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PROGRESS TOWARD A GENERAL SPECIES

CONCEPT

Bernhard Hausdorf':2

1Zoological Museum, University of Hamburg, Martin-Luther-King-Platz 3, 20146 Hamburg, Germany

2E-mail: hausdorf@zoologie.uni-hamburg.de

New insights in the speciation process and the nature of “species” that accumulated in the past decade demand adjustments of the
species concept. The standing of some of the most broadly accepted or most innovative species concepts in the light of the growing
evidence that reproductive barriers are semipermeable to gene flow, that species can differentiate despite ongoing interbreeding,
that a single species can originate polyphyletically by parallel evolution, and that uniparental organisms are organised in units
that resemble species of biparental organisms is discussed. As a synthesis of ideas in existing concepts and the new insights, a
generalization of the genic concept is proposed that defines species as groups of individuals that are reciprocally characterized by
features that would have negative fitness effects in other groups and that cannot be regularly exchanged between groups upon
contact. The benefits of this differential fitness species concept ar:a that it classifies groups that keep differentiated and keep on
differentiating despite interbreeding as species, that it is not restricted to specific mutations or mechanisms causing speciation,

and that it can be appl?d to the whole spectrum of organisms from uni- to biparentals.
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Table 1. Classification of groups of individuals as species (+), usually species (%) or not separate species (—
(na, concept not applicable). BSC=biological species concept; PSC=phylogenetic species concept; GCD=genotypic cluster definition;
CSC=cohesion species concept; GSC=genic species concept; DFSC=differential fitness species concept.
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) by different species concepts

BSC

PSC

GCD

CSC

GSC

DFSC

Groups of uniparentals that are characterized by features that would na
have negative fitness effects in other groups

Diagnosable groups that are not characterized by features that cannot -
be exchanged with other groups, but do not exchange genes with
other groups because of geographical isolation

Diagnosable groups of uniparentals that are not characterized by na
features that would have negative fitness effects in other groups

Groups of biparentals that are reproductively isolated but occupy the +
same niche

Groups that are differentially adapted and are not able to share the -
genes controlling these adaptive characters, although they are
interbreeding

Groups of biparentals that are reproductively isolated due to +
non-genic mutations or processes other than differential adaptation
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THE SPECIES CONCEPT AS AN EMERGENT
PROPERTY OF POPULATION BIOLOGY

Michael W. Hart"2
'Department of Biological Sciences, Simon Fraser University, Burnaby, BC V5A 156, Canada
2E-mail: mwhart@sfu.ca

Resurgent interest in the genetics of population divergence and speciation coincides with recent critical evaluation of species
concepts and proposals for species delimitation. An important result of these parallel trends is a slight but important conceptual
shift in focus away from species diagnoses based on prior species concepts or definitions, and toward analyses of the processes
acting on lineages of metapopulations that eventually lead to differences recognizable as species taxa. An advantage of this
approach is that it identifies quantitative metapopulation differences in continuous variables, rather than discrete entities that do
or do not conform to a prior species concept, and species taxa are recognized as an emergent property of population-level processes.
The tension between species concepts and diagnosis versus emergent recognition of species taxa is at least as old as Darwin, and is
unlikely to be resolved soon in favor of either view, because the products of both approaches (discrete utilitarian taxon names for
species, process-based understanding of the origins of differentiated metapopulations) continue to have important applications.

© 2010 The Author(s). Evolution © 2010 The Society for the Study of Evolution.
Evolution 65-3: 613-616
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How Many Species Are There on Earth and in the Ocean?

Camilo Mora'?*, Derek P. Tittensor'>*, Sina Adl", Alastair G. B. Simpson’, Boris Worm'

1 Department of Biology, Dalhousie University, Halifax, Nova Scotia, Canada, 2 Department of Geography, University of Hawaii, Honolulu, Hawaii, United States of America,
3 United Nations Effvironment Programme World Conservation Monitoring Centre, Cambridge, United Kingdom, 4 Microsoft Research, Cambridge, United Kingdom

Abstract

doi:10.1371/journal.pbio.1001127

NUMBER OF EARTH'’S EUKARYOTE SPECIES BY KINGDOM

The diversity of life is one of the most striking aspects of our planet; hence knowing how many species inhabit Earth is
among the most fundamental questions in science. Yet the answer to this question remains enigmatic, as efforts to sample
the world’s biodiversity to date have been limited and thus have precluded direct quantification of global species richness,
and because indirect estimates rely on assumptions that have proven highly controversial. Here we show that the higher
taxonomic classification of species (i.e., the assignment of species to phylum, class, order, family, and genus) follows a
consistent and predictable pattern from which the total number of species in a taxonomic group can be estimated. This
approach was validated against well-known taxa, and when applied to all domains of life, it predicts ~8.7 million (£1.3
million SE) eukaryotic species globally, of which ~2.2 million (+0.18 million SE) are marine. In spite of 250 years of
taxonomic classification and over 1.2 million species already catalogued in a central database, our results suggest that some
86% of existing species on Earth and 91% of species in the ocean still await description. Renewed interest in further
exploration and taxonomy is required if this significant gap in our knowledge of life on Earth is to be closed.

Citation: Mora C, Tittensor DP, Adl S, Simpson AGB, Worm B (2011) How Many Species Are There on Earth and in the Ocean? PLoS Biol 9(8): e1001127.

Researchers at Dalhousie University have developed a new approach o determining the number of species on earth.
They say they've only discovered and catalogued around 10 per cent of existing species.
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Figure 2. Validating the higher taxon approach. We compared
the number of species estimated from the higher'taxon .approach
implemented here to the known number of species in relatively well-
studied taxonomic groups as derived from published sources [37]. YVe
also used estimations from multimodel averaging frqm species
accumulation curves for taxa with near-complete inventories. Vertical
lines indicate the range of variation in the number of species from
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Citation: Mora C, Tittensor DP, Adl S, Simpson AGB, Worm B (2011) How Many Species Are There on Earth and in
the Ocean? PLoS Biol 9(8): €1001127. doi:10.1371/journal.pbio.1001127

Species Earth Ocean

Catalogued Predicted +SE Catalogued Predicted +SE
Eukaryotes
Animalia 953,434 7,770,000 958,000 171,082 2,150,000 145,000
Chromista 13,033 27,500 30,500 4,859 7,400 9,640
Fungi 43,271 611,000 297,000 1,097 5,320 11,100
Plantae 215,644 298,000 8,200 8,600 16,600 9,130
Protozoa 8,118 36,400 6,690 8,118 36,400 6,690
Total 1,233,500 8,740,000 1,300,000 193,756 2,210,000 182,000
Prokaryotes
Archaea 502 455 160 1 1 0
Bacteria 10,358 9,680 3,470 652 1,320 436
Total 10,860 10,100 3,630 653 1,320 436
Grand Total 1,244,360 8,750,000 1,300,000 194,409 2,210,000 182,000

Predictions for prokaryotes represent a lower bound because they do not consider undescribed higher taxa. For protozoa, the ocean database was substantially more
complete than the database for the entire Earth so we only used the former to estimate the total number of species in this taxon. All predictions were rounded to three
significant digits.

doi:10.1371/journal.pbio.1001127.t002
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Figure 2-1 :

Relative size of the major groups of organisms on
earth, exclusive of bacteria, fungi, and algae. Fig-
ures are in thousands. (T. R, E. Southwood, 1978,
from “The components of diversity,” Symposia of
the Royal Entomological Society of London, no. 9, pp.
19-40, used with permission of Blackwell Scientific

Publications, Ltd.)
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Fig. 12.4 "Two examples of taxonomic hierarchies for species in

samples. Mean taxonomic path lengths between individuals in

(a) are greater than in (b). Thus sample (a) would be regarded as

more diverse. After Clarke and Warwick (1 998).
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Surrogacy in natural patterns of benthic
distribution and diversity: selected taxa
versus lower taxonomic resolution

Maria Wtodarska-Kowalczuk*, Monika Kedra

Institute of Oceanology PAS, Powstanicoéw Warszawy 55, 81-712 Sopot, Poland

ABSTRACT: Surrogates are measures that reflect species-level community patterns, but can be more
easily determined. The 2 main surrogacy methods (lowering the resolution of taxonomic identifica-
tions and selection of surrogate taxonomic groups) were first developed and widely tested in pollu-
tion impact studies. The performance of surrogates in natural benthic variability studies remains
largely unexplored. The aim of the present study was to test both surrogacy methods (taxonomic
sufficiency and selected taxa) in predicting benthic response (both diversity and distributional
patterns) to a natural disturbance gradient produced by glacial sedimentation in an Arctic fjord.
There was a strong correlation between benthic diversity and distribution patterns observed at the
level of species, genus, and family. Little information was lost when the organisms were identified to
the order level only. Additionally, polychaetes extracted from the basic dataset and analyzed sepa-
rately were good predictors of variability throughout the macrobenthic community. The species
distribution and diversity patterns observed along the glacial disturbance gradient did not persist
when taxonomic resolution was lowered to the class or phylum level or when only molluscs or
crustaceans were analyzed. Comparison of the current results to a number of other marine benthic
studies shows that the taxonomic sufficiency of families is very high and consistent across different
communities, habitats, and stress-generating factors; thus, families can be recommended as areli-
able measure of benthic response to environmental gradients when species identifications are not
available,
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Figure 2-1
Relative size of the major groups of organisms on

earth, exclusive of bacteria, fungi, and algae. Fig-
ures are in thousands. (T. R. E. Southwood, 1978,
from “The components of diversity,” Symposia of
the Royal Entomological Society of London, no. 9, pp.
19-40, used with permission of Blackwell Scientific

Publications, Ltd.)
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Figure 7.2 Fluctuations in the number of families, and hence in the level of diversity, of well-skeletonized in-
vertebrates living on the world's continental shelpes during the past 530 million years are plotted by geologi-
cal epoch in this graph. Time proceeds upward.
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Figure 5.3 Differing views of metazoan bhylogeny. Most paleontologists follow the “traditional view"
(left), accepting the fossil record as a fairly reliable indicator of original events. Molecular clocks are inter-
preted by Wray et al. (center) as indicating very deep origins for the principal metazoan phyla. The recog-
nition that some molecular clocks run much faster than others suggests a “compromise view" (right), which im-
plies that our search strategy for the first metazoans should be concentrated in the interval from about 750
million years onward. Perm, Permian, Carb, Carboniferous; Dev, Devonian, Sil, Silurian, Ord, Ordoviciam

Cam, Cambrian.



The Enigma of the Cambrian Explosion

Time

(A) (8) © (3)]

+«— Disparity—s

Figure 7.3 Various interpretations of the history of life and its disparity. (A) The traditional view, whereby
disparity steadily increases through geological time. (B) The view presented by S.J. Gould, whereby maximum
disparity occurred in the Cambrian. (C) The view that disparity increased very rapidly in the Cambrian
and thereafter stayed much the same. (D) The view that disparity increased rapidly in the Cambrian and
since then bas generally increased, though at varying rates. (From Simon Conway Morris.)
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Figure 9.2 Estimate of the growth of continental land mass with time (adapted from Taylor, 1999). For

nearly a third of its bistory, Earth was a "water world" nearly devoid of land.



