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SUMMARY ABSTRACT

Expanding anthropogenic development within the tropical forest biome is driving the loss of an
irreplaceable global resource. Megjaerse tropical forests are vital for regulating the global

carbon cycle, and are essential for climate change mitigdtiond ay, over hal f of
remaining tropical forest is degraded or regenerating secondary forest. Tropical forests are
becoming increasingly fragmented through the expansion of agriculture and roads. Lasdatmpe
flooding of terrestrial habitatsaased by dam construction is an emerging driver of habitat loss and

fragmentation.

Much attention has been paid to the lgegn impacts of tropical forest fragmentation for

biodiversity, ecosystem functioning, and carbon emissions. Most of our undargtahthe

impacts associated with habitat fragmentation originates from systems in which the habitat matrix
surrounding remnant forest patches is another, albeit low quality, terrestrial habitat. However, dam
induced habitat fragmentation results in raminterrestrial biological communities becoming

isolated on islands within a water matrix. A water matrix presents the-easstscenario for

remnant habitat fragments. In Chapter 2 | synthesise the results of numerous studies reporting the
responses ohkonomic groups to isolation on reservoir ldn@lge islands, and uncover a
globally-applicable pattern of extinction debt acting upon remnant biological communities on
reservoir islands. All islands, regardless of taxonomic group, habitat type, ordstenibse

species as island isolation time increases. Moreover, | show that contrary to existing ecological
theory, once terrestrial habitat becomes isolated within a water matrix, it is effectively too isolated

for species losses to be buffered by mepagetion dynamics.

Dam development is rapidly expanding in the largest remaining tract of intact tropical forest, the
Amazon Basin. In Chapters 3 and 4 | study the Balbina rdagasystem in the central Brazilian
Amazon. Here, | use detailed field inveries of trees and lianas on islands and in continuous
mainland habitat to determine the impact of landscapde habitat fragmentation caused by

reservoir creation on these taxonomic groups. | find that islands maintain tree communities at



significantlylower densities, richness and diversity compared to continuous forest. Furthermore,
tree communities on islands exhibit compositional divergence from those found in mainland
continuous forest. Island tree assemblages are dominated fwyologvdensity spees, and may be
on a trajectory towards communities characteristic of early successional forests with reduced
carbon storage capacity. In contrast, liana assemblages remain compositionally intact and are
becoming increasingly dominant relative to trees.sTlianas appear robust to many of the
negative impacts associated with landsesqade habitat fragmentation. As insular tree
communities continue to degrade through aaeal edgeeffects, lianas may become a key feature
of this archipelagic landscapeadto their competitive advantage over trees in disturbed forest
habitats. Lianas significantly inhibit tree recruitment and carbon storage. Thus, findings from
Chapters 3 and 4 provide strong evidence for additional, and currently unacefouttiediversty

and carbon impacts associated with tropical dams.

As development of tropical forest regions increases, there is an urgent need to reconcile the need
for resources with the need for ecosystem service provision, such as carbon storage, particularly as
we attempt to mitigate the impacts of rising atmospheric carbon. Recent studies have shown that
secondary tropical forests have the potential to rapidly uptake atmospheric carbon, and act as a
powerful tool in climate change mitigation policy. Breschle stimates of secondary forest

carbon uptake are currently based on aklgreeind biomass alone. In Chapter 5 | present carbon
stock estimates of additional tropical forest carbon postél and dead woody biomasm

secondary forests ranging from-4Q0years. | find that soil fertility (nitrogen concentration) is key

in determining carbon storage in secondary forests, and that the stability of carbon stocks held in
dead woody biomass increases with secondary forest stand age. | highlight the negchte inte
detailed sitespecific information into broadcale predictive models of secondary tropical forest

carbon sequestration.



This thesis links ecological theory and landsesgede field inventories, to provide new
understanding of the loAgrm costf tropical forest fragmentation for biodiversity conservation
and carbon storage, and provides further evidence of the important role secondary tropical forests

may play in carbon sequestration and climate change mitigation.
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(HAPTER

General introduction

1.1 TROPICAL FOREST BIEBREITY AND ECOSMSHERVICE PROVISION

The tropical forest biome occupies 15 % of Ea
any other bioméOlsonet al.2001; Mace, Masundire & Bbae 2005). Tropical forests of the

Amazon Basin are megiiverse, containing approximately 11,000 species of canopyHresbell

et al.2008) A single hectare of Amazonian forest can contain ~300 tree species, often represented
by a single individua{Gentry 1988; Pitmaet al.2001) Amazonian forests comprise 40 % of the

worl dés tropical forest cover, representing t
(Laurance 2001)Aside from the intrinsic worth of tropical forests for biodiversipnservation,

tropical forests provide globally important services such as climate regulation; the economic

benefits derived from these servieescluding nutrient cycling, water supply, and raw materals

amount to over $2,000 Agear' (Costanza el 1997; Malhi & Grace 2000; Foleyt al.2007)

1.1.2 Tropical forest carbon storage and uptake

Due to high rates of net primary productivity, tropical forests uptake and sequester significant
quantities of atmospheric GQestimated at 1.19 Pg yedr(Panet al.2011) Thus, tropical forests

comprise the largest terrestrial store of carbon, containing=4¥3. Pg C or 55 % of global stocks,



in contrast to other terrestrial biomes such as boreal forests that store 32 % and temperate forests
that store 14 %Panet al.2011) Within tropical forests, carbon is stored both abgraund in

living and dead woody biomass, and belgrgund in roots and soil. Over half of the total tropical
forest carbon stock is held within trees, with around 38f he remaining stocks in sdilobbagy

& Jackson 2000; Nascimento & Laurance 2002; Saatchi. 2011; Paret al.2011) The amount

of carbon stored beloground in roots corresponds to approximately 30 % of the carbon stock

held in aboveground livingbiomasqSaatchiet al. 2011) while 7-25 % of the total abovground

carbon stock is contributed by dead woody biomass (necro@iasket al.2002; Bakeet al.

2007; Palacet al.2012)

1.1.3 Carbon emission from deforestation

Deforestation of tropil forests results in significant carbon emissions, recently estimated at ~2 Pg
year! (Grace, Mitchard & Gloor 2014; Rosa al.2016 Pearsoret al.2017). An estimated.2 %

of anthropogenic C&emissions are generated by deforestation and forest dégragteet loss of

forest biomassvan der Werkt al.2009) Carbon is released from tropical forests through burning
and decomposition of biomass, and through the concurrent degradation of soil carbofvatocks

der Werfet al.2009 Pearsoret al. 2017). Considering just the loss of biomass, historical
deforestation between 192009 across Amazonia, Congo and S.E. Asia, has led to carbon
emissions estimated at ~50 P¢Rbsaet al.2016) If carbon emissions associated with loss of soil
carbon stocks we to be included, then these carbon emission estimates are likely to underestimate

the full carbon emissions associated with deforestation.

