) Comparison between com- 
munity and functional structures for Conserved Forest. (d) Functional structure of carbon storage for Conserved and Secondary 
Forest. Vertical bars indicate 95% confidence intervals over five replicates for CF and HG (no replicates for SF). 

ranked species in the Secondary Forest. There were no 
differences in slope, i.e., in the evenness in species' 
functionality. 

Only two species were functionally sensitive to man- 

agement treatments. For the High-graded case, the se- 
lective extraction of commercially important species 
was reflected in an overall drop in their relative abun- 
dance and function (Fig. 6a, b), although this drop was 
not equal for all species. A significant reduction was 

only observed in relative functionality of the very 
abundant Dialium guianenis and the less abundant Ter- 
minalia amazonica. Both species have dense wood and 

high frequency of large individuals in the reference 
treatment. Eighty-four species in the Conserved Forest 
were absent from the Secondary one; 12 species not 
found in the Conserved Forest were present in the Sec- 

ondary one. The shade-tolerant tree Cupania belizen- 
cis, found in both forest types, was the only function- 

ally sensitive species with a significant decrease in its 
contribution to carbon storage in the Secondary Forest 

(Fig. 6c, d). 

DIscUSSION 

Pollination 

The pollination function provided by native bees in 
the reference treatment was equivalent to that provided 
by managed honey bees (Kremen et al. 2002), and ex- 
ceeded the minimum requirement of 1000 pollen grains 
for marketable fruit formation (Adlerz 1966, Stangh- 
ellini et al. 1997). Thus, it is expected to be determinant 
of high incidence of fruit formation, the final benefit 
to humans, although fruit production may also be de- 

pendent on genetic incompatibility, pollen-pollen, and 

pollen-pistil interactions (Stephenson 1981, Quesada 
et al. 2001). 

The tools provided here allowed for exploration of 

separate contributions of species richness, relative 
abundance, and species identity to the pollination func- 
tion. On average, pollination function proved to be 

highly dependent on the contribution made by the two 

highest ranked species at each site. Collectively across 
the landscape, however, many more than two species 
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TABLE 2. Comparisons between community (distribution of species' relative abundance, rj) 
and functional (distribution of species contribution to function X, fj) structures, and effects 
of management treatment on both of them, based on generalized linear models (GLMs) fit 
according to Eqs. 7 and 8 for carbon storage in a tropical rain forest of Mexico. 

Source Deviancet df F R2 P 

(a) Community vs. functional structure for reference treatment. Models: log(arcsine(rj)) = 
-0.69a - 1.19A log(rankj;.log(arcsine(fj)) = -0.69a - 1.36B log(rankj) 

Structure type (T) 0.01 1 1.79 0.1 Ns 
Rankj 0.64 1 477.85 0.78 *** 
Rankj x T 0.05 1 55.12 0.06 **** 
Error 0.13 132 

(b) Effects of management on community structure 
Conserved Forest vs. High-graded. Model: ln(rjcF or rjHG) = 3.52 - 1.99 Log(rankj) 

Management (M) 1.10 1 0.00 Ns 
Rankj 461.9 1 0.98 **** 
Rankj x M 0.37 1 0.00 NS 
Error 9.30 122 

Conserved Forest vs. Secondary Forest. Models: ln(rjcF) = 2.88a - 0.08A rankj; ln(rjsF) 2.88a - 0.12B rankj 
Management (M) 3.42 1 0.01 Ns 
Rankj 252.80 1 0.83 
Ranki x M 10.35 1 0.04 ** 
Error 39.56 65 

(c) Effects of management on functional structure 
Conserved Forest vs. High-graded. Models: log(rcF) = 3.34b - 2.71B log(rankj); log(rjHG) = 1.91a - 0.07A log(rankj) 

Management (M) 22.00 1 0.02 *** 
Rankj 1056.00 1 0.98 *** 
Rankj M 6.28 1 0.01 * 
Error 7.50 132 

Conserved Forest vs. Secondary Forest. Models: log(rjcF) = 3.92b - 3.05A log(rankj); 
log(rjsF) = 2.13a - 3.05A log(rankj) 
Management (M) 2077.00 1 112.21 0.62 **** 
Ranki 1284.00 1 7133.00 0.38 **** 
Ranki x M 0.26 1 1.42 0.02 Ns 
Error 12.1 68 