TWO SPECIES, ONE LINK, LESS STABILITY

PREDATOR N2 (prey)

/
,7 N (predator)
PREY L4

TIME

THREE SPECIES, TWO LINKS, MORE STABILITY

N2z (prey)

Nz (prey)

TIME

11 RELATIONSHIP BETWEEN SPECIES diversity and population
stability. When a predator depends upon a single prey species,
their populations can easily become unstable (top). But when two
prey species are available, their independent fluctuations will tend
to cancel out the fluctuations in the predator species (bottom).
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the least stable community with only three links. On the right, the
most stable community with six links.
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Figure3.5 Latitudinal distribution of endemic bird areas (areas supporting two or more

species with geographical ranges of < 50 000 km2). (After ICBP 1992.)
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Figure 3.8 Laritudinal gradients in family richness for (a) seed plants, (b) amphibians, (c)
reptiles and (d) mammals. Each data point represents the number of families in a cell of a
grid of 611 000 km? squares; latitudinal bands run from north (1) to south (24) and the
equaror lies at the junction of bands 12 and 13. (After Gaston ef al. 1995.)

Figure3.9 Latitudinal gradient in the

species richness of sawflies. Each data point

is the number of species per 1000 km? in a

country or region. (After Kouki ez 2/, 1994.)
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Figure3.15 Three-dimensional relationship between species richness, latitude and depth
for benthic fishes in the eastern Atlantic. (After Macpherson & Duarte 1994.)



Effects of Predator Hunting Mode on
Grassland Ecosystem Function

Oswald J. Schmitz

The way predators control their prey populations is determined by the interplay between predator
hunting mode and prey antipredator behavior. It is uncertain, however, how the effects of such
interplay control ecosystem function. A 3-year experiment in grassland mesocosms revealed that
actively hunting spiders reduced plant species diversity and enhanced aboveground net primary
production and nitrogen mineralization rate, whereas sit-and-wait ambush spiders had opposite
effects. These effects arise from the different responses to the two different predators by their
grasshopper prey—the dominant herbivore species that controls plant species composition and
accordingly ecosystem functioning. Predator hunting mode is thus a key functional trait that can
help to explain variation in the nature of top-down control of ecosystems.

15 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org



SJISBAU] ‘XNESANOU SINSJESIUO|0D = D
SHSBAUI-UOU ‘XNBSANOU SINSJESIUO|OD = +

XNeuolssaoons sinsjesiuojoo =

o) + * * 0] + * *
8 . 9 G 4 e Z l Insjesiuojood sp edA |

| | | W M | | |

| |
W R m | M JUSWaUUOlIAUS

i I
Ho4 3lqred Ho4 3lqre Ho4 3|qred Ho4 3|qred [@Anou uns oeduw
/\\ / \

NnesAnoN unwwo?) nesAnoN unwwo?) auousbo|y
apuels) 8uno)H uolsiadsip sp aouejsi(

NOISVANI 13 NOILVSINOTOD



Realistic Species Losses
Disproportionately Reduce Grassland
Resistance to Biological Invaders

Erika S. Zavaleta* and Kristin B. Hulvey

Consequences of progressive biodiversity declines depend on the functional
roles of individual species and the order in which species are lost. Most studies
of the biodiversity-ecosystem functioning relation tackle only the first of
these factors. We used observed variation in grassland diversity to design an
experimental test of how realistic species losses affect invasion resistance.
Because entire plant functional groups disappeared faster than expected by
chance, resistance declined dramatically with progressive species losses.
Realistic biodiversity losses, even of rare species, can thus affect ecosystem
processes far more than indicated by randomized-loss experiments.

140

Starthistle ANPP (g/m2)

40

8 10 12 14 16 18 20 22
Realized species richness

Fig. 2. The relation between realized species
richness and starthistle aboveground net pri-
mary production (ANPP). Realized richness
values reflect effects of negative (species that
failed to establish) and positive (unplanted
volunteers) deviations from treatment richness
levels. Target diversity F = 5.58, P = 0.002, R2 =
0.59; realized deviations F = 7.85, P = 0.01.
95% confidence limits are shown.

12 NOVEMBER 2004 VOL 306 SCIENCE www.sciencemag.org
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Propagule pressure of an invasive crab
overwhelms native biotic resistance

A. L. Hollebone, M. E. Hay*

School of Biology, Georgia Institute of Technology, 311 Ferst Drive, Atlanta, Georgia 30332-0230, USA

ABSTRACT: Over the last decade, the porcelain crab Petrolisthes armatus invaded oyster reefs of
Georgia, USA, at mean densities of up to 11000 adults m~2. Interactions affecting the invasion are
undocumented. We tested the effects of native species richness and composition on invasibility by
constructing isolated reef communities with 0, 2, or 4 of the most common native species, by seeding
adult P. armatus into a subset of the 4 native species communities and by constructing communities
with and without native, predatory mud crabs. At 4 wk, recruitment of P. armatus juveniles to oyster
shells lacking native species was 2.75 times greater than to the 2 native species treatment and 3.75
times greater than to the 4 native species treatment. The biotic resistance produced by 2 species of
native filter feeders may have occurred due to competition with, or predation on, the settling juve-
niles of the filter feeding invasive crab. Adding adult porcelain crabs to communities with 4 native
species enhanced recruitment by a significant 3-fold, and countered the effects of native biotic resis-
tance. Differences in recruitment at Week 4 were lost by Weeks 8 and 12, when densities of recent
recruits reached ~17 000 to 34 000 crabs m™ across all treatments, Thus, native species richness slows
initial invasion, but early colonists stimulate settlement by later ones and produce tremendous
propagule pressure that overwhelms the effects of biotic resistance. '

4
il Treatment p = 0.397

& Time p < 0.001
'E 3 Treatment x Time p = 0.119
b O Shell (0 sp.)
- C
S5 ing e Oysters + Mussels (2 spp.)
-
g 2 29 a Community (4 spp.)
[0s > 4 Community + Pa (4 spp. + 750 R armatus m~2)
g N
] S.KF
o 37/'
0% T T —
4 8 12
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Fig. 2. Petrolisthes armatus. 2004 field experiment. Density (mean + SE) of

recruits over 12 wk in constructed oyster reefs that differed in species com-

position. p-values from repeated-measures ANOVA following transformation
of data



umoys (zz'( = 1) Jusunear) [onuod abed 103 pue (97°(
= ;1) pejosjordun woiy vIep 103 dull uolssaibay UMOYs (©) O
pue (@) g '(0) v sous je syuaunesn (joid 1amo7) abed pue (yord
aTpprwr) jonuod abed ‘(jo1d 19ddn) paydsjordun woiy eIep [T
‘(z-wo ‘pur) AIsuep TenIUT 03 UOHR[RI U ow T I9yge sBururiah
S jo Ajreyiow Teuontodold wnonnur wnssebies 'z B

(¢-wo "pui) Aysusp Buljwsh [eni)

000¢ 008k 009L 00¥L 002 000 008 009 0OF 002 O

e
@ @

+0
é%
0z
)
oY

09

08

oot

|o43u00 8ben

+ 02

L . s \ s . L "

0oL

psjosjoidun

r0c

00}

(96) Ajepow Buljwien

‘AeMION UIS}SIMYINOS UL WNOINW S JO
peaids o173 107 103007 bunrur e aq Aew sburqwiab abeys jusweiies-1sod Ajres uo Hurzeih snoioaiqisy
jey) ejedtpul s3nsa1 oyl edur Hurzeib oy siqersuma sburuiab oyy oxpwr Aeul sa1el Yimoih mors
Aroanyerar ey} 1s9b6b6ns am pue ‘uredg uror; sjuswaInseaw paiiodal 1a1Ies Yitm paredurod mol Asa
sem 19juIm pue uwmine burtmp sburuiisb jo ymoid sy ‘siezeib uo senisusp Huruieh ybiy jo 109550
Jpurdurems, v sysebbns sty YBIY sem ANISUSD [RIITUT USYM AJ[RIIOUL I9MO] PUR MO] Sem AJISUSD TRT)TUT
uaym Ajreliows yb1y 10y AOUSPUS) B Sem 9193 'sBuIMuIef 9yj 0} $$900R pey sIezeif aIaym 91e1ISqns
3y} uo 'Are1juod oy} uo ‘Ajyeiiowt juspusdep-Ajsusp aanisod jo ADuspusl ou punoj am ‘sburuiish
j0 Aysuep Tentut o} Ajeptowr jo uontodoird Humnerar uayp -Arenigsg Aq peatains pey sburnuish
3} JO 9% 9'0 A[uo pue ‘100z Areniged 03 000z Iequiaideg Woly paplodal sem sPurnuirsh pejresjordun
Jo TealaIns ‘AjTedO] PIIY} B 1V ‘sburuish pejosiord-afed o ueyy peiosjoidun Jo jer) 0] I9SO[D SSof
-9U}19A9U Sem UITUM 'AIT[RIIOWI BJRIPAULISIUT PaduUaadxa (s19zeiosaur 03 91qIssad0e sabed) s[onuod
abed utyyim sbururen) ‘a1ensqns pajosordun uo ueyl sebed Hurpnoxe-19zeib urgm 18ybry Appuedt
-rrubis sem TeatAIns Huruiren) ‘ow I Hunse] yuswnadxe yoes ‘g0z JO UWnine pue ewwns oy} buunp
SaNI[RI0] 7 1@ (sburuiab jo senisuap Huniels jusiajyp Huisn) 901m] palonpuod sem juswniadxs sabed
v ‘edoing Ul WOTNQLISIP JO JTWI] }SOWUISYIIOU Juasald SiT 0 9S00 'ARMION JO ISROD UIDISOMIINOS
3y} uo syuswiredxe plely Ul sburuieb wnonnur 'S PaPess Jo YmoIb PUR [RATAINS PIIPTIS OM ‘SOLE]
oy} Buunp sjseod ueadoing 0} PEANPOIUL Sem J[OYSUS] (0PUSA) WNINNW wWnssebIes (1DVILSIV

AemIoN ‘uabrag £18S ‘SOUPION ‘6007 XOF Od 'SOLIAYSL] JO 9}R10}09.1( :SSIIPPE JUISIIJ,

AemioN ‘uabiag 0Z0S ‘008% Xog Od ‘ABotoig jo jusupreds( ‘usbiag jo AysasAtup,

I9)eesIoY] 910] ‘;.,9pIe1abby g yeres .. unjels nsialyy

ddoing ursyliou url
(sereon ‘oeadAydoseyd) wnonnur wnssebieg

pedNpoIjul Y} JO JUSUIINIIBI PI[[0I]U0I-IIZRIN)

13§ Boag 1003 1Ry

Ar paysigqn
P S PAlsbAL SATNAS SSTADOUA ADOTODT ANIAVI

£00T ‘8ET-£ZT TVE 'I0A



Mar Biol (2017) 164:185
DOT 1010070022701 7-3202-1

@ CrossMark

SHORT NOTES

When the tiny help the mighty: facilitation between two
introduced species, a solitary ascidian and a macroalga

in northern Patagonia, Argentina

Patricio Javier Pereyruu“' Paula de la Barra* - Marianela Gastaldi™ -

Juan Francisco Saad> + Fausto Nahuel Firstater'? « Maite Andrea Narvarte'”

Abstract Facilitation is recognized as one of the mecha-
nisms by which nonnative species are integrated into new
assemblages. The solitary ascidian Styela clava and the mac-
roalga Undaria pinnatifida were introduced to San Antonio
Bay, Argentina, with a couple of years of difference. We
studied the occurrence pattern of both species in the area and
tested the hypothesis that 5. clava facilitates U, pinnatifida
through a manipulative experiment. Our results clearly sug-
gest a facilitation process between these species. The prob-
ability of finding L. pinnatifida is 30% higher in sites where
8. clava is present and higher recruitment of U, pinnarifida
occurred where 8. clava is present than where it had been
experimentally removed. Increased habitat complexity by
the stalked ascidian §. elava can facilitate the establishment
of U. pinnatifida by providing refugee from grazers, increas-
ing surface for settlement. or providing greater access to

light.