1.1.4Increasing global cover of degraded and secondary tropical forests

Persistent deforestation and lamse chage means that globally approximately 50 % of tropical
forest cover is now degraded or secondary forest rather than intagowatth fores{FAO 2010;
Mitchardet al.2013; Acharcet al. 2014) Intact tropical forests are irreplaceable for biodiversity

and ecosystem functionin@arlow et al.2007; Gibsoret al.2011) However, due to the ongoing

loss of oldgrowth forest cover, we are increasingly reliant on secondary tropical forests to deliver

2



ecosystem services such as carbon storage, and habitapfoalt biodiversityWright & Muller-
landau 2006; Gardnet al.2009 Dent & Wright 2009; Dent 2010; Mendenhatlal.2011;

AndersonTeixeiraet al.2016)

The carbon storage capacity of secondary tropical forests increases with forest stand detzelopme
For example, abovground biomass rapidly accumulates during the first 20 years of secondary
forest regeneration, actively taking up atmospheric carbon at a rate of ~3 Mgy€alra which is

11 times the rate seen in intact primary foréBtsorteret al. 2016) The rate of carbon stock
recovery differs between carbon pools such that up to 50 % of soil carbon stocks recover within
~30 years of forest regeneration, Schumacher & Freibauer 20,Llahd necromass carbon
stocks lag behind those of algeground biomasAndersonTeixeiraet al.2016) Current broad
scale estimates of the atmospheric carbon uptake potential of secondary forests, are, however,
based solely on aboxground biomaséPoorteret al.2016)or soil carbor{Don et al.2011)anddo

not include other important carbon pools such as necrofistin et al.2013) Thus, we are

likely to be underestimating the carbon uptake potential of secondary forests untisbatead

models incorporate all tropical forest carbon pools simultasigdGhazdoret al.2016)

1.1.5 The role of tropical forests in climate change and policy

Anthropogenic emissions of greenhouse gases drive changes in global climatic patterns, causing,
for example, increases in extreme weather events such as droufjbbdirdy, desertification of
agricultural land, rising sea levels, and loss of endemic species and Hafiitatseket al. 1997;

Salaet al.2000; IPCC 2014)The threats posed by a changing climate are severe, and there is
growing international pressaifor countries to limit carbon emissions via signatory agreements
following the 1997 UNFCCC Kyoto Protocol. Climate change mitigation strategies such as
REDD+ (Reducing Emissions from Deforestation and Degradation) have advocated the cessation
of tropicalforest loss to maintain existing carbon stocks held within intact tropical forests, and
reduce emissions associated with tropical land clearance and forest dege(@tdliwon et al.

2007; Gibbst al.2007) Increasing the cover of secondary tropfoaésts, in concert with halting



deforestation of remaining intact forests, may provide a powerful, simple, and cheap tool in climate

change mitigation policfChazdoret al.2016; Poorteet al.2016)

1.2THREATS TO TROPIG2RESTS

Approximately half éthe original oldgrowth tropical forest cover has been lost to deforestation
and permanent conversion to another {asd, or has been significantly degrad@efO 2010;
Houghton 2012)Agricultural expansion is the strongest driver of tropical defoieataiut

logging, infrastructure development, medgmms, and urbanisation all lead to tropical forest loss
(Foley 2005; DeFriest al.2010; FAO2010; Houghton 2012; Finer & Jenkins 2012; Laurance,
Sayer & Cassman 2014b; Newbetdal. 2015) National andjlobal population growth, and
increasing resource demand, spurs the anthropogenic advance into tropical forest frontier lands.
The global population is projected to reach 11 billion during this century, with the highest
population growth rates expecteddeveloping countrie_auranceet al.2014b) Developing
countries are therefore increasing investment into projects to expand road networks and land
available for agriculture, in efforts to provide resources for burgeoning populations and
international mekets. In parallel, the increasing demand for cheap energy is driving extensive

development of hydropower schen{Bsadoet al.2016)

1.2.1 Development of the Brazilian Amazon

Over the past 50 years deforestation and development has largely beenylmardsing rural
populations, logging, agricultural expansion and mirflraurance 2001)More recently, global

demand for GMree soy products and raw materials for industry has galvanisedsieatge

Government projects such as Avanca Brazil, and US$H6n has been injected into the

development of frontier areas of the Brazilian Amazon. Avancga Brazil has involved the
construction of roads, railways, power lines and river channelization initiated to transport goods for
the international trade markg@taurance 2001; Peres 2001a; Lauragical.2002b, 2014b,

Fearnside 2002b; c; Finet al.2008) Largescale development projects such as Avancga Brazil



trigger forest loss and degradation at spatial scales exceeding those of the physical footprint of
infrastructure itself. Approximately 75 % of deforestation occurs within 50 km of roads, and there
is virtually no colonisation or deforestation of intact tropical forests without the presence of roads
(Kirby et al.2006) The construction of roads in the Bilean Amazon is rampant, and the road
network grew by 17,000 km in just three years between 2004 andRi0bg et al.2006; Ahmed

et al.2013) A 400 kmwide swathe of deforestation in the eastern Amazon occurred in the wake of
the 1970s construction die 2000 km BelerBrasilia Highway; the r¢pavement of the Manaus

Porto Velho highway will likely cause a similar level of forest clearance, as it links the central
Amazon to major population centres in the south of the Amézurance, Goosem & Laurance

2009)

Access to new land, facilitated by road construction, has caused a rapid increase in the population
of the Brazilian Amazon, from around 7.5 million in 1970 to >20 million in 2000, with a mean
growth rate of 3.35 % per annyiraurance, Albernaz &osta 2002a)The rural populatioof
Amazonia is estimated at 2.4 metdI2010,ands§ 12 % of
predominantly comprised of farmers practicing sreallle shifting cultivation. Fires associated

with shifting cultivation can lead to additional forest loss and degradation if they penetrate into
remaining forest cover, which is a particular risk during drougiépstacet al. 1999; Barlow &

Peres 2008; Cochrane & Laurance 20@3tween 40,000 and 50,000 separate firegyguically

detected each year in the Amazbaurance 1998; Cochrane & Laurance 200&)reasing rural

human populations can also intensify hunting in remnant forest, leading to unsustainable extraction
of bush meat and loss of vertebrate seed dispgRerss & Lake 2003; Wright 2005; Cramer,
Mesquita & Williamson 2007)Expansion of road networks can also increase animal mortality
through road Kills, particularly in Amazonia where animals are unaccustomed to the presence of

vehicles(Lauranceet al. 2009).



1.3 Habitat fragmentation
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Any advance of human populations and development of frontier lands leads to direct removal of

formerly continuous habitat, leaving behind a mosaic of remnant habitat pé&eheg 2003
Ewers & Didham2006) These habitat fragments can therefore
6seab6 of a different habitat typMaArthiF&Wisgn t he | sl a
1967)has been used to understand species population dynarfriegmented habitats, and in the

design and evaluation of biological reserves for conservétimmolino 2000; Coolet al.2002;

Williams, ReVelle & Levin 2005; Watling & Donnelly 2006; Laurance 2008)e IBT was

originally developed to explain variati in species richness across oceanic archipelagos, and

proposes that the species richness of an island is determined by island area, and the degree of

isolation from a mainland species source pool. According to the IBT, biological communities on

islands acumulate and are sustained by processes of immigration, extinction, and evolution.