Note: See Table I for further details. Abbreviations for models are: CF, Conserved Forests; 
SF, Secondary Forest; HG, High-graded treatment. 

t Deviance is used only for count variables with a Poisson distribution (number of bees, 
number of trees, and number of pollen grains). For part b, a X2 test was run to test for significant 
differences among treatments. 

made significant contributions by being alternatively 
present at different farms. Thus, six species were 
ranked first or second for pollination contribution on 
a given Organic Near farm (Halictus tripartitus, H. 
ligatus, Peponapis pruinosa, Bombus californicus, B. 
vosnesenskii, and Melissodes spp.), and five species 
ranked first or second on Organic Far and Conventional 
farms (H. tripartitus, H. ligatus, P. pruinosa, Evylaeus 
spp., Dialictus spp.), for a total of eight out of the 12 
species groups considered to be first- or second-ranked 
for pollination function across all farm sites. This ex- 
ample clearly shows the importance of considering spe- 
cies turnover between sites when evaluating the role 
of diversity in function (Schwartz et al. 2000, Symstad 
et al. 2003). 

Depression in pollination function with management 
was associated with species loss, a decrease in abun- 
dance of remaining species, and a less even functional 
structure (Table ic, Fig. 3c). Density compensation, 
either within the wild bee community or between native 

and honey bees, does not appear to be occurring in this 
system. Both richness and abundance of native bees 
decreased simultaneously with management, while the 
abundance of honey bees was uncorrelated with the 
abundance of each native bee species, and with aggre- 
gate native bee abundance or diversity (Kremen et al. 
2002). Instead, the same environmental factors that ap- 
pear to eliminate selected native bee species from sites, 
leading to reduced diversity, may also be reducing the 
abundances of remaining species (C. Kremen, personal 
observation); therefore, there is no release from com- 
petition to mitigate the effect of species loss on func- 
tion. 

Carbon storage 

Data shown here for aboveground carbon does not 
rely on actual biomass data, and was modeled from dbh 
data and from estimated wood density data (Nelson et 
al. 1999). We have emphasized differential relative 
contribution among species to carbon storage rather 
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FIG. 6. Abundance-functionality species classification based on rj and f values for aboveground carbon storage by trees 
in a tropical rain forest of Chiapas, Mexico: (a) Conserved Forest (CF), (b) High-graded Forest (HG), (c) a subsample of 
the Conserved Forest for comparison with Secondary Forest (CF), and (d) Secondary Forest (SF). Values shown are means 
with 95% confidence intervals over replicates per management treatment (no replicates for SF). Gray diamonds and triangles 
indicate species that differed significantly from thefj = rj model (see Fig. 2). Open circles indicate species that were harvested 
in the hypothetical High-graded scenario. Species numbers and confidence intervals are only shown for selected species for 
clarity. Species names are as follows: 1, Brosimum alicastrum; 2, Dialium guianense; 3, Cecropia spp.; 4, Cupania belicenzis; 
5, Ficus spp.; 6, Spondias spp.; 7, Terminalia amazonica; 8, Trichilia spp.; 9, Trichospermum mexicanum; and 10, Zanthoxylum 
spp. 

than total contribution. Nevertheless, our estimate of 
the total AGB for Conserved Forest is half of that es- 
timated for another conserved tropical forest in eastern 
Mexico at more fertile volcanic soil (Hughes et al. 
2000), and is consistent with its corresponding Sec- 
ondary Forest data (Hughes et al. 1999). Our High- 
graded scenario did not consider damage to nontarget 
trees (Johns 1997, Parren and Bongers 2001), and re- 

placement of large canopy trees by low-density, small, 
pioneer trees (Laurance et al. 1997) for simplicity. 
Thus, our results are conservative, and real selective 
timber extraction is likely to cause much larger reduc- 
tions in carbon storage than those found here. 

Separate contributions of species richness, relative 
abundance, and species identity on carbon storage dif- 
fered from the pollination example. Here the majority 
of function required a much larger number of species; 
nevertheless, as few as 12 species, out of -80 species 
found in each site, contributed to 80% of the carbon 

storage function (Fig. 5). This strong hierarchy in spe- 
cies functionality was even more dramatic when con- 

sidering the entire species pool (163) found in the Con- 
served Forest plots for which only three species each 
contributed to >10% of the function (Fig. 6). 