1.004
" .
U. pinnatifida
Present
Absent

0254

Relative frequency
L=
8

0004

F‘re;enl Absent
5. clava

Fig. 2 Relative frequency of Undaria pinnatifida in quadrats where
Sivela clava was present (n = 22) and where 5. clova was absent
(n=71)

Fig. 4 Undaria pinnatifida
overgrowing Styela clava. Solid
arrow indicates the section of
the stolon showing the basibiont
completely covered: dashed
arrows indicate two individu-
als of §. clava growing on the
stolon of U. pinnatifida
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Fig. 3 Density of Undaria pinnatifida (mean + SE) in plots with
Styella clava (SC+) and plots where S clava was removed (SC=).
Time is expressed in months since the beginning of the experiment.
where 1, 2 and 3 represent June, July and August, respectively
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Ecosystem process (rate)

(c)

In addition to the null hypothesis of no effect, there are four ways in which
ecosystem processes might respond to reductions in species richness (Lawton
1994; Johnson et al. 1996).

1 The diversity-stability hypothesis predicts that ecological communities
will decrease in ability to recover from disturbance and in energetic efficiency
(productivity) as the number of species decreases (Fig.4.1a; Johnson ez al.
1996).

2 The rivet hypothesis likens the species in an ecosystem to the rivets holding
together an aeroplane (Fig.4.1b; Ehrlich & Ehrlich 1981). The loss of a few
rivets may go unnoticed, because they may be redundant, but beyond some
threshold losses will bring about catastrophic collapse. The relationship
berween species richness and ecosystem function will thus be non-linear, but
may follow a variety of possible trajectories.

3 The redundant species hypothesis segregates species into functional groups,
with ecosystem function being little impaired by species losses if representa-
tives of all the groups remain but being markedly impaired if all the representa-
tives of particular groups are lost; a minimal diversity is necessary for ecosystem
function, but beyond this most species are redundant in their roles (Fig. 4.1¢;
Walker 1992).

4 The idiosyncratic response hypothesis suggests that as diversity changes so
does ecosystem function, but the magnitude and direction of change is unpre-
dictable because individual species have complex and varied roles (Fig. 4.1d;

Lawton 1994).

(b)
o o o
o
o o © o
o o ©
o
° o
o
(d)

Number of species

Figure4.1 Possible relationships between ecosystem processes and the number of species
in communities as predicted by (a) the diversity—stability hypothesis, (b) the rivet
hypothesis, (c) the redundancy hypothesis and (d) the idiosyncratic hypothesis. (After
Johnson et al. 1996.)
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THE RELATIONSHIP BETWEEN PRODUCTIVITY
AND SPECIES RICHNESS

R. B. Waide!, M. R. Willig?, C. E. Steiner?, G. Mittelbach?,
L. Gough?, S. I. Dodson®, G. P. Juday’, and R. Parmenter®

Key Words primary productivity, biodiversity, functional groups, ecosystem
processes

M Abstract Recent overviews have suggested that the relationship between species
richness and productivity (rate of conversion of resources to biomass per unit area
per unit time) is unimodal (hump-shaped). Most agree that productivity affects species
richness at large scales, but unanimity is less regarding underlying mechanisms. Recent
studies have examined the possibility that variation in species richness within com-
munities may influence productivity, leading to an exploration of the relative effect of
alterations in species number per se as contrasted to the addition of productive species.
Reviews of the literature concerning deserts, boreal forests, tropical forests, lakes, and
wetlands lead to the conclusion that extant data are insufficient to conclusively resolve
the relationship between diversity and productivity, or that patterns are variable with
mechanisms equally varied and complex. A more comprehensive survey of the ecologi-
cal literature uncovered approximately 200 relationships, of which 30% were unimodal,
26% were positive linear, 12% were negative linear, and 32% were not significant.
Categorization of studies with respect to geographic extent, ecological extent, taxo-
nomic hierarchy, or energetic basis of productivity similarly yielded a heterogeneous
distribution of relationships. Theoretical and empirical approaches increasingly sug-
gest scale-dependence in the relationship between species richness and nradictisie.

consequently, synthetic understanding may be contingent on explicit considerations of
scale in analytical studies of productivity and diversity.
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Comment on “Worldwide evidence of a
unimodal relationship between
productivity and plant species richness”

Andrew T. Tredennick,1*t Peter B. Adler,1T James B. Grace,2t W. Stanley Harpole,3t
Elizabeth T. Borer,4t Eric W. Seabloom,sT T. Michael Anderson,s Jonathan D. Bakker,s

Lori A. Biederman,7 Cynthia S. Brown,s Yvonne M. Buckley,s Chengjin Chu,10 Scott L. Collins,11
Michael J. Crawley,12 Philip A. Fay,13 Jennifer Firn,14 Daniel S. Gruner,1s Nicole Hagenah, 16
Yann Hautier,17 Andy Hector,18 Helmut Hillebrand,19 Kevin Kirkman, 1s

Johannes M. H. Knops,20 Ramesh Laungani,21 Eric M. Lind,s Andrew S. MacDougall,22
Rebecca L. McCulley,23 Charles E. Mitchell,24 Joslin L Moore,25 John W. Morgan, 26

John L. Orrock,27 Pablo L. Peri,2s Suzanne M. Prober,29 Anita C. Risch,30

Martin Schitz,30 Karina L. Speziale,31 Rachel J. Standish,32 Lauren L. Sullivan,4

Glenda M. Wardle,s3 Ryan J. Williams,34 Louie H. Yangss

Fraser et al. (Reports, 17 July 2015, p. 302) report a unimodal relationship between
productivity and species richness at regional and global scales, which they contrast with
the results of Adler et al. (Reports, 23 September 2011, p. 1750). However, both data sets,
when analyzed correctly, show clearly and consistently that productivity is a poor predictor
of local species richness.

‘It is time to focus on effect sizes and variance explained rather than just P values.’
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Fig. 1. Species richness as a
function of biomass
production at the site level
(colored lines) and at the
global extent (heavy black
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Biodiversity loss and its impact on humanity

BradleyJ. Cardinale!, J. Emmett Duffyz, Andrew Gonzalez

Anne Larigauderie

Georgin

Table 1 | Balance of evidence linking biodiversity to ecosystem services

Category of service Measure of service provision SPU Diversity level Source Study type N Relationship

Predicted Actual

Provisioning
Crops Crop yield Plants Genetic DS Exp 575 ‘ \
Species DS Exp 100 % &
Fisheries Stability of fisheries yield Fish Species PS Obs 8 \ \
Wood Wood production Plants Species DS Exp 53 \ \
Fodder Fodder yield Plants Species DS Exp 271 \ \
Regulating

Biocontrol Control of herbivorous pests (bottom-up Plants Species DS* Obs 40 l l

effect of plant diversity) Plarits Speci +
pecies DS Exp 100 l l
Plants Species Ds? Exp 287 4 &
Plants Species DS® Exp 100 l e ]
Control of herbivorous pests (top-down Natural enemies  Species/trait DS* Obs 18 l l
Ertedt ot natliral enemy divezsity) Natural enemies Species Ds' Exp/Obs 266 l l
Natural enemies Species DS? Exp 38 & &
Resistance to plant invasion Plants Species DS Exp 120 \ \
Disease prevalence (on plants) Plants Species DS Exp 107 l l
Disease prevalence (on animals) Multiple Species DS Exp/Obs 45 4 &
Climate Primary production Plants Species DS Exp 7 \ .
Carbon sequestration Plants Species DS Exp 479 \ \
Carbon storage Plants Species/trait PS Obs 33 % &
Soil Soil nutrient mineralization Plants Species DS Exp 103 \ \
Soil organic Bmm.m\mﬂ Plants Species DS Exp 85 \ \
Water Freshwater purification Multiple Genetic/species PS Exp 8 \ .
Pollination Pollination Insects Species PS Obs 7 % &

For each ecosystem service we searched the ISI Web of Knowledge for published data syntheses (DS). The footnote symbols in the ‘Source’ column refer to different syntheses. When a synthesis was not available,
we completed our own primary search (PS, see Box 2). Detailed results are given in Supplementary Table 2. Data presented here are summarized as follows: green, actual data relationships agree with predictions;
yellow, Data show mixed results; red, data conflict with predictions. Exp, experimental; N, number of data points; Obs, observed; SPU, service providing unit (where natural enemies include predators, parasitoids
and pathogens). Note that 13 ecosystem services are not included in this table due to lack of data (<5 relationships, see Supplementary Table 2).
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L. O. Veale - A. S. Hill - S. J. Hawkins - A. R. Brand

Effects of long-term physical disturbance by commercial scallop
fishing on subtidal epifaunal assemblages and habitats

Received: 29 January 2000 / Accepted: 31 May 2000

Abstract This paper examines spatial differences in the
distribution of by-catch assemblages from the scallop
[Pecten maximus (L.) and Aequipecten opercularis (L.)]
fishing grounds in the North Irish Sea, during 1995. The
sites examined have been exposed to differing known
levels of fishing disturbance by scallop dredging, based
on unusually high-resolution data extracted from fish-
ermens’ logbooks. Uni- and multi-variate techniques
have been used on a production dataset (a value which
incorporates both abundance and biomass figures), as
well as abundance and biomass data individually. The
original species list was reduced to higher taxonomic
groupings in line with the theory that the latter is more
appropriate for detecting anthropogenic change. Species
diversity and richness, total number of species, and total
number of individuals all decrease significantly with in-
creasing fishing effort. Species dominance increases with
effort. Total abundance, biomass and production, and
the production of most of the major individual taxa
investigated decrease significantly with increasing effort.
Multivariate analysis reveals a significant relationship
between fishing effort and by-catch assemblage struc-
ture. The taxa most responsible for the differences are
the echinoids and cnidarians, but prosobranch molluscs
and crustaceans also contribute to the differences. By-

catch assemblage structure is more closely related to
fishing effort than any other environmental parameter
investigated, including depth and sediment type. We
observed an approximately linear decrease in diversity
with increasing fishing disturbance, and suggest this is
primarily due to selective removal of sensitive species
and, more importantly, habitat homogenisation. These
results were interpreted in the light of ecological theories
relating disturbance to community structure. The argu-
ment that invertebrate scavenger populations benefit
from prolonged exposure to fishing disturbance was also
examined, but no supporting evidence was found.