Islands further from species source pools should have lower rates of species immigration, and small

islands should have higher rates of local species extinction as tedesvar resources available to

sustain many species. Rates of evolution of species capable of exploiting hew niches on islands are
dependent on time, environmental stability and resource availgMiggArthur & Wilson 1967;

Lomolino 2000) The IBT assungethat species are equivalent in terms of both colonisation ability

and ability to maintain a viable population on an island. Furthermore, the IBT assumes that no

additional species migrate into islands from the surrounding h@Bibak et al.2002)

Fragmentation of existing habitat does not necessarily reflect the processes or assumptions

underlying the IBT, namely that the species present in fragments are a product of immigration

(Lomolino 2000; Ewers & Didham 2006)he communities within habitétagments are relicts

from a formerly continuous habitat that has been divided into smaller, isolated patches. Thus, due

to the reduction of habitat area availabl e, rat he
lost from fragments and communigie ar e O6di sassembl edd through a pr oc

6rel axationd until a r{Deamond 19@2bGopzalez@BOGhuni ty i s r eac



The habitat that is cleared and the habitat that remains following habitat fragmentation is non
random: habitat fragnmes are typically left in areas unsuitable for the tasd driving the habitat
clearance. For instance, if habitat is being cleared for agricultural expansion, the mostmcirient
and shallowsloped areas will typically be cleared first. The habigifinents left are a nen

random subset of the original habitat, often occupying steep ground, hilltops and 1padoielsnd
(Seabloom, Dobson & Stoms 2002; Laurance 2088thin fragments, the loss of species during
the 6rel axat i omaddom: species thas arei nost \alhesable ta local extinction
tend to have low population sizes or high natural fluctuations in populations, low competitive
ability and disturbance tolerance, and high mitabitat specialisatiofWatling & Donnelly

2006)

Thus, biological diversity, which can be measured at a range of scales, can be differentially

affected within a fragmented system. At the landssagea |l e, gamma (2) di vers
richness and composition of the landscape as a whole, and isiapod of al pha (U) a
di verdivegrsiUty is the speci es-diversitgrelatestos of a p.
differences in community composition among s{t&hittaker 1972; Magurran & McGill 2011,

Collinset al.2016) T +aen ddlvdrsity of habitat fragments therefore depends on spksieb
population dynamics (metapopulation dynamics), and commievigf dynamics across the

landscape (metacommunity dynamics). The amount and spatial configuration of habitat remaining
afterfragma t at i on iannfddivémsity ewvels bechuse of the differential persistence of

species populations within a remnant habitat patffHasski & Ovaskainen 2000¥pecies loss
associated with diminished-divashi y atamdeahargast
diversity among fragments. If remnant habitat fragments within a landscape all undergo species

losses, then broadser ¢ a-Hiersity is also reduceg@Kareiva & Wennergren 1995)

1.3.2 The importance of the habitat matrix and spatiahfiguration of fragments

The immigration of individuals from the habitat surrounding fragments may bolster the population

of a particular species within a fragment, a



populations to persigBrown & Kodric-Brown 1977; Hanski & Gilpin 1991; Hanski &

Ovaskainen 2000)he ability of a species to persist within a fragment may also be influenced by
whether the species can use the surrounding matrix as an additional resource, such as for feeding or
breedng, which may mitigate some of the detrimental effects of reduced habitdKarfar,

Malanson & Franklin 2006; Watling & Donnelly 200&t the communitylevel, species

assemblages may be supplemented by novel species entering fragments from thdisgrrou

habitat matrix; thus, while species richnpss semay not decline in fragments, the community
composition of species within fragments may be modffigders & Didham 2006)Similarly the

spatial configuration and number of fragments also influespgesies persistence, as species

specific dispersal limitation can inhibit the ability of some species to migrate among fragments and
maintain viable metapopulatio(Ewers & Didham 2006; Watling & Donnelly 2006; Martenstn

al. 2012; Fahrig 2013)

Giventhe importance of the surrounding habitat matrix in bolstering species populations within
fragments, the degree to which the habitat fragment and the surrounding matrix differ is paramount
in determining species persistence in fragments. For exampleathadiches surrounded by a

similar, but lower quality habitat matrix, e.g. remnantgtdwth forest surrounded by secondary

forest, will maintain a greater proportion of the original species than a fragment surrounded by a
more hostile matrix, due to ireased resource use within the matrix for exar(ipeers & Didham

2006; Mendenhaktt al.2011; Ruffell, Clout & Didham 2016A high-contrast matrix, such as

water, confers the least advantage to remnant communities within fragments, as open water can be
too great a dispersal barrier for many species to cross successfully for example, leading to a
breakdown in metapopul at i §Mooreeyah2008] Mersdenhatttd no Or esc
al. 2014) However, fragments surrouedby another terrestrial mat may be disadvantaged by
negative matrix effects such as fires and invasive species penetratitigeimfoom the matrix

(Cochrane & Laurance, 2002).



1.3.3 Extinction debt

Overall, the fragmentation of terrestrial habitat has a negative impact onntezonanunities

isolated in fragments: a synthesis of 35 years of findings from seven different experimentally
fragmented landscapes revealed that the level of biodiversity in fragments is reduced between 13
and 75 %, and ecosystem functioning such as oastwrage is acutely impairédaddadet al.

2015 The speed and magnitude of species | oss
new equilibrium communities is mediated by fragment size, spatial configuration, and type of
surrounding habitat maxr (Ewers & Didham 2006)Species losses from fragments can occur for
generations following the initial fragmentat:.
which has been demonstrated for mammals, birds, amphibians, invertebratesne{diptaan et

al. 1994; Kuussaaet al.2009; Wearn, Reuman & Ewers 2012; Halley, Sgardeli & Triantis 2014,
Kitzes & Harte 2015)For example, a 30 year study of grotfachging birds in eucalypt woodland

(SW Australia) demonstrated that habitat loss tltaurred >100 years prior to the study was still
causing significant population declines. The population declines observed were primarily due to
dispersal limitation between isolated populations, and altered biotic interactions including elevated
nest pedation(Fordet al.2009) Extinction debts can be particularly prolonged for plants that have
long generation times. For example, in a study of European woodland vascular plants species, an
extinction debt was demonstrated for species inhabiting rerfragnbents >100 years after habitat

fragmentation, due to their slow rates of population turnf¥ellendet al. 2006)

Deforestation and fragmentation of tropical forests is also predicted to cause extinction debts for
many species: in a recent studyhadtorical deforestation across the Amazon Basin, Congo Basin
and S.E. Asia between 1950 and 2009, 1.1 % of tropical fepesific vertebrate species were
estimated to have gone extir{Rosaet al. 2016) But when the time | ags
fragmentation are considered, even if tropical forest deforestation halted in 2010, the payment of
extinction debts predicted for 144 of 4,125 species studiebuld increase the number of known
extinctions of tropical forestpecific mammals, birds amnphibians since 1900 by 120 %. Over