Our study confirmed the well-known difference in 

community structure between early and late succes- 
sional forest stages. The geometric model with few 
dominant species frequently observed in early stages 
of succession was also documented here and contrast 
with the Zip model (similar to the "broken stick" mod- 
el) typically found for mature forest stages (Bazzaz 
1996), as was the case of our Conserved Forest. Beyond 
this, the tools provided here allowed for a description 
of previously unexplored components of carbon stor- 

age. While community structure of highly diverse trop- 
ical rain forests has been extensively described and 
modeled (Hubbell 2001), this is the first attempt to 
describe its functional structure for carbon storage. The 
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reduced evenness of functional structure contrasts with 
the relatively high equitability of community structure. 
For species with similar relative abundances, strong 
differences in their contribution to the function are as- 
sociated with remarkable differences in dbh/age pop- 
ulation structure of species and their maximum attain- 
able sizes. Such differences emerge from contrasting 
species life histories, differential rates of biomass ac- 
cumulation, and species' population dynamics (Mar- 
tinez-Ramos and Alvarez-Buylla 1998). 

Management greatly depressed total carbon storage 
for both the High-graded and Secondary Forest treat- 
ments, but the processes causing these reductions are 
very different. The High-graded treatment directly tar- 
geted larger trees with dense woods, those with highest 
carbon storage. In contrast, the Secondary Forest was 
primarily composed of entirely different guilds and 
age/dbh structure of tree species, with lighter woods 
and small dbh, leading to lower carbon storage. As 
succession progresses, we can expect that carbon stor- 
age will approach the magnitude and structure found 
in the Conserved Forest. Some authors propose that 
such magnitude may be reached after -90 years 
(Hughes et al. 1999), but we do not know how these 
successional changes will influence the functional 
structure. For example, we do not know whether a re- 
turn to the functional structure of the "conserved" for- 
est is likely during this time period. 

Possible uses and limitations of this approach 

First, this approach allows the assessment of the po- 
tential coincidence, or lack of coincidence, between 
biodiversity-centered and ecosystem service-centered 
conservation strategies (Balvanera et al. 2001). Func- 
tion-centered strategies might prioritize common spe- 
cies with large contributions to the function, such as 
the bee Halictus tripartitus or the tree Dialium gui- 
anense, but such species would be of little concern for 
rare species-centered biodiversity conservation. Con- 
versely, biodiversity-centered strategies might aim at 
rare species such as Halictusfarinosus, which is highly 
efficient for pollen deposition or the rare and light- 
wooded tree Ficus spp. While protecting the rare bee 
species could also contribute toward maintaining pol- 
lination services, the protection of rare tree species 
would not enhance a carbon storage-centered strategy. 
Assessing the graphs of relative functionality against 
relative abundance allows land managers to determine 
what overlaps exist between alternative goals. 

Second, this approach allows the assessment of 
changes in evenness in species' abundance and func- 
tionality with management. Changes in species abun- 
dance along successional gradients or among manage- 
ment treatments have often been documented (Kremen 
1992, Dennis et al. 1997, Zahawi and Augspurger 1999, 
Scherer et al. 2000), but comparable analyses of how 
the functional structure of ecosystems is affected by 
management are inexistent. This issue is related to the 

hotly debated relationship between species diversity 
and the stability of the ecosystem function (sensu "in- 
surance hypothesis"; Naeem and Li 1997, Tilman et 
al. 1998, Yachi and Loreau 1999). Results emerging 
from our two study cases suggest that very contrasting 
effects of management on functional evenness can oc- 
cur depending on the system and function studied, with 
corresponding implications for functional stability. For 
example, in the pollination case, management reduced 
the evenness of functional structure; thus, the function 
remained strongly dependent on the first-ranked spe- 
cies. This change in evenness leaves managed com- 
munities increasingly dependent on the first species, 
and thereby more vulnerable to future change. In ad- 
dition, in these depauperate systems, the stability of 
ecosystem function is correspondingly reduced because 
of the disappearance of species with different abilities 
to respond to future environmental fluctuations (Naeem 
and Li 1997, Tilman et al. 1998, Yachi and Loreau 
1999, Elmqvist et al. 2003). The magnitude of the func- 
tion also tends to be highly dependent on the efficiency, 
and thus identity, of the locally dominant species (Wil- 
sey and Potvin 2000). 