Table 4 Spearmans rank-correlation coefficients(r) and significance
value (p) between abundance, biomass and production of in-
dividual aggregated taxa and long-term fishing effort. Results are
also given for total values and for biomass of colonial and reef-

formizng species

Taxon Abundance Biomass Production
r p r p r p

Asteroidea -0.37 <0.05 -0.55 <0.01 -0.52 <0.01
Bivalvia -0.57 <0.01 -0.35 <0.05 -0.43 <0.01
Cnidaria -041 <0.05 -0.47 <0.01 -046 <0.01
Crustacea -0.47 <0.01 -0.33 <0.05 -0.35 <0.05
Echinoidea -0.54 <0.01 -0.39 <0.05 -04 <0.05
Prosobranchia -037 <0.05 -0.24 ns —0.3 ns
Colonial species - - -0.44 <0.01 - -

Total -0.66 <0.01 -0.54 <0.01 -0.58 <0.01




Pielou's evenness

26 22

¥ =0.35, ° r =0.36,
24 ° Y =18 - (1.29x10%) X 20 % Y =155-(1.13x10) X
22 ®  Bx0**,p<001 18 ® B=#0%,p<0.05

Total no. of species
Total no. of individuals
(square root transformed)

6 T I T T I I T T
5 3
¢ =0.25 o ¥ =027
Y=3.11-(1.61x10*) X % © Y=19-(153x10%)X
A e ° B # 0% p<0.05 5 b : B # 0%, p<0.05

Species richness
(In transformed)

Shannon Wiener diversity
(In transformed)

e © °
1 T I T T T I | T
- 0
0.05 ¥ =0.19
° Y =-1.88 - (8.21x10%) X
-0.10 g B #0%,p <005
o ®eo o g ° °
-QU) L ] ' ) E =
E -0154 ET
S SE
5 -020 P, eo® 2 g
g g ° L J ° Q=
~ o8 ° ,E &
e
-0.25 - ® i
[ ]
-0.30 T 1 1 1 -3 l T a 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Long-term effort (mh per year) Long-term effort (mh per year)

Fig. 2 Scatterplots of univari-
ate community indices against
long-term fishing effort

(mh yr™"), with linear regres-
sion line and equation. f (slope)
is tested against zero, and r° is
coefficient of determination



Journal of
EXPERIMENTAL
MARINE BIOLOGY
AND ECOLOGY

Journal of Experimental Marine Biology and Ecology 344 (2007) 23 -34 :
www.elseviercom/locate/jembe

Comparison of trawled vs untrawled mud seafloor assemblages of
fishes and macroinvertebrates at Coquille Bank, Oregon

Mark A. Hixon ®*, Brian N. Tissot "

Y Department of Zoology, Oregon State University, 3029 Cordley Hall, Corvallis, Oregon 97331-2914, USA
b Program in Environmental Science and Regional Planning, Washington State University Vancouver. 14204 NE Salmon Creek Avenue, Vancouver.
Washington 98686-9600 US4

Abstract

We report the first quantitative comparison of trawled vs untrawled mud seafloor communities off the west coast of North
America. Using a manned submersible, we ran visual transects at Coquille Bank, 25 km oft the central coast of Oregon, USA,
including six half-hour (mean length 1184 m) transects over mud seafloors 183-361 m deep. The shallowest transects were
untrawled, whereas deeper transects were heavily trawled, as cvidenced by extensive trawl-door tracks. Differences between
trawled and untrawled seafloor assemblages were striking. We observed 23% more fish over untrawled compared to trawled
seafloors, and recorded 27 fish species on untrawled bottoms, but only 19 species on trawled seafloors. Regarding benthic
invertebrates, density of individuals was 6 times greater on untrawled compared to trawled bottoms. Nonetheless, we observed 11
taxa on trawled seafloors and only 6 taxa on untrawled bottoms. Principal components analysis (PCA) defined the untrawled
assemblage as characterized by sea pens, ratfish, sablefish, ronquil, slender sole, and poacher. PCA defined the trawled assemblage
as characterized by seastars, hermit crabs, bigfin eelpout, Dover sole, hagfish, and shortspine thornyhead. In untrawled areas, there
was no correlation between sea-pen density and total fish density, whereas in trawled areas, there was a marginally inverse
correlation between the density of trawl-door tracks and total fish density. The dominant fishes and macroinvertebrates on trawled
seafloors are known mobile scavengers that may aggregate along trawl-door tracks. Sea pens that dominated untrawled bottoms are
sessile, slow-growing, long-lived species that arc likely to recover slowly from physical disturbance. We conclude that the observed
differences between trawled and untrawled communities were the result of groundfishing activities rather than local environmental
differences. Given that habitat considerations for groundfish management in this region focus exclusively on rocky seafloors, it
seems prudent to consider the adverse effects of bottom trawling on mud seafloor ecosystems of the continental shelf and slope.
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Abstract Marine reserves can help in maintaining bio-
diversity and potentially be useful as a fishery manage-
ment tool by removing human-mediated impacts.
Intertidal, soft-sediment habitats can often support

robust recreational and commercial shellfish harvests, L
especially for clams; however, there is limited research on 91 —
the effects of reserves in these habitats. In San Juan 8
County, Washington, several reserves prohibit recrea- o 7 Bl Serenie
tional clam digging. We examined the effects of these uNEv 6 - T
reserves on infaunal community composition through S & ]
comparison with non-reserve beaches during a 6-week £
period. Clam abundance, overall species richness and 2> 1
total polychaete family richness were greater on reserve £ 9 T
beaches compared to non-reserve beaches. Additionally, 0 24
an experiment within a reserve demonstrated negative 14
impacts of digging on non-target infauna. These effects 0 , ;
probably resulted from local disruption and disturbance Venerupis Protothaca )
of the sediment habitat and not from increased post-dig- Species
ging predation, Wthh Wi contrplled. In_te.rtldal sesulves / Fig. 3 Protothaca and Venerupis clam densities at reserve (n=3)
could Play an important ro_le in sustaining local and and non-reserve (n=6) sites. Densities for each were averaged for
potentially regional biodiversity. both high and low tidal elevations. Bars represent +1 SE
6 -

Non-Reserve @ ReserveJ

Species Richness (#/ 7.85°m?)

High All Low All High Low High Low
Species Species Infauna Infauna Epifauna Epifauna

Tidal Height and Species Measured

Fig. 4 Average non-clam species richness: reserves vs. non-reserve
sites. Species density per core pooling all reserve sites and non-re-
serve sites by tidal height. Bars as in Fig. 3



Table 5.1 The pattern of human disturbance amongst biomes. Undisturbed areas have a
record of primary vegetation and no evidence of disturbance, combined with a very low
human population density. Partially disturbed areas have a record of shifting or extensive
agriculture, evidence of secondary vegetation, livestock over carrying capacity or other
evidence of human disturbance. Human dominated areas have a record of permanent
agriculture or urban settlement, removal of primary vegetation or record of desertification
or other permanent degradation. (After Hannah ez 2/ 1995.)

Area Area
Total Area partially human
area undisturbed  disturbed dominated
Biome (km2) (%) (%) (%)
Temperate broadleaf forests 9519442 6.1 12.0 81.9
Evergreen sclerophyllous 6559728 6.4 25.8 67.8
forests
Temperate grasslands 12074494 27.6 32.0 40.4
Subtropical and temperate 4232299 33.0 20.9 46.1
rainforests
Tropical dry forests 19456659  30.5 41.1 45.9
Mixed mountain systems 12133746 29.3 45.0 25.6
Mixed island systems 3256096 46.6 11.6 41.8
Cold deserts/semi-deserts 10930762 45.4 46.1 8.5
Warm deserts/semi-deserts 29242021 55.8 32.0 12.2
Tropical humid forests 11812012 63.2 11.9 24.9
Tropical grasslands 4797090 74.0 21.3 4.7
Temperate needleleaf forests 18830709 81.7 6.4 11.8
Tundra and Arctic desert 20637953  99.3 0.7 0.3
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Figure 3.19 A three-dimensional plot showing the depression of the numbers of
microscopic sediment-dwelling species of meiofauna associated with an industrial effluent
discharged to the outer reaches of a British estuary. The area shown is approximately

1.7 x 1.7 km. (After Anon. 1994.)



Impact of Nitrogen Deposition
on the Species Richness of
Grasslands

Carly ). Stevens,™?* Nancy B. Dise,"?® J. Owen Mountford,?
David J. Gowing*

A transect of 68 acid grasslands across Great Britain, covering the lower range of
ambient annual nitrogen deposition in the industrialized world (5to 35 kg N ha™’
year~"), indicates that long-term, chronic nitrogen deposition has significantly reduced
plant species richness. Species richness declines as a linear function of the rate of
inorganic nitrogen deposition, with a reduction of one species per 4-m? quadrat for
every 2.5 kg N ha™" year™ of chronic nitrogen deposition. Species adapted to infertile
conditions are systematically reduced at high nitrogen deposition. At the mean chronic
nitrogen deposition rate of central Europe (17 kgN ha~" year), there is a 23% species
reduction compared with grasslands receiving the lowest levels of nitrogen deposition.

30

25

204

154

104

Mean number of species per quadrat

5 : T T 1 .
a 5 10 15 20 25 30 35 40

Total inorganic Nitrogen Deposition (kg N hat yri)

Fig. 2. (A) Acid grassland species richness plotted against N deposi-
tion for 68 field sites visited in the summers of 2002 and 2003. The
regression line shown is Eq. 1. (B) Plant species richness versus N
deposition and topsoil pH. The regression equation shown is: Plant
Species Richness = 6.63 + 3.40{Top pH) —0.316(Nin),r 2 = 061, N =
68, P < 0.004.
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EcoLOGY THROUGH TIME
REVIEW

Historical Overfishing and the Recent
Collapse of Coastal Ecosystems

Jeremy B. C. Jackson,’** Michael X. Kirby,> Wolfgang H. Berger," Karen A. Bjorndal,* Louis W. Botsford,*
Bruce J. Bourque,® Roger H. Bradbury,” Richard Cooke,? Jon Erlandson,® James A. Estes,® Terence P. Hughes,°
Susan Kidwell,"" Carina B. Lange,” Hunter S. Lenihan,'? John M. Pandolfi,’® Charles H. Peterson,1?
Robert S. Steneck,’ Mia J. Tegner,’} Robert R. Warners

Ecological extinction caused by overfishing precedes all other pervasive
human disturbance to coastal ecosystems, including pollution, degrada-
tion of water quality, and anthropogenic climate change. Historical abun-
dances of large consumer species were fantastically large in comparison
with recent observations. Paleoecological, archaeological, and historical
data show that time lags of decades to centuries occurred between the
onset of overfishing and consequent changes in ecological communities,
because unfished species of similar trophic level assumed the ecological
roles of overfished species until they too were overfished or died of
epidemic diseases related to overcrowding. Retrospective data not only
help to clarify underlying causes and rates of ecological change, but they
also demonstrate achievable goals for restoration and management of
coastal ecosystems that could not even be contemplated based on the
limited perspective of recent observations alone.