50 % of these predicted extinction debts are for vertebrate species within the AmazgiRBsain

et al.2016)



1.3.4 Edgeeffects

The isolation of remnant habitat fragments within a different habitat matrix causegsta the
abiotic and biotic conditions at the boundary of the fragment and the matrix, known affedtge
(Murcia 1995) Edgeeffects are various and in tropical forest ecosystems can include higher
irradiance levels, desiccation and wind disturbamdgch can extend to varying degrees into
fragment coreg¢Laurance & Curran 2008; Briant, Gond & Laurance 20EQythermore, fires
spawned from the surrounding habitat matrix are a pervasive threat to fragment edges, and can
penetrate into fragments cerdeven remaining intact forest and large forest fragments are subject
to fires penetrating up to 2.5 km into forest interigdspstadet al. 1999; Cochrane & Laurance

2002; Barlow & Peres 2008)

1.3.5 Impacts of fragmentation on tropical forest dynandosl composition

Much of our understanding of the impacts of fragmentation on tropical forests comes frem long
term experimentally fragmented systems such as the Biological Dynamics of Forest Fragments
Project (BDFFP, BrazilBierregaarcet al. 1992; Lauraceet al. 2011) Extensive research has also
been conducted in the Atlantic Forest, Brazil, an area which has undergone significaiseland
conversion, fragmentation, and forest regrowth (se€Talgarelli, Mantovani & Peres 1999;

Tabarelli, Lopes & P&s 2008; Santcst al.2008; Loboet al.2011; Collinset al.2016) Across

these systems, fragmentation of tropical forest leads to increased mortality and turnover of trees,
particularly in edgalominated fragments, with rapid changes in tree commuoityposition

(Lauranceet al.2006a; b; Lébeet al.2011; Haddaet al. 2015)

Mortality of shadetolerant trees at fragment edges opens gaps in the canopy, agebfesy

pioneer species able to exploit these Hight conditions tend to increase inwatalance. For

example pioneer tree species have been found to be relatively uncommon in continuous forests in
Amazonia, yet following forest fragmentation and the creation of the BDFFP, pioneer trees species
tripled in abundance, with sustained populatimréase over tim@.auranceet al.2006b) In the

Atlantic Forest, pioneer tree species have been found to contribute >60 % of individuals in both the
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adult and sapling layers in fragments, leading to a-tenm shift towards tree communities more
represatative of earlysuccessional forest stan@@antoset al.2008; SanteSilva et al. 2016)

Lianas (woody vines) are also ubiquitous in forest fragment edges and degraded forest stands, and
the recruitment of lianas following fragmentation can increase $o(IDeWalt, Schnitzer &

Denslow 2000; Schnitzer & Bongers 2002; Benlalvido & MartinezRamos 2003)Lianas

compete with trees for abovand belowground resources at all life stagédvarezCansincet al.

2015; Wrightet al.2015) Lianas can therefe further increase tree mortality in forest fragments,
through both competition and structural dam@ggwell et al.2010) Furthermore, lianas can

supress tree recruitment in canopy gaps, effectively stalling the successional process of forest stand
dewelopment following disturbance, leading to letegm loss of forest biomagSchnitzer, Dalling

& Carson 2000; Schnitzer & Carson 2010)

Shifts in the presence and abundance of species in fragments can therefore fundamentally alter the
forest community sticture of remnant forest fragmeiftsauranceet al.2011) Compositional

shifts may lead to a breakdown in ecosystem functioning, including carbon storage, of remnant
forest(Magnagoet al.2016) The amount of carbon a tree can store depends on itsdeosity,

which is intrinsically linked to lifenistory tradeoffs: fastgrowing pioneer species tend to have

lower wood density than slogrowing shadg¢olerant specieéMuller-Landau 2004; Chavet al.

2009; Visseet al.2016) Thus in disturbed envirorents, such as fragment edges, commeunity

level carbon storage can be reduced becausgr@asing pioneer tree species and lianas have a
competitive advantage over slaywowing high wood density speciéBenitezMalvido &

MartinezRamos 2003; Laurane al 2006a; Magnaget al.2016) For their biomass, lianas have

a disproportionate influence on tree communities, and through competition and suppression of tree
recruitment, liana proliferation can lead to further loss of ecosystem functioning and carbge st
capacity in forest fragmen{$obin et al.2012; van der Heijden, Powers & Schnitzer 2015; Wright

et al.2015)
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1.3.6 Carbon emissions as a result of tropical forest fragmentation

The deforestation and fragmentation of tropical forests and assbdegeadation of remaining

forest leads to significant carbon emissions. Emissions associated with the creation of fragment

edges can be in the region of12 Mg C for every 100 m of forest edge created, and reductions in

carbon storage capacity can extemp to 1.5 km into fragment cores due to biomass loss, leading to

emissions 47 % higher than for deforestation a(bi@scimento & Laurance 2004; Asradral.

2010; ChaplirKrameret al.2015) Time lags in species loss from fragments i.e. extinctiorsdebt

and subsequent alterations in biotic and abiotic
debt, 0 whereby changes in carbon storage capacity
fragmentation. In experimentally fragmented systems imatuthe BDFFP and The Wog Wog

Fragmentation Experiment (Eucalypt forest; Australia), the loss of ecosystem functioning in

fragments amounted to a 30 % reduction one yeasffagghentation, and after 10 years, small

fragments showed a reduction in ecosystenctioning of 80 ¥%{Haddadet al.2015) Moreover,

the time lag in carbon emissions from biomass loss from-2980 has been predicted to result in

a carbon emission debt of ~9 Pg C, the equivalent-dfd5gears of deforestatiqRRosaet al.

2016)

1.3.7 Synergies determining fragmentation impacts

Changing climatic patterns could interact with eéffects to exacerbate the deleterious
conseguences of fragmentation on biological commur{ifiessis 2003; Ewers & Didham 2006)
Impacts from a changindimate, such as increased frequency and duration of drought, will likely
act in synergy with edgeffects, putting further pressure on fragmented forest communities and
increasing carbon emissions. For example the 2005 drought in Amazonia led to trdieyranda
loss of forest biomass, resulting in a loss of L& Pg ((Phillips et al.2009) Even within intact
Amazonian forest, it has been predicted thaB20% of tree species will be extirpated under
current scenarios of forest loss and climatengeawith species that are already less able to cope
with habitat fragmentation e.g. ranggstricted habitat specialists being most threat¢Hedleet

al. 2004; Hubbelket al.2008)
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Other synergies arise from interactions between fragment area anreffsge, and from the type

and quality of the surrounding habitat mafiigwers & Didham 2006; Kupfeat al.2006; Ewers,

Thorpe & Didham 2007)A relatively benign matrix of similar habitat type, such as with the

BDFFP system where forest fragments areainded by abandoned pasture and secondary forest
regrowth, presents the best case scenario for fragmentation. Although even in this instance the
impacts of fragmentation on remnant communities are severe, with the proliferation of pioneer tree
species ad lianas causing a naandom shift in tree communities at fragment edges away from
those in fragment interiofsauranceet al.2006b, 2011)In contrast, fragments surrounded by a
wholly different matrix, such as water, is the worst case scenariais tdrfragmentation effects:
land-bridge islands created by inundation following the construction of dams results in such a

landscapdéEwers & Didham 2006)