In contrast, in the carbon storage case, the evenness 
of the functional structure was not reduced and, in fact, 
increased in the High-graded treatment, without chang- 
es in species richness. Although this was a simulation, 
in real selective timber extraction situations, compen- 
satory mechanisms may operate. For example, as dom- 
inant species suffer from selective extraction, a process 
analogous to negative frequency-dependent regulatory 
mechanism may occur as resources (such as space, 
light, water, and soil nutrients) are released to rare spe- 
cies. This may enable the coexistence of a highly di- 
verse community, where redundant species may have 
equivalent contributions to the function, and may con- 
fer higher stability to the function under future envi- 
ronmental fluctuations. Nevertheless, the strong neg- 
ative impact on the magnitude of the function, and its 
direct and indirect community and ecosystem conse- 
quences, should be emphasized. Another contrasting 
effect of management occurred in the case of the Sec- 
ondary Forest. Despite the strong difference in species 
composition and the much less even community struc- 
ture of this forest type, its functional structure was as 
even as that of the Conserved Forest. This occurred 
although the total magnitude of carbon storage was 
much lower, as was the contribution of the first-ranked 
species. We do not know whether comparable evenness 
of Secondary and Conserved Forests correspond with 
similarly comparable stability of the ecosystem func- 
tion. All these different results indicate that impacts of 
different management regimes on functional structure 
are highly dependent of the analyzed function. De- 
pending on this, management may differentially affect 
species richness, species composition, dominance of 
the first-ranked species, and evenness in species' func- 
tionality, with complex consequences on magnitude 
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and stability of the ecosystem function. Our work sug- 
gests that, even without species loss, changes in species 
abundances that reduce functional evenness may also 
reduce stability. 

Third, this approach enables the identification of spe- 
cies that contribute disproportionately to certain eco- 
logical functions, and those that are sensitive to man- 
agement. The functional/abundance classification pro- 
vided here, however, is based on a priori boundaries 
for common or rare species, or for functionally im- 
portant or unimportant species, and could thus have 
different outcomes if other boundaries are chosen. 
Also, the identification of a sensitive species is de- 
scriptive, not predictive; nevertheless, it can be useful 
to pinpoint a particularly functionally important species 
before it disappears from the system. These tools com- 
plement criteria already available for developing con- 
servation priorities (e.g., rare, endangered, endemic, 
taxonomically distinctive species, complementary sets 
of species) and contribute to the search for indicators 
of ecosystem function. 

Potential theoretical insight gained 
from these applications 

To date, the relationship between species diversity 
and ecological function has been explored for only a 
few functions, taxonomic groups, and ecosystems 
(Schlapfer 1999, Schwartz et al. 2000, Loreau et al. 
2002). In addition, previously published studies have 
been largely limited to experimentally assembled com- 
munities of plants or microorganisms, and very little 
is known about the provision of ecosystem services in 
diverse natural systems (but see Schlapfer 1999, Kre- 
men et al. 2002). The approach developed here pro- 
vides a framework for going beyond the existing di- 
versity-function debate by emphasizing other com- 
ponents of species composition than richness: relative 
abundance, species identity (which determines effi- 
ciency values), and relative contribution to function 
(Symstad et al. 2003). This study contributes two ex- 
amples that consider ecosystem functions that are also 
ecosystem services, and target different communities 
(bees and tropical trees) in natural, rather than artificial 
settings, as called for in recent reviews (Schwartz et 
al. 2000, Diaz et al. 2003). 

Both pollination and carbon storage showed an as- 
ymptotic relationship between species richness and the 
aggregate ecological function, supporting the expec- 
tations for most ecosystem functions (Schlapfer 1999). 
Nonetheless, the two study cases contrasted strongly 
in the response of ecosystem function to changes in 
species diversity. While species diversity dropped to 
<40% of the original diversity in the case of bees, 
changes in diversity across management regimes were 
much less dramatic in the case of trees. Yet, in both 
cases, total magnitude of the function dropped to <40% 
of its original value. The results presented here suggest 
that important functional changes can occur both in 

response to and independently of changes in diversity. 
If we are to conserve and manage our natural resources 
wisely in the future, then greater attention needs to be 

paid, both through theoretical and empirical work, to 
the complex relationships between species composition 
(rather than richness alone) and ecosystem function. 
The knowledge that we can gain from assessments such 
as these is urgently needed given the extent to which 
humans are transforming ecosystems (Vitousek et al. 
1997). 
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