Few modern ecological studies take into ac-
count the former natural abundances of large
marine vertebrates. There are dozens of places
in the Caribbean named after large sea turtles
whose adult populations now number in the
tens of thousands rather than the tens of mil-
lions of a few centuries ago (/, 2). Whales,
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manatees, dugongs, sea cows, monk seals, croc-
odiles, codfish, jewfish, swordfish, sharks, and
rays are other large marine vertebrates that are
now functionally or entirely extinct in most
coastal ecosystems (3—/0). Place names for
oysters, pearls, and conches conjure up other
ecological ghosts of marine invertebrates that
were once so abundant as to pose hazards to
navigation (//), but are witnessed now only by
massive garbage heaps of empty shells.

Such ghosts represent a far more profound
problem for ecological understanding and
management than currently realized. Evi-
dence from retrospective records strongly
suggests that major structural and functional
changes due to overfishing (/2) occurred
worldwide in coastal marine ecosystems over
many centuries. Severe overfishing drives
species to ecological extinction because over-
fished populations no longer interact signifi-
cantly with other species in the community
(5). Overfishing and ecological extinction
predate and precondition modern ecological
investigations and the collapse of marine eco-
systems in recent times, raising the possibil-
ity that many more marine ecosystems may
be vulnerable to collapse in the near future.

Importance of Historical Data

Most ecological research is based on local field
studies lasting only a few years and conducted
sometime after the 1950s without longer term
historical perspective (/, 8, 13). Such observa-
tions fail to encompass the life-spans of many
ecologically important species (13, 14) and crit-
ically important environmental disturbances
such as extreme cyclones or ENSO (El Nifio-
Southern Oscillation) events (8), as well as

longer term cycles or shifts in oceanographic
regimes and productivity (/5—/7). To help ad-
dress this problem, we describe ecosystem
structure predating modern ecological studies
using well-dated time series based on biological
(18, 19), biogeochemical (20, 21), physical
(22), and historical (23) proxies that are infor-
mative over a variety of spatial scales and bio-
geographic realms (24). Although proxies vary
in precision and clarity of the signals they mea-
sure, the use of multiple proxies that give the
same ecological signal greatly increases confi-
dence in results. Precision in age dating varies
from centuries to a single year, season, or event
in the exceptional case of varved sediments, ice
cores, and written historical records (23). Pre-
cision decreases with the amount of biological
or physical disturbance to the sediment ana-
lyzed (26).

We exploited data from many disciplines
that span the period over which anthropogen-
ic changes may have occurred. Because our
hypothesis is that humans have been disturb-
ing marine ecosystems since they first
learned how to fish, our time periods need to
begin well before the human occupation or
European colonization of a coastal region.
Broadly, our data fall into four categories and
time periods:

1) Paleoecological records from marine
sediments from about 125,000 years ago to
the present, coinciding with the rise of mod-
emn Homo sapiens.

2) Archaeological records from human
coastal settlements occupied after about
10,000 years before the present (yr B.P.)
when worldwide sea level approached
present levels. These document human ex-
ploitation of coastal resources for food and
materials by past populations that range from
small-scale aboriginal societies to towns, cit-
ies, and empires.

3) Historical records from documents,
journals, and charts from the 15th century to
the present that document the period from the
first European trade-based colonial expansion
and exploitation in the Americas and the
South Pacific (23).

4) Ecological records from the scientific
literature over the past century to the present
covering the period of globalized exploitation
of marine resources. These also help to cali-
brate the older records.
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Recovering a lost baseline: missing kelp forests from
a metropolitan coast

Sean D. Connell"*, Bayden D. Russell
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ABSTRACT: There is concern about historical and continuing loss of canopy-forming algae across the
world's temperate coastline. In South Australia, the sparse cover of canopy-forming algae on the
Adelaide metropolitan coast has been of public concern with continuous years of anecdotal evidence

culminating in 2 competing views. One view ¢

onsiders that current patterns existed before the onset of

urbanisation, whereas the alternate view is that they developed after urbanisation. We tested hypothe-

ses to distinguish between these 2 models, eac
olitan coast. Historically, the metropolitan sites were indistinguishable from con-

canopies on the metrop

temporary populations of reference sites across 70 km (

random subset of exposed coastal sites across
there was nothing 'special’ about the metropo
they have sparser covers of canopi
greater province. This is evidence of wholesale

h centred on the reconstruction of historical covers of

ie. Gulf St. Vincent), and could also represent a
2100 km of the greater biogeographic province. Thus

litan sites historically, but today they stand out because
es compared to equivalent locations and times in the gulf and the

loss of canopy-forming algae (up to 70 %) on parts of the

Adelaide metropolitan coast since major wrbanisation. These findings not only set a research agenda

Hased on the magnitude of loss, but they also
populations of humans create impacts that ar
Instead, we highlight a need to recognise thee
vulnerable or resistant to increasing human-

to this kind of research that receive little ecologic
administration, recognising that the systems we stu

bring into question the logic that smaller metropolitan
e trivial relative to that of larger metropolitan centres.
cological context that makes some coastal systems more

domination of the world's coastlines. We discuss challenges

al discussion, particularly better leadership and
dy out-live the life spans of individual research

groups and operate on spatial scales that exceed the capacity of single research providers.

[£] Historical [[] Contemporary reference Bl Contemporary impact

5 100 T
o O | ™
o g 807 ﬁ
2@ ’ H
So }
$E 6] | i
58 !
58 4] |
2 }
< o
g g 207 I
o= |
o
ol & E8 |
NR HR RH SV C MY A S NRHR HC
Site
South North

Fig. 2. Historical and contemporary cover of canopy-forming

algae (mean  SE of percentage cover) on impacted and refer-

ence rocky reefs in Gulf St. Vincent, South Australia. No error

bars-are presented for the historical covers that are single esti-

mates. NR: Noarlunga Reef, HR: Horseshoe Reef, RH: Rapid

Head, SV: Second Valley, C: Carrackalinga, MY: Myponga,
A: Aldinga, S: Seaford, HC: Hallett Cove
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Fig. 4. Comparison of the historical and contemporary covers of canopy-form-

ing algae (mean * SE) on impacted and reference rocky sites across Western

Australia and South Australia. Data are presented for 3 sites within each local-

ity. NR: Noarlunga Reef, HR: IHorseshoe Reef RI: Rapid Head, CL: Cape

Leeuwin, Al: Albany, BrB: Bremer Bay, Es: Esperance, PL: Port Lincoln, WC:

West Cape, CJ: Cape Jervis, N: Newland Flead. No error bars are presented for
the historical covers that are single estimates



In conclusion, forecasted changes to abiotic environ-
ments at local and global scales (Harley et al. 2006)
may be compounded by historical changes that have
gone unnoticed. There has, therefore, never been a
more pressing need for longer-term datasets to inter-
pret the influence of human activities. The predomi-
nance of research focusing on local spatial scales over
short time scales appears particularly counterproduc-
tive to our ability to detect change. While acquiring
data for this research, we also identified that some of
the greatest challenges to longer-term datasets may
not be scientific. The storage and retrieval of data has
become__increasingly more problematic as rapid
improvements in technology (e.g. computer software
and hardware) chain current archival efforts to anti-
quated technology. Already, some 'modern’ technol-
ogy has become redundant, so that stored information
is impossible to retrieve (e.g. tape drives and specific
l({ir'ldrsm(i)f' image projectors that no longer exist). Pérhaps
clay tablets that record human history represent some
of our longest lasting archival media (albeit of low stor-
age capacity) that capture change on time-scales we
are becoming more aware of and increasingly con-
cerned about (e.g. climate change).

Finally, we emphasise the lack of coherent research
across time, matched by discordant research across
space and taxonomic scales, and a need for a broader
vision by those charged with the administration of sci-
ence (i.e. its accountability and fundability). Indeed,
never has there been a greater need for better leader-

ship of the ecological sciences. The discipline of ecol-
ogy needs leadership that encourages rather than
penalises collaboration and inheritance of data. Our
life spans are often less than the duration of the organ-
isms we study, and our expertise and capacity to
research multiple localities and levels of biological
organisation are limited. We are not naive in under-
standing that institutional reform is difficult and slow,
and good leaders occur infrequently across genera-
tions; hence, we encourage some of this progress to fall
on the shoulders of individuals with an ability to focus
on collective rather than personal goals, and on long-
term progress. Indeed, many of the environmental
changes we only now recognise were set in motion
long ago.
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The regional recovery of Nucella lapillus
populations from marine pollution,
facilitated by man-made structures

) Marine Biological Association of the United Kingdom, 2011

SIMON BRAY', EMILY C. MCVEAN', ANDREW NELSON”, ROGER J.H. HERBERT’, STEPHEN ] HAWKINS?

AND MALCOLM D. HUDSON"

*Faculty of Engineering and Environment, University of Southampton, Highfield, Southampton, Hampshire, SO17 1B],
*Field Studies Council, Nettlecombe Court, The Leonard Wills Field Centre, Williton, Taunton, Somerset, TA4 4HT, 3School of
Conservation Sciences, Christchurch House, Bournemouth University Fern Barrow Talbot, Campus, Poole, Dorset, BH12 5BB,

*Faculty of Natural and Environmental Sciences, University of Southampton, Highfield, Southampton, Hampshire SO17 1BJ, UK

The dogwhelk Nucella lapillus experienced localized extinction in the 1980s and 1990s due to the use of tributyltin (TBT)
antifoulants, causing imposex in females. The aim of this study was to establish the extent of the return of the species
across the mainland coast of central southern England as TBT use has been progressively restricted, and to quantify the

extent of imposex impact on the populations present. We surveyed from Poole to Selsey where isolated populations had
become extinct, and the Isle of Wight where some populations had persisted. We found evidence that since TBT restrictions,
recolonization and colonization by N. lapillus has been rapid. By 2007-2008, of the eleven surveyed mainland sites, seven
were colonized, although indications of reduced imposex impacts were mixed. Distribution had also extended on the Isle
of Wight and populations were larger with less imposex impact in sites with long term populations. The lack of continuous
suitable habitat blocks and the hydrodynamic complexity of the region, leads us to hypothesize that recovery has been facili-
tated by man-made structures which may be acting as ‘stepping stones’. Populations that have become established on engin-
eered structures such as sea walls, breakwaters and rock groynes demonstrate accelerated recovery in the region as TBT in the
environment has generally declined. Sites with suitable substrates and food sources near to ports were either not recolonized or
had small populations with imposex evident. For species with a short pelagic larval stage or with direct development, popu-
lation connectivity between patches of harder substrata along hydrodynamically complex coastlines may be greater than

Dpreviously thought.