1.4DAMS AS AN EMERGINRIVER OF HABITATS@8ID FRAGMENTATION

Dams are an emerging driver oftitat loss and fragmentation, and globally over half of all large
river systems, eight of which are the most biogeographically diverse, have been datitssed

et al.2005) Following river impoundment, vast areas of terrestrial habitat can be inunfdated,
example following the construction of the Tucurui dam in Bra2it30 kn? of land was flooded
(Fearnside 2001Ppaminduced inundation can also cause extensive fragmentation of terrestrial
habitats, creating archipelagos of former hilltops withieresirs(Fig. 1.1).Such newlyformed
reservoir islands are true labdidge islands, as they have been created simultaneously from
previously continuous habitathe Balbina hydroelectric megiam in the Brazilian Amazon
created >3500 landridge islandgollowing the flooding 0f~2360 knt of continuous olejrowth
tropical forest habitaFearnside 1989; Benchimol & Peres 2019&)ese islands are surrounded
by a water matrix, which provides no buffer to e@dfects that even a loguality a terrestrial
habitat matrix can provide. Thus, the impacts of habitat fragmentation on remnant biological
communities are severe, and species loss from fragments inaddgdmatrix is at a greater
magnitude than from fragments within a terrestrial mggwers & Ddham 2006)A study in

Panama that explicitly compared bat communities in fragments embedded within a terrestrial
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6countrysided matrix and those embedded withi
richness, evenness and composition between thiatwiscapes: species richness on islands

declined with island isolation distance, and the rate of species loss was higher on islands compared
to fragments wit hi (Meridénealetat20ldnFurthgrmeoredisdatds weaet r i X
more unstable iterms of species evenness, and community compositions were significantly

different béween the two landscape systefitendenhallet al.2014)

Fig. 1.1Reservoir landbridge islandslsland archipelagos are created from former
hill-tops when terrestribhabitat is flooded after dam construction. For example,
>3500 reservoir lantbridge islands were created when the Balbina hydroelectric
reservoir (Brazil) flooded ~2360kof continuous olegrowth forest of central

Amazonia in 1986. [Photo: E.M. Ventaue].

The impacts of dam creation on remnant biological communities on islands can be extreme, and
can occur over short tirgcales. In Thailand, islands within the Chiew Larn reservoir experienced
near total extinction of small mammals within 26 yearislaind isolation, with 50 % of species
locally extinct in <14 yearfGibsonet al.2013) In Lago Guri (Venezuela) local extinctions of top
predators caused a trophic cascade, severely impacting tree regeneration because of increased
herbivory(Terborghet al. 2001, 2006)In Balbina (Brazil) a recent study highlighted the

vulnerability of remnant tree communities to araad edgeeffects, including a severe fire, which
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have led to increased dominance of pioneer tree species at the expenspoivtidhadetolerant

species in <30 years of island isolati@enchimol & Peres 2015a)

Indirectly, the construction of dams can also cause extensive additional forest loss due to human
migration following the construction of access roads, and the initiaepifasonstruction when

labour is no longer required. Following dam construction, the inflated rural population increasingly
relies upon forest resource extraction for subsistence, leading to logging and bush meat hunting, as
well as the establishment of atiascale farming. Practices that lead to the degradation of remaining
forest surrounding dams add to the ecological footprint of dam constr{iegoes & Lake 2003;
Fearnside 2008; Peretal.2010) For example, the 2016 completion of the Belo Monte da

Brazil is predicted to trigger an additional 468000 kn? of forest loss by 2030, above the ~1500

km? of forest loss that will occur from reservoir creation it¢BHirretoet al.2011)

Other ecological impacts following river impoundment incluakes|of connectivity between the

upper and lower reaches of rivers, with catastrophic impacts for migratory fish species and species
reliant on seasonal flood pulsgsgostinho, Pelicice & Gomes 2008; Lestsal.2016) Dams have

been shown to cause signdint reductions in the abundance, biomass, species richness, diversity
and dominance in fish communities as river channels are changed from lentic to lotic (Bditats
Oliveiraet al.2015) Such changes have concurrent social impacts such as disroption t
downstream fisheries, which can provide a vital source of protein to subsistence rural communities
(Fearnside 1999Perhaps the biggest social impact of dams is the loss of indigenous lands and the
displacement of people who have no rights to compamsdltie to lack of land titles. One of the

most controversial examples of the social and ecological impacts of dam construction is the Belo
Monte dam (Brazil), where human rights and environmental impact have clashed with political
power and corporate invesent for decade@-earnside 2006)An estimated 19,000 people have

been forcibly removed and indigenous lands taken, to enable the construction of the ~$17 billion
dollar project; the energy produced from Belo Monte will power iron ore and aluminiunessnelt
owned by shareholders, and emissions from the dam are predicted to be four times the emissions of

an equivalensized fossHfuel thermal power plar{Fearnside 2006; International Rivers 2012)
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1.4.1 Increasing global development of dams

As the globapopulation increases so does energy demand, and global energy consumption is
predicted to increase 56 % by 2040. Developing countries with emerging economies are predicted
to increase energy consumption by 90 % during this péEb& 2013) To meet enesgdemands,
developing countries increasingly seek cheap and reliable energy generation sources, and
hydropower is a logical option for tropical nations, considering the high precipitation and numerous
rivers(Finer & Jenkins 2012} urthermore, because hggower is a renewable energy source,
funding for hydropower projects can be garnered from international climate change mitigation
funds and strategies, such as the Clean Development Mechanism and the Wo(lde&gank

McCully & Pearson 2002)As of 2016 here are >58,000 large dams (dam height >15 m) in

operation globally, which provide water predominantly for agriculture and hydropower generation
(ICOLD 2016) The global demand for water is set to increase over the coming decades due to the
increasing frquency of severe droughts. However, low water levels reduce hydropower outputs,
increasing the need for energy generated from other power sources, including frofuédssil

powered thermal energy plarfki & Kanae 2006; Pradet al.2016) In 2013 resefoir levels in

Brazil reached their lowest levels since 2001 for example, necessitating an increase in thermal
power generation. Furthermore, droughts are predicted to reduce any future hydropower production

in Amazonia by 36 %Pradoet al.2016)

While the production of energy using hydropower is in principle an excellent option for providing
relatively cheap and reliable energy to growing populations, the reality is that most energy
produced from hydropower in countries with emerging economies is nsticed by people, but

by the extractive industry: for example, a single aluminium smelting pl&&mBrazil can use

more power than the ~1.2 million population of Bel@raarnside 1999 he decision to construct

dams is heavily embroiled in large fir@al investment and political will, yet dams provide few
long-term social benefits. For example employment opportunities tend to be limited, as few people
are employed once dam construction is complete, and goods produced using power from dams are
exportel as a raw material, rather than providing employmenbimtry from production of high

value goods for the international markeearnside 2016a; Pradbal.2016)
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1.4.2 Carbon emissions associated with tropical dams