Table 2. Site characteristics, dogwhelk population and imposex data for Isle of Wight for 1997 and 2007. Abundance data show number found in 30 minutes.

PSI Median VDS range  Median VDS range
i d Abundance % females % females RPSI R
site Substrate Abundance 1997 2007 showing showing 1997 % 2007 % VDS 1997 1997 VDS 2007 2007
imposex 1997 imposex 2007
i 1-4 0 0-4

Bembridge Rocky shore, reefs and boulders 117 338 100 80 HM H\ N M MWM Hw " o ° °
Ventnor Rocky shore, rocky boulders 69 242 N/A 86 e o.owm ) o ° .
Hanover Point  Rocky shore, reefs and boulders 208 375 Wo\wr 81 Z\.> o.ooA. 3 2 ° -

i i 278 55 g
MM.—.BQET M_mn oy M 73 N/A N/A N/A N/A N/A N/A N/A N/A

wes royne

RSPI, relative penis size index; VDS, vas deferens sequence; N/A, not applicable.
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Fig. 12.11 Trophic structure (by biomass) of fish communities
in Seychelles marine reserves that are either fully protected,

or subject to a small amount of fishing and poaching. After
Jennings and Kaiser (1998).

Effects of Marine Reserves on
Adjacent Fisheries

Callum M. Roberts,2* James A. Bohnsack,? Fiona Gell,2
Julie P. Hawkins,? Renata Goodridge*

Marine reserves have been widely promoted as conservation and fishery man-
agement tools. There are robust demonstrations of conservation benefits, but
fishery benefits remain controversial. We show that marine reserves in Florida
(United States) and St. Lucia have enhanced adjacent fisheries. Within 5 years
of creation, a network of five small reserves in St. Lucia increased adjacent
catches of artisanal fishers by between 46 and 90%, depending on the type of
gear the fishers used. In Florida, reserve zones in the Merritt Island National
Wildlife Refuge have supplied increasing numbers of world record-sized fish to
adjacent recreational fisheries since the 1970s. Our study confirms theoretical
predictions that marine reserves can play a key role in supporting fisheries.

Marine reserves, arcas that arc closed to all  that protection from tishing leads to_rapid in-
fishing, have been attracting much attention for  creases in biomass. abundance, and average
their dual potential as conservation and fishery  size of exploited organisms and to_i_[]s;ELS"d__
management tools (/-3). A synthesis of more  _species diversity (6). Such effects are of great
than 100 studics of reserves worldwide shows  interest to fishery managers, because rebuilding

EMBER 2001 VOL 294 SCIENCE www.sciencemag.org
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Spillover from marine reserves: the case of Naso viamingii at
Apo Island, the Philippines

Garry R. Russ'*, Angel C. Alcala?, Aileen P. Maypa?

1School of Marine Biology and Aquaculture, James Cook University, Townsville, Queensland 4811, Australia
2gjlliman University Angelo King Center for Research and Environmental Management, Silliman University,
Dumaguete City 6200, Philippines

*Email: garry.russ@jcu.edu.au

ABSTRACT: The use of no-take marine reserves as fisheries management tools is controversial. A
major expectation of marine reserves is that they will become net exporters of adult biomass (the
'spillover effect’). Herein, we show that the biomass of the surgeonfish Naso viamingii tripled over 18
yr (1983 to 2001) in a reserve at Apo Island, Philippines. Over time, the biomass of N. viamingii
increased by a factor of 40 outside but close to the reserve boundaries (200 to 250 m) but not at
greater distances (250 to 500 m). In 2000/2001 hook-and-line catch per unit effort (CPUE) for N.
vliamingii was 45 times higher within 200 m of the reserve boundary than for all other fishing grounds
combined, with 62.5% of the hook-and-line catch records being recorded within 200 m either side of
the reserve, in just 11% of the reef fishing area. This comprises some of the best evidence that
reserves can benefit fisheries by spillover.
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Marine reserves have rapid and lasting effects

Benjamin S. Halpern*

and Robert R. Warner
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Evolution, and Marine Biology,
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Barbara, CA, 93106, U.S.A.
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Abstract

Marine reserves are becoming a popular tool for marine conservation and resource
management wotldwide. In the past, reserves have been created with little understanding
of how they actually affect the areas they are intended to protect. A few recent reviews
have evaluated how reserves in general affect the density and biomass of organisms
within them, but little work has been done to assess temporal patterns of these impacts.
Here we review 112 independent measurements of 80 reserves to show that the higher
average values of density, biomass, average organism size, and diversity inside reserves
(relative to controls) reach mean levels within a short (1-3 y) period of time and that the
values are subsequently consistent across reserves of all ages (up to 40 y). Therefore,
biological responses inside marine reserves appear to develop quickly and last through
time. This result should facilitate their use in the management of marine resources.

Keywords

Marine conservation, marine protected areas, marine reserves, temporal effects.

Eiology Letters (2002) 5: 361-366
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Figure 1 Logio ratios of values from inside a reserve vs. values from a reference site for density (no./area), biomass (kg/area), average
organism size, and diversity (species richness) as a function of the age of the reserve. For the majority of cases, these data represent
c'omparisons between values inside vs. outside the reserve, Data are plotted as the log;g of the ratio (effectiveness index) vs. reserve age at the
time measurements were made. Because ratios are log)o-transformed, at effectiveness index = 0 reserves did not differ from their reference
site. Points above this line represent reserves in which the value of the biological measure was higher inside the reserve; points below the line
represent reserves in which these values were lower. In all cases slopes of regression lines are not significantly different from zero (sample size
and P-values for linear regression analyses for each biological measure are in the lower right corner of each plot), whereas grand mean values

-were all greater than zero (Student’s #test, P < 0.025 for all cases).
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Detecting conservation benefits in spatially protected fish
populations with meta-analysis of long-term monitoring data

C. Ojeda-Martinez - J. T. Bayle-Sempere -
P. Sdanchez-Jerez - A. Forcada - C. Valle

Abstract Marine protected areas (MPA) produce a
positive effect on fish populations, but this may be diffi-
cult to identify due to the high temporal variability of
populations. Meta-analysis is an option for analysing
data from different sources and sampling designs and it
can address problems related to temporal and spatial
variability in fish populations. We analysed fish abun-
dance data from visual counts conducted in summer,
from 1996 to 2002, in the MPA of Tabarca (Alicante,
Spain). The results showed an overall positive effect of
protection at the species and family levels. Overall
abundance of fishes inside the reserve was, on average,
1.22 times higher than outside the reserve boundaries.
Positive effect of protection was found for Boops
boops, Diplodus annularis, Diplodus cervinus, Epi-
nephelus marginatus, Epinephelus costae and Epi-
nephelus aenus. Species of Labrids were not affected by
protection, except for Thalassoma pavo and Sympho-
dus ocellatus. Meta-analysis of temporal data allows
evaluation of the protection MPA provide and is par-
ticularly useful when data sources have different exper-
imental designs or sampling programs. The Tabarca
MPA has benefited fish populations by increasing their
abundance and we suggest that meta-analysis is a com-
plementary tool for the management of MPAs,

Table 2 Values of protection Family Effect
effect and significance for each
family meta-analysed Belonidae 1.08™
Centracanthidae 1.94%%*
Congridae —0.80™
Haemulidae 1.26™
Labridae 0.69%%*
Moronidae 2.54™
Mugilidae 0.08"%
Mullidae —3.12%*
Sciaenidae 4.18%%*
Scorpaenidae -0.17"
ns not significant Serranidae 1.259%>
] Sparidae 1.536%***
¥ P < (.01, ***P < 0.001
-8.00 -4.00 0.00 4.00 8.00
Belonidae - B -
Centracanthidae ~ _| =
Congridae
Haemulidae
Labridae - .
Moronidae p—
Mugilidae _— b
Muliidae . o
Sciaenidae - e e
Scorpaenidae - P S—
Serranidae — -
Sparidae = .
No Reserve Reserve

Fig. 3 Protection effect on different families. Reserve effect value
and bootstrap-generated confidence intervals are shown. See
Table 2 for further details
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Defining reef fish habitat utilization patterns in
Hawaii: comparisons between marine protected
areas and areas open to fishing

Alan M. Friedlander!*, Eric Brown??, Mark E. Monaco*

INOAA/NOS/NCCOS Center for Coastal Monitoring and Assessment, Biogeography Branch and the Oceanic Institute,
41-202 Kalanianaole Highway Waimanalo, Hawaii 96795, USA

*Hawaii Department of Land and Natural Resources, Division of Aquatic Resources, Wailuku, Hawaii 96793, USA
*National Park Service, Kalaupapa National Historical Park, Hawaii 96742, USA

‘NOAA/NOS/NCCOS Center for Coastal Monitoring and Assessment, Biogeography Branch,
1305 East West Highway, Silver Spring, Maryland 20190, USA

ABSTRACT: Over the past 4 decades, Hawaii has developed a system of Marine Life Conservation
Districts (MLCDs) to conserve and replenish marine resources. These MLCDs vary in size, habitat
quality, and management regimes, providing an excellent opportunity to test hypotheses concerning
marine protected area (MPA) design and function using multiple discreet sampling units, Digital
benthic habitat maps for all MLCDs and adjacent habitats were used to evaluate the efficacy of exist-
ing MLCDs and adjacent habitats using a spatially explicit stratified random sampling design. Most
fish assemblage characteristics (e.g. species richness, biomass, number of individuals) were highest
in colonized hard bottom habitats (>10 % live coral cover), followed by uncolonized hard bottom habi-

tats (<10% live coral cover), macroalgae, and sand, respectively. Although biomass was low in sand
habitats, apex predators accounted for 62% of the biomass on sand within MLCDs, highlighting the
importance of this habitat in reserve design. Within habitats, values for assemblage characteristics
were typically higher for MLCDs compared with adjacent areas, emphasizing the importance of
protection from fishing irrespective of habitat. Rugosity explained much of the variability in species
richness and biomass across all locations. Qverall, MLCDs protected from fishing, with high habitat
complexity and good habitat quality (e.g. high coral cover and low macroalgae cover), had higher
values for most fish assemblage characteristics. Integrating mapping and assessment of reef fish
habitat utilization patterns allowed for a robust approach to MPA evaluation and can help inform
decisions about MPA design and effectiveness, as well as helping to define essential fish habitat and

ecosystem function.
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Positive effects of the introduced green alga, Codium fragile ssp.
tomentosoides, on recruitment and survival of mussels
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Abstract The green macroalga, Codium fragile ssp. to-
mentosoides, is an important component of sheltered
Jow-shore assemblages on breakwaters along sandy
shores in the northern Adriatic Sea. Macroscopic thalli
of C. fragile are not perennial, but develop from prop-
agules and/or undifferentiated forms in early spring,
when the dominant native space-occupier, the mussel
Mytilus galloprovincialis, recruits. By mid-summer, rapid
growth of C. fragile leads to the formation of a dense
canopy. We investigated the effects of juvenile and adult
thalli of C. fragile on recruitment, survival and growth
of mussels. Two experiments tested the hypotheses: (1)
that recruitment of mussels is greater within patches of
juvenile thalli (primordia) of C. fragile than on adjacent
bare surfaces; (2) that the presence of a canopy of C.
fragile affects the survival and growth of mussel recruits.
The number of recruits of mussels was significantly
larger within clumps of primordia of C. fragile than on
bare surfaces. The removal of the canopy of C. fragile
affected negatively the density of mussels after 2 months
from the start of the experiment, but there were no ef-

fects on the mean size of individuals, nor on the size— ~, 500 =+ C fragile
ek . & 3
frequency distribution. The same trpnd persisted after 5 C—1 - C fragile
4 months from the start of the experiment. These results S 400 1
show that re-colonisation of space by mussels is I
v
300 7
e
Q
[
%5 200
g T
g 100 1
Z
0 1 2 3
Breakwater
B Control
[ Removal
~ 300
:’E )
9 250
o
=
. 200
=
2 150 .
2 Fig. 3 Mean number of
g 1004 juvenile mussels in control and
o canopy removal blocks after
5504 2 mopths from the start of the
o experiment, separately for each
£ 04 breakwater. Data are averages
Z. 1 (+SE) from nine replicate

Breakwater

enhanced by C. fragile. Given that mussels, in turn, have
the potential to reduce recruitment rates of C. fragile,
quick recovery of mussel beds after disturbances could
be crucial for controlling the abundance of this alga on
breakwaters. Results also suggest that the effects of
introduced species on native assemblages can be
explained only through studies encompassing different
life-stages of interacting organisms.