Emissions of C@and CH from tropical reservoirbegin at the construction phase (involving
carbon emissions from cement production and vehicles for exaogpiglersist for many years
after inundationand potentially over the entire lifetime of the dé@mable 1.1Abril et al.2005
Gibson, Wilman & Laurance, 20)7Dams constructed in topographically rugged areas with high
rainfall are the most efficient in terms of the energy produced per unit area figtdeds&:

Jenkins 2012)However of the 1096 GW installed energy generation céapad dams globallyin
2016, the energy generated for that year amountpst4.1 PWh(Gibson, Wilman & Laurance,
2017. When dams are constructed in areas of relatively shallow topography, such as the Amazon
Basin, large areas of land must be floottedrovide enough water to power turbirfEsarnside
1989) Indeed,10 million hectares of Amazonian foresestimatedo becomeflooded by
hydropower expansion, leaditgthe direct loss of tropical forests and associated carbon stocks

(Fearnside, 2006

Tropical forests are rarely logged prior to inundatioe to logistical and time constrairi@Gilani

& Innes 2017 and thus, all plant biomass is submerged. The decomposition of dead biomass below
water level, combined with high levels of dissolvedamic carbon entering reservoirs from

tributaries, leads to significant emissions of2@@d CH from reservoir surfaces, and as anoxic

water layers are drawn through turbines and down spillfslysl et al.,2013) Seasonal exposure

of the reservoir bodm during periods of low rainfall also results in a cyclical pulse of emissions

from exposure of higlecarbon tropical soils to the air, followed by rapid vegetation regrowth on
exposed soil, rsubmergence of vegetation and its subsequent decompdBimmside 2002a;

Demarty & Bastien 2011Emissions are far larger from tropical reservoirs compared to those in
more temperate climates due to high carbon stocks in soil and vegetation, and higher water
temperatures increasing gaseous emissions from oasH($t. Louiset al.2013) Annual

emissions from the Tucurui dam (Brazil) have been estimated to be more than the annual emissions
generated by the population of Sdo Paulo burning fossil (Eelrnside 2002afield-based
quantification of carbon enggns from dams in Amazonia has shown that carbon emissions from

decomposing submerged biomass and soil are the largest contributors to reservoir carbon
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emissions, with Petit Saut (French Guiana) emitting 22 % of the flooded carbon stocks over 10
years(Abril et al.2005) and emissions from Tucurui (Brazil) estimated at >28 Mg Cyear
(Kemenes, Forsberg & Melack 200Qarbon emissions from the Balbina dam (Brazil) exceed
those of a thermal power plant that would generate the same amount of (&uesagt al. 2004)
However there have been recent calls for more comprehensive quantification of carbon exchange
from tropical reservoirs in general, to gain insight into wisylstem carbon fluiDemarty &

Bastien 201,1Gibson, Wilman & Laurance 2017Accurate quantification of such carbon fluxes in
hydroelectric systems is especially needed, as current policy to mitigate climate change via
emission reductions favours sources of renewable energy such as hydrofeinwginbal

emissions from hydroelectric regeirs across all major habitat types have been estimated to range
from 136635 Tg for CH and 176301 Tg for CQ (Fearnside 2013; Deemet al.2016; Scherer &

Pfister 2016; Winemilleet al.2016)

1.4.3 Impact assessments and additional sources dioraloss from tropical dams

Given the wealth of documented impacts of dams, there is a lack of appropriate environmental

impact assessment prior to project approval; where impact assessments have been conducted, they

are often inadequate in mediverse rgions such as the Amazon basin, and regularly ignored in

favour of political and financial gair{®eres 2005; Peres al.2010; Ritteret al.2017) While

some environmental mitigation measures, such as the development of protected areas surrounding

damsar e suggested in fibest pr dnternational Egetgy Agentyi nes o f o1
2006) there is no consensus or signatory international agreement on how to forecast, prevent, or

mitigate the detrimental impacts of large ddikareiva 2012; Pido et al. 2016; Winemilleret al.

2016) Furthermore, when island archipelagos are created, their cumulative area is not included in

impact assessments. Given the impact of habitat fragmentation on remnant terrestrial habitat and

species, particularly wheemnant habitat fragments are surrounding by water, the area of

reservoir islands should be accounted for in any impact assessments of future dams. At present,
reservoir islands are hailed as oOowildlife refuges
extinctions of taxa on islands are widely reported, and rescue efforts to save wildlife as reservoirs

are filled are ineffective and result in significant mortality of rescued wil@li&borghet al.
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2001; Nakhasathien 2009; Gibseinal. 2013; Benchimol &Peres 2015b; AuréliSilvaet al.

2016)

Current models of carbon emissions from dams do not considetdomglegradation of remnant

tree communities on islandsor do they include additional forest loss and degradation associated
with dam construatin. For example, on the Tapajos River and its tributaries, deforestation is
predicted to increase by approximately 1 million ha by 2030 due to the construction of roads and
powerlines, and the influx of people able to access forest resources (BarretdE2@hAyiththese
potential longterm sourceof carbon emissions omitted from models, six out of 18 dams planned
for construction in Amazonia have been predicted to have emissions comparable to thermal power
plants, and higher emissions compared to smlarind projectgde Fariaet al.2015) Models also
predict that the 18 dams would lead to average total emsssi@nto 21 Tg CHand 21310 Tg

CO; over a hundred yeafde Fariaet al.2015) A further source of carbon emissions associated
with dam castruction comes from dam developers themselves, encouraging deforestation of land
surrounding reservoirs and tributary rivers to increase river flow. The irony in this practice is
astounding considering the green energy credentials of hydrofidesmet al. 2002; Fearnside

2013) and the fact that intact forests increase rainfall and river flow upon which hydropower
generation relies. Using predicted levels of deforestation within the Amazon basin and rainfall
models of the Xingu River basin (the locationthe Belo Monte dam complex), deforestation was
found to inhibit rainfall and decrease river discharge 3% 66, reducing projected power output

of the Belo Monte dam by 75 &tickleret al.2013)

Tropical forest fragmentation leads to loss oétbhdomass and carbon emissi¢Asneret al.2010;
ChaplinKrameret al.2015) Thus the inclusion of forest degradation on reservoir islands in impact
assessments is needed for better carbon accounting of dams, as loss of tree biomass on islands will
doultless lead to significant carbon emissions, on top of those already associated with tropical
reservoirgFearnside & Pueyo 2012; Benchimol & Peres 201Sa)dies have shown that tropical

tree communities isolated on reservoir ldmaige islands undergaypid degradation, including

loss of biomass, species richness, and alterations in community comp@stginet al. 1993;
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Terborghet al.2001; Yuet al.2012; Benchimol & Peres 2015#)we considethe Balbina
hydropower reservoir, 118,000 baformely continuous forest now forms an archipelag@s45
islands and aly 2% of this total island area is predictegtovide suitable habitat to suppos75

% of the original vertebrate community (Benchimol & Peres 2015b). Assuming that depauperate
vertebrate communities are indicative of forest degradation, carbon emissions due to forest
degradation could therefore be in the region of 0.1 Pgpge®year from islands. In additiotine

8992 km of island edge may also be a significant source of emisbiassiihento & Laurance,
2004;Table 1.1) We have little understanding of how tree communities recruited on islands post
isolation correspond to remnant adult tree communities, and whether there is evidence for a shift
from remnant tree communities towafdsure communities representative of early successional

tree communities, with lower carbon storage capd@i@parelliet al.2008; Léboet al.2011)
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Table 1.1Potential additional sources of @@missions from dam construction and operation, andtietamagnitudes of emissions

Geographic Main source of Emissions of CO
Area/ Case C flux and/or CQ Details and significance
study equivalent
Dam construction

Three Gorges Cement 36.59Pg Approximately 900kg G@ produced per Q00kg cement (Mahasenan, Smith &

Dam, China production Humphreys, 2003). The Three Gorges dam, China, used approximately 27 nilli
2F OSYSyisI NBIdANRY3I dnnIcpnIycnInn
of China in the Unisted staes of America; undatétiptotal amount of CQemitted
from cement from the Three Gorges Dam therefore be estimated at 36.59 Pg.

Itaipu Transportation  Unknown The C@emissions of trucks throughout the construction phase of dams could be

of materials significant. For example, theaipu dam in Brazil took 18 years to complete.

Dam operation

Reservoirs
globally&
Amazonia

Emissions from
reservoir
surface,
including
bubbling

Reservoirs in Wood

Amazonia

decomposition
(flooded wood)

2.5 x10' Pghat
year?

140-227Pghat
yearof flooded
forest

773.1 Tg C&equivalent per year is estimated to be emitted from 0.31%ki6° of
reservoir surfaces globally (Deenwdral.,2006), and thus, approximately 2.5 X0
Tg per kmMwhich equates to 2.5Pg C@per ha of reservoir surface area. 10 milliol
ha of forest will be flooded by proposed dam construction in Amazonia (Fearnsi
2006), which maythereforeresult in annual emissions of 2.5 Pg@€r year from
Amazoniarreservoir surfaces and bubbling.

Over a 100 year period, an estited 140227 Pg Cgequivalent is emitted per ki
Amazonian forest flooded (Absat al.,2013), equating to approximately 123 Pg
per year per krfy (converting to 14227 ha'per year). In Amazonia, 10 million
hectares of forests are expected to be mated by dam development (Fearnside
2006). Using estimates for carbon emissions from flooded forest, this may give
to annual enissions of between 1¢22.7 PtCQfrom flooded Amazonian forests.
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Balbina,
Brazil

Seasonal
exposure of
reservoir
bottom

0.002Pgyear?
(total exposed

reservoir bottom;

unknown area)

97,000 tonnes of methane have been estimated to be released annually from th
seasonal exposure of the reservoir bottom in the Balbina dam (Demarty & Basti
2011). This equates to the g€nuivalent 0f2,425,000onnes i.e. 0.002 Pg GO
equivalent yeat

Collateral

Tropical and
subtropical
forests

Tropical
forests

Belo Monte,
Brazil

Degradation of
remnant forest
(per hectare,
per year)

Forest edge
creation

Deforestation
surrounding
reservoirs

9.36 x10°Pghat
year?

12-15 x1® Pg
100

1.5 x1°Pg
carbon ha year?

Over the estimated 2.2 billion hectares of tropical and sojical forest which is
degraded from fireand resource extraction, 2.06 B§CQ is emitted per year
(Pearsoret al.,2017), which converts to emissions of approximately 9.36'%T®
halyear?. Considering Balbina has a total of 3546 islands of@bined area of
118,000 ha, and only 2 % of this island area (2360 ha) can harbour over 75% o
species (i.e. appear to be least degraded), this means that ~115,640 ha of fores
islands is degraded. Using the estimated C emissions from degraded tropést) fo
emissions from degraded forest islands could be in the regiorD600.Pg Ceper
year.

Considering that the negative effects of forest edge creation on biomass and ca
storage can exted <1500m into forests away from forest edges, a cumulative
emission of 1215 Mg C 100mhas been estimated (Nascimento & Laurance, 200:
The creation of 3546 reservoir islands in Balbina has created 8992 km of island
which therefore may lead to eissions in the region of 0.001 Pg{this estimate
does not include the mainland edge, which would further increase emissions
estimates).

Deforestation surroundinthe Belo Monte dam is predicted to reach 468000 knt
by 2030 (Barret@t al.,2011). Across 1949 million ha of tropical forests, 2.9 Pg
carbon is lost from deforestation per year (Raral.,2011).

22



1.5THESIS AIMS

In this thesis | aim to assess thgacts of landscapgcale habitat fragmentation induced by mega
dams on local biodiversity carbon storage, and assess the potential of regenerating secondary

forests to uptake carbon and mitigate carbon losses from deforestation.

Chapter 2: Is there a gbally-applicable pattern in species responses to isolation on reservoir
land-bridgeislands?

Within Chapter 2 | present the findings of a global analysis of the impacts of reservoir creation on
different taxonomic groups isolated on reservoir fandgeislands, investigating patterns of

species richness change on islands compared to nearby mainland continuous habitat. | discuss the
relative importance of island area, isolation distance, and isolation time in governing rates of

species loss from islands the context of Island Biogeography Theory and extinction debt.

Chapter 3: What is the loagerm impact of darnduced fragmentation on tree communities?
Understanding the processes that govern responses of tree communities to fragmentation in the
long-term will allow us to better predict the lotgrm carbon balance of tropical meg@ms. In

Chapter 3, | examine the relationship between adult and sapling trees on islands within the Balbina
hydroelectric megalam, Brazil, and discuss findings in the cabtef longterm floristic change

and carbon loss from insular forest communities.

Chapter 4: How do liana communities respond to daduced fragmentation compared to trees?
Given that lianas are wedldapted to fragmented and degraded forest habitaplay a
disproportionate role in driving tree community dynamics, in Chapter 4 | present analyses relating
to adult and sapling lianas and their community composition across the Balbina archipelagic
landscape. | discuss differences in the responsesasliand trees to landsceguoale

fragmentation, with a particular focus on the additional role lianas may play in shaping future

insular tree communities and carbon storage on reservoir islands.
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Chapter 5: What contribution can soil and necromass carlacks make to broadcale

predictive models of secondary forest carbon uptake?

In Chapter 5 | present a study of soil and necromass carbon stocks across a chronosequence of
secondary forest plots, ranging from 40 to 120 years, within the Barro Colorase Nainument
(BCNM) Panama. Findings are discussed in terms of the importance of including detailed plot
level soil nutrient information in future predictive models of secondary forest carbon uptake, and

the relative contributions of soil and necromas$®aarpools to total forest carbon stocks.
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(HAPTER

Extinction debt on reservoir

land-bridge islands

A version of this chapter has been published as:
Jones, |.L., Bunnefeld, N., Jump, A.S., Peres, C.A., Dent, D.H. 2016. Brfinction

reservoir lanebridge islands. Biological Conservation, 199835

IJ and DD formulated the research idea. 1J collected the data and performed analyses with advice
from NB. All authors commented on draft versions of this manuscript, and the published version

formatted for the thesis is presented here.