Fig. 2 Mean number of recruits
of mussels within patches with
(+ C. fragile) and without (-C.
fragile) primordia of C. fragile
in March 2004, separately for
each breakwater. Data are
averages (+ SE) from 16
replicate quadrats (4 quadrats
on each of 4 blocks)

quadrats (three quadrats on
each of three blocks)
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Collapse and Conservation of
Shark Populations in the
Northwest Atlantic

Julia K. Baum,* Ransom A. Myers, Daniel G. Kehler,
Boris Worm, Shelton }. Harley, Penny A. Doherty

Overexploitation threatens the future of many large vertebrates. In the ocean,
tunas and sea turtles are current conservation concerns because of this intense
pressure. The status of most shark species, in contrast, remains uncertain. Using
the largest data set in the Northwest Atlantic, we show rapid large declines in
large coastal and oceanic shark populations. Scalloped hammerhead, white, and
thresher sharks are each estimated to have declined by over 75% in the past
15 years. Closed-area models highlight priority areas for shark conservation,
and the need to consider effort reallocation and site selection if marine reserves
are to benefit multiple threatened species.

Area 3 Fig. 4. Results from closed-area model showing

predicted changes in catch as caused by year-
round longline closure of Areas 3, 5, and 7.
Remaining areas are shown in fig. S2. Results
for the constant-quota (above and fig. S2) and
constant-effort {fig. 53) scenarios were similar.
Negative values refer to reductions in catch.

-601 Error bars are 95% bootstrap confidence inter-
-801 vals, accounting for the uncertainty in the ob-
1001 server estimates of species composition. Black
bars represent sharks (SPL, scalloped hammer-

Area 5 head; GHH, great hammerhead; TIG, tiger; SBG,

bignose; FAL, silky; SBK, blacktip; DUS, dusky;
SNI, night; PTH, common thresher; BTH, bigeye
thresher; BSH, blue; SMA, shortfin mako; OCS,
oceanic whitetip), dark gray bars represent sea
turtles { TTL, loggerhead; TLB, leatherback), and
light gray bars represent finfish (WHM, white
marlin; BUM, blue marlin; BFT, bluefin tuna;
BET, bigeye tuna; ALB, albacore tuna; DOL,
| common dolphinfish; WAH, wahoo; OlL, cilfish;
SAl, Atlantic sailfish). See table S2 for scientific

names and conservation status.

IpOaxWsTIIL 1aZSphadlazg
= COZFE® OE"I wao<3x
5rBE%36am250 r—;%mm«a;oa

Species

Model results show that marine reserves
cah indirectly cause harm if fishing effort is
grely displaced. For example, the closure of
eets its objective in reducing sea

turtle bycatch and also protects sharks of
lower conservation concern: blue and mako
sharks. However, this closure increases catch
of almost every other species (Fig. 4), be-
cause effort is redistributed to areas of higher

species diversity.

-100 -80 -80

Fig. 1. Map of the Northwest Atlantic showing
fishery between 1986 and 2000, categorized b
assessed: 1, Caribbean; 2, Gulf of Mexico; 3
Atlantic Bight; 6, Northeast Coastal; 7, Nort
Tuna North/Tuna South. Areas were modified from the U.S.
classification for longline fisheries. The 1000-m coastal isobath (dotted line)
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3. Ecology of Artificial Reef Habitats
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Figure 3.8 Colonization and seasonal variation in fish biomass, as a function of reef size, at
artificial reefs deployed off Miami, Florida. (Figure continues.)
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Abstract

Shedding light on the ability of benthic artificial reef (AR) communities to resemble those of a natural reef (NR) is of great
importance if we are to harness ARs as tools for rehabilitation and restoration of degraded marine habitats. Studying recruitment
processes to experimental settlement plates attached to ARs and NRs reveal the factors that shape community structure at the two reef
types, and determine the ability of an AR to support communities similar to those found in adjacent natural habitats. [n this study,
conducted in Eilat (Red Sea), we used settlement plates to test the hypothesis that differences in benthic communities between ARs
and NRs are derived from differential recruitment processes. A monitoring period of 18 months revealed great differences in the
recruitment of corals and other benthic communities between the studied ARs and adjacent NRs. The ARs were either made of PVC or
metal and 10-17 years old when the study commenced. The recruitment of soft corals reflected the species assemblage found in the
area, consisting mainly of the family Nephtheidae and Xeniidae, species, while that of stony corals was mostly determined by the life
history traits of the recruited taxa, e.g., the opportunistic nature of the family Pocilloporidae. Benthic organisms, mainly filter feeders
like bryozoans, bivalves, sponges and tunicates, were more abundant at the ARs than at the NRs, mainly on the underside of the plates.
We suggest that this differential recruitment resulted from a synergistic effect of abiotic and biotic factors, including current regime,
sedimentation load and larval settlement preferences, which subsequently differentiated the composition of the benthic communities
at the ARs and NRs. Thus, in order to construct an AR for restoration purposes, it must offer similar structural features to those found
in the natural surrounding, leading to recruitment of local taxa. However, if the AR and NR will differ structurally, the composition of
recruits will also differ and eventually the communities at the two reef types will become distinct, hereby increasing the species
diversity in the area.



Table 4
Dissimilarity between the reef types at the Dolphin Reef and pyramid sites pooled over time, based on average abundance (square root transformed)

of all community components

Community component Dolphin AR Dolphin NR Average dissimilarity § =53.78
Average abundance Average abundance Average dissimilarity % 8%
Bare space 21.35 38.72 14.09 26.21 26.21
Bryozoans 19.88 2.64 11.39 2118 47.39
Bivalves 6.02 5.38 6.92 12.86 60.25
XenialHeteroxenia sp. 2.67 1.94 4.62 8.59 68.84
Sponges ; 1.44 1.68 3.13 5.83 74.67
StylophoralPocillopora sp. 0.04 1.40 2.86 5.32 79.99
Serpulid worms : 1.54 0.77 1.60 4.38 84.82
Tunicates-colonial 1.65 0.34 1.89 3.52 88.33
Coralline algae 1.63 1.70 1.58 2.94 91.27
Tunicates-solitary 0.48 0.09 1.29 2.39 93.66
Rhytisma fulvum fulvum 0.23 0.09 1.03 1.91 95.57
Dendronephthya hemprichi 0.33 0.00 0.89 1.66 97.24
Acabaria sinaica 0.08 0.02 0.37 0.68 97.92
Scleronephthya corymbosa 0.31 0.00 0.36 0.66 98.58
Soft corals (unidentified) 0.10 0.02 0.32 0.59 99.17
Stereonephthya cundabiluensis 0.04 0.00 0.15 0.28 99.44
Litophyton sp. 0.00 0.04 0.13 0.24 99.68
Paralemnalia thyrsoides 0.00 0.04 0.10 0.18 99.86
Cyphastrea chalcidicum 0.00 0.02 0.07 0.14 100.00
Community component Pyramid AR Pyramid NR Average dissimilarity § =57.61
Average abundance Average abundance Average dissimilarity 5% 6%

Bare space 21.88 8.85 1295 . 22.48 22.48
Bryozoans 18.33 11.42 10.87 18.88 41.35
Bivalves 10.25 14.75 9.35 16.23 57.58
Sponges 9.85 4.04 7.27 12.62 70.20
XenialHeteroxenia sp. 0.17 3.38 5.83 10.12 80.32
Tunicates-colonial 1.00 2.90 2.85 4.94 85.26
Serpulidae 1:35 1.08 2.30 3.99 89.25
Coralline algae 1.96 1.98 1.79 3.12 92.37
Tunicates-solitary 0.63 0.06 1.29 225 94.61
Rhytisma filvum fulvum 0.25 0.13 ' 0.96 1.66 96.27
Cyphastrea chalcidicum 0.04 0.10 0.47 0.82 97.09
Echinophyllia sp. . 0.04 0.02 0.30 0.52 97.62
StylophoralPocillopora sp. 0.04 0.04 0.29 0.50 98.12
Stony corals (unidentified) 0.00 0.08 0.20 0.35 98.46
Dendronephthya hemprichi 0.02 0.02 0.18 032 98.78
Favia sp. 0.02 0.02 0.16 0.29 99.07
Galaxea fascicularis 0.00 0.04 0.15 0.26 99.33
Soft corals (unidentified) 0.00 0.04 0.13 0.23 99.56
Turbinaria sp. 0.02 0.00 0.10 N 0.18 99.74
Porites sp. 0.02 0.00 0.09 ’ 0.15 99.89
Acabaria sinaica 0.00 0.02 0.07 0.11 100.00

d Y=percent contribution of ith component to the average Bray-Curtis dissimilarity () between the reef types.
3.0 %=cumulative percentage.

Community components are listed in decreasing order of importance in contribution to 3.

Artificial reef=AR, natural reef=NR.
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Nonindigenous biota on artificial structures: could habitat
creation facilitate biological invasions?

Tim M. Glasby : Sean D. Connell -
Michael G. Holloway - Chad L. Hewitt

Abstract We identified different distributions of
marine nonindigenous species (NIS) and native species
on some artificial structures versus natural reefs and
using experimental manipulations, revealed some pos-
sible causal mechanisms. In well-established subtidal
assemblages, numbers of NIS were 1.5-2.5 times
greater on pontoons or pilings than on rocky reefs,

and seawalls, numbers of native species were up to
three times greater than numbers of NIS. Differential
recruitment to different positions and types of surfaces
appeared to influence distribution patterns. NIS
recruited well to most surfaces, particularly concrete
surfaces near the surface of the water, whilst natives
occurred infrequently on wooden surfaces. The posi-

tion of rocky reefs and seawalls close to the shore and
to the seabed appeared to make them favourable for
the recruitment of natives, but this positioning alone
does not hinder the recruitment of NIS. We argue that
pontoons and pilings represent beachheads (i.e. entry
points for invasion) for many nonindigenous epibiota
and so enhance the spread and establishment of NIS in
estuaries. Habitat creation in estuaries may, therefore,
be a serious threat to native biodiversity.

despite the local species pool of natives being up to 2.5
times greater than that of NIS. Conversely, on reefs
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Fig. 1 Mean (£SE) number of native species (white) and NIS
(black) per replicate in established assemblages on artificial struc-
tures and on natural sandstone rocky reefs. Artificial structures
are: fibreglass pontoons, concrete pontoons, concrete pilings,
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Fig. 4 Mean number (+SE) of native species (white) and NIS
(black) that recruited to sandstone, concrete or wooden settle-
ment panels deployed subtidally on rocky reefs for 30 weeks.
Data from three sites were not significantly different and have
been combined here

(black) sampled on sandstone settlement panels that did not
move (fixed), moved up and down (moving) or rotated and orien-
tated parallel to currents (rotating). Panels were deployed twice
for 29 weeks at two sites and times and sites have been combined
in this graph
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Direct Payments to
Conserve Biodiversity

Paul J. Ferraro and Agnes Kiss

vested billions of dollars to stem the

loss of biodiversity in developing na-
tions (7, 2). Despite these investments, the
loss continues (3, 4).

Biodiversity is a public good and thus is
not supplied in sufficient quantities by indi-
viduals acting in their own self-interest.
Conservation practitioners try to provide in-
dividuals who destroy ecosystems and
species with incentives to preserve them.
These incentives lie on a spectrum from in-
direct to direct with respect to their link with
conservation objectives (see figure, this
page). Conservation initiatives in the United

The international community has in-

States, Australia, and most of Europe in-

creasingly emphasize more direct incen-

tives: land purchases, leases, and easements,
as well as financial incentives such as per-
formance payments and tax relief. For ex-
ample, the U.S. government spends over
$1.7 billion per year to induce farmers to
protect land (5), and The Nature Conservan-
cy, with an annual budget of more than $700
million, operates almost exclusively through
land purchases and easements (6, 7).

These payment approaches are based
on a willing buyer—willing seller model.
Sellers deliver conservation outcomes in
exchange for a negotiated payment in cash
or in kind. Payments are conditional on
conservation outcomes.

Conservation in developing nations has
emphasized the more indirect end of the
spectrum. Indirect approaches include ini-
tiatives like Integrated Conservation and
Development Projects (ICDP) and Com-
munity-Based Natural Resource Manage-
ment. Such projects encourage rural com-
munities to maintain biodiversity by help-
ing them to use it sustainably. They may
also provide alternative sources of prod-
ucts, income, or social benefits (schools,
wells, clinics, etc.) as a means of encour-
aging communities to cooperate. These
kinds of efforts have been referred to as
“conservation by distraction” (8).

After decades of global efforts to con-

serve biodiversity through indirect ap-

P. J. Ferraro is with the Department of Economics,
Andrew Young School of Policy Studies, Georgia
State University, Atlanta, GA 303033084, USA. E-
mail: pferraro@gsu.edu. A. Kiss is at the Environment
and Social Development Unit, The World Bank, Wash-
ington, DC 20433, USA. E-mail: akiss@worldbank.org

proaches, there is a growing recognition
that such initiatives rarely work. Some au-
thors (9, 10) have pointed to basic concep-
tual flaws; for example, people are more
likely to incorporate new sources of in-
come as complements to existing activities
rather than as substitutes for them. Others
have noted that the technical, economic,
social, and political conditions needed for

Investment

(Least direct)

Support for the use/marketing
of extracted biological products

Subsidies for reduced-impact
land and resource use

Support for the use and or
marketing of biodiversity
within relatively intact

Payment for other
environmental services
(generating biodiversity
conservation as a side benefit)

Payment for conservation
land or “retirement” of
biodiversity use rights

Performance-based payment
for biodiversity conservation

{Most direct)

an indirect approach to succeed are diffi-
cult to find in the real world (71, 12). For
conservation initiatives that encourage ex-
tractive activities (e.g., nontimber forest
product collection), sustainability is a key
concern (13-15). A recent review of
ICDPs (16) declared that there was “a no-
table lack of successful and convincing
cases where people’s development needs
have been effectively reconciled with pro-
tected area management.”

Indirect Versus Direct Approaches

Potential obstacles to implementing a di-
rect payment approach in developing na-
tions include uncertain or inequitable land
tenure, limited experience with and en-
forcement of legal contracts, and limited
local opportunities for nonagricultural in-

vestment or employment. Direct payments

may displace biodiversity loss to other ar-
eas, may be misappropriated or misused,
and may create social conflict. However,
these problems generally apply equally to
indirect interventions.

Direct payments might be seen as a
form of bribery or an imposition of West-
ern values on developing nations. Howev-
er, investments that encourage eco-tourism
or create markets for tagua nuts are equal-

ly aimed at inducing rural communities to
change their Jand use and livelihoods in re-

Examples

Logging, nontimber forest
product extraction, and hunting

Sustainable agriculture on
already cultivated lands,
“alternative income generation”

Eco-tourism, sport hunting,
bioprospecting, wild honey
production

Watershed protection, carbon
sequestration

Easement, “nonlogging”
concessions

Paying for bird breeding
success, paying for occupied
wolf dens

sponse to Western values.

Recent debates (/7) have highlighted
four issues that need be examined in rela-
tion to direct and indirect approaches.

1) Institutional complexity. Indirect and
direct approaches require institutions that
can monitor ecosystem health, resolve

conflict, coordinate

individual behavior,
and allocate and en-
force rights and re-
sponsibilities. A sys-
tem of conservation
payments, however,
allows practitioners to
focus their energies
on designing the req-
uisite institutions.
Existing direct pay-
ment initiatives have
estimated administra-
tive costs from 5% to
25% of the operating
budget (18—20), where-
as ICDPs have admin-
istrative costs at least
as high, and often
higher (21). A devel-
oping nation may not
have the institutional
capacity to make con-
tractual agreements
and to manage money
in a direct payment initiative. If, however, it
lacks such capacity, it would not likely
have the institutional capacity to imple-
ment a more complex indirect intervention.
2) Costs. In general, a direct payment
approach will be more cost-efficient than
any indirect approach (8, 22). For exam-
ple, an analysis of a conservation interven-
tion in southeastern Madagascar (22) indi-
cates that, were the nearly $4 million of
available conservation funds invested in
annual payments conditional on the pro-
tection of forest, about 80% of the original
forest could have been protected into per-
petuity, whereas only 12% could have
been protected through support of indirect
incentives. Furthermore, rural residents re-
ceiving conservation payments would have
received incomes two times those that
could be generated through an indirect in-
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tervention. The basic principle is that the
cheapest way to get something you want is

SCIENCE'S COMPASS

Direct payments are seen as undesirable
because they require an ongoing financial

to pay for what you want (e.g., protected
rain forest), rather than pay for something
indirectly related to it (e.g., capital for im-
proving eco-tourism), or more simply “you
get what you pay for”

Paying people to protect habitat and

commitment to maintain the link between
the investment and the conservation objec-
tives, Like the legendary Holy Grail, how-
ever, the self-financing conservation activ-
ity is elusive. Indirect approaches are also
likely to require a sustained flow of funds

wildlife can be surprisingly affordable.
Many of the regions in which conservation
practitioners work are at the margins of the
economy where other land uses do not gen-
erate substantial net returns. For example,
the middle-income nation of Costa Rica
pays rural residents about $35 annually per
hectare of forest protected, and excess de-
mand for conservation contracts suggests
that these payments are higher than neces-
sary (23). Even cheaper, Conservation In-
ternational is protecting 81,000 hectares of
rain forest in Guyana through a conserva-
tion concession that costs $1.25 per hectare

per year (24), and The Wildlife Foundation
in Kenya is securing migration corridors
on private land through conservation leases
at $4 per acre per year (25, 26).

We are not arguing against short-term
assistance for profitable, eco-friendly ac-
tivities that can protect biodiversity. Con-
servation practitioners and donors, howev-
er, must ask themselves why external as-
sistance is necessary if these activities are
so profitable (27). Rural residents may
face credit constraints, misunderstand the
benefits conservation would afford them,
or be unable to organize to realize the ben-
efits, but we suspect that such conditions
are rarely the main constraints.

3) Development benefits. The indirect
approach is attractive to many stakeholders
because it seems to achieve conservation
and development objectives simultaneously
(despite evidence suggesting it achieves
neither in most cases). However, direct pay-
ments benefit poor farmers by Improving
cash flows, providing a fungible store of
wealth, and diversifying sources of house-

hold income. Furthermore, under a pay-

ment approach, the land holders/resource

users decide how best to meet their own

over time. A recent World Bank analysis of
ICDPs (16) argued that conservation ini-
tiatives “based on simplistic ideas of mak-
ing limited short-term investments in local
development and then hoping this will
somehow translate into sustainable re-

source use and less pressure on parks need
to be abandoned.”

Future Prospects

Direct payment initiatives are rare in de-
veloping nations, but conservation pio-
neers are experimenting with them. A re-
cent symposium (/7) highlighted the use
of forest protection payments in Costa Ri-
ca, conservation leases for wildlife migra-
tion corridors in Kenya, conservation con-
cessions on forest tracts in Guyana, and
performance payments for endangered
predators and their prey in Mongolia.
South Africa and American Samoa have
over a decade of experience with “contrac-
tual national parks,” which are leased from
communities. Other payment initiatives
are being designed or are under way in
Mexico, El Salvador, Colombia, Hon-
duras, Guatemala, Panama, Russia, and
Madagascar (28). Payments can be made
for protecting entire ecosystems or specif-
ic species, with diverse institutional ar-
rangements existing among governments,
firms, mutilateral donors, communities,
and individuals.

Direct payment approaches are not “sil-
ver bullets” that can be applied immedi-
ately and easily in all situations. Further-
more, broader policy interventions, such
as removing perverse direct and indirect
subsidies that encourage the loss of habi-
tats and their biodiversity (29, 30), are also
needed. However, people will generally do

what is in their own interest, particularly

goals and aspirations, rather than being sub-

their short-term interest. If they can re-

sidized to carry out predetermined activities

ceive more benefits from clearing an area

as is the case under the indirect approach.

of habitat than they could from protecting

Paying an individual or community for
“not doing something” might be seen as a
form of social welfare rather than develop-
ment. However, the idea that conservation
payments are a form of welfare belies
what conservationists have been arguing
for decades: Biodiversity is a valuable

commodity and biodiversity protection is

an alternative land use.

4) Sustainability. The Holy Grail for
the international conservation community
is the self-financing conservation activity.

it, they will clear it. A society would never
think to provide a public good like nation-
al defense through indirect means. The
conservation community must reconsider
its attempts to provide biodiversity
through indirect means. If we want to get
what we pay for, we must start tying our
investments directly to our goals.
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