2.1 ABSTRACT

Largedamscauseextensive inundation of habitaisith remaining terrestrial habitat confined to
highly fragmented archipelagos of lahddge islands comprised of former hilltops. Isolation of
biological canmunities on reservoir islands induces local extinctions and degradation of remnant
communitiesiiGood practicé dam develomentguidelines proposesing reservoir islands for

speciesonservationmitigating some othe detrimentalmpacts associated wiffooding
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terrestrial habitatsThe degree of species retention on islands in thetknmg, and hence, whether

they are effective for conservation is currently unknowerddve quant it ati vely revi ev
responses to isolation oeservoir islands. W specifically investigate island species richness in

comparison with neighbouring continuous habitat, and relationships between island species

richness and island area, isolation time, and dis
responses tasolation orreservoirislands have beenvestigatedn only 15 of the >5800 large

dam reservoirs (dam height >15 aperatingglobally. Research predominantly originates from

wet tropical foreshabitatsandfocuses on mammals, with species richnessgottie most widely

reported ecological metrid errestrialtaxaare overall,negatively impacted by isolation on
reservoirislands.Reservoir island species richness declines with isolation time, and although the

rate of loss is slower on larger islandh,islands exhibit depauperate species richness <100 years

after isolation, compared to continuous mainland habitats. Such a pattern of sustained and delayed

species loss following larggcale habitat disturbance is indicative of an extinction debt megifir

reservoir island species: this pattern is evident across all taxonomic groups and dams studied. Thus,

reservoir islands cannot reliably be used for species conservation as part of impact mitigation

measures, and should instead be included in atedat#ons for land impacted by dam creation.
Environmentalicensingassessments as a precondifamfuture dam development should

explicitly consider the longerm fate of island communitieghen assessing biodiversity loss vs

energy output.

2.2INTR@UCTION

There aré8 402 large dams (dam heigtit5 m)operatingglobally, constructed predominantly for
irrigation and hydropower generati¢lcOLD 2016) A growing human populatiois predicted to
increase the demand for water b 2 per year, and trdemand for energy by >56 % globally
between 2012040. Energy demand is estimated to rise by 90 % in increasingly industrialised
countries with emerging economies over the same p@&n&D 2000; EIA 2013)Concurrently,
changing climat andprecipitationpatternsincluding severe droughts, will likely furthercreag

demand for wateand reduce hydropower generation from large reser{@kis& Kanae 2006)
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Hydropower isegardecasarenava b | e fAgr een o0 e n eangdryctedimareas with |
steep topographandhigh rainfallproduce the most energy per unit afemer & Jenkins 2012)
Howeverdams are often constructediaw-lying areas withhigh conservation valudéor example
154dams operatm the Amazon basiwith a further277 plannedCastelloet al.2013; Lee<t al.
2016) The construction of dams directly impacts both terrestrial and freshwater ecosystems
through inundation of habitatompositional changes in biological communities, anddse of
structural and functionaonnectvity between upper and lower reachesvatershed¢Nilssonet

al. 2005; Fineret al.2008; Palmeirim, Peres & Rosas 2014;(B#&eiraet al.2015; Leest al.

2016)

Over50 % of thewo r | d Oriser dystemgrel >60% of the combined habitat areatadpical,
subtropical and bore#&brests, tropical and subtropical grasslands, savannahs and shriaeads
been estimated to lpacted by damgNilssonet al.2005) Inundation of terrestrial habitats, and
tropical forests in particular, can resultsignificant carbon emissions from reservoirs in the form
of CQ, and CH, which can persidor many years after inundation and often over the lifetime of
the reservoi(Fearnside 2002a; Abrdt al.2005; Demarty & Bastien 2011; Fearnside & Pueyo
2012) Direct social impacts arise from thass of indigenous landdjsplacement of communities,
anddisruption to local economieslianton fisheriesften concurrently affected by heavy metal
accumulatior{Fearnside 1999; Boudai al.2005) Additionally, increased access to previously
undisturbed habitat caglevate levels diiunting and deforestation in areas surrounding reservoirs

(Peres & Lake 2003; Kirbgt al.2006)

When dams arbuilt, habitat is lost through inundation, with remnantgm&viouslycontinuous
terrestrialhabitat confined to highly fragmentéhd-bridge islandarchipelagogomprisedof
former hilltops. A(Bteronatongh Energy tAgerce ZD0Rgdamd e | | ne s
developers to mitigatecological impacts from dam constructiarclude implemenig protected

areas covering landridge islands and habitat surroundiegervoirs For examplethe REBIO

Uatund (the largesBiological Reservén Brazil) encompasses approximatéigf of the Babina

hydroelectric reservoir, inadingall islands ast of the former left bank of the Uat&miver and
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mainland areas extending away from the eastern edge of the resg&ciy-protected area status
has largely deterred smatale slastandburn agriculture and extraction of resourcethin the
REBIO Uatuma, on both islands and within surrounding continuous forest (Benchimol & Peres
2015b; c) However, ve do not knowvhetherprotectingreservoirislands is effectivéor

biodiversity conservation, due to a lack of lelegm monitoring The International Energy Agency
highlights thedearthof systematic evaluation of any mitigation, enhancen@am compensation
measures currently being recommendelditge dandeveloperginternational Energy Agency

2000; Trussaret al.2002)

Fragmenttion of habitat causes a number of impacts to species, such as population reductions and
local extinctions; the strength of fragmentation impacts differ depending on the taxonomic group
and life-history traits of specig@urner 1996; Bender, Contreras &lig 1998; Forman &
Alexander 1998; Fahrig 2003)revious studies of reservoir islaathipelagofiave shown that
island taxa typically experience a novel hygeaturbance regime, resulting in drastic shifts in
species diversity and community compasitthrough species turnover, and altered carrying
capacity of the remaining habit@@ossoret al. 1999b; Hanski & Ovaskainen 2000; Terbosgthal.
2001; Ferreirat al.2012; Benchimol & Peres 2015&pcal species extinctions on reservoir

islands have len observed for plan{¥'u et al.2012; Benchimol & Peres 2015a)vertebrates

(Feer & Hingrat 2005; Emer, Venticinque & Fonseca 204iB)is (Yu et al.2012) bats(Cosson,

Pons & Masson 1999a3maltmammalgLambertet al.2003; Gibsoret al.2013) and midsized to
largebodied vertebrate@Benchimol & Peres 2015b;.dopulations of some species can become
hyperabundant on islangdand invasive species can establish, further impaotimgy taxa

(Chauvet & Forget 2005; Feeley & Terborgh 2006; Lopeketborgh 2007; Gibsoet al.2013)

Changes in island communities may not occur immediately after inundation; instead, sgcies
be subject t o wherebyiaeprrtion of speciepane indialyplast)followed,
potentially multiple generatits later, by further species extinctiqiidman et al. 1994; Kuussaari

et al.2009; Halleyet al.2014; Kitzes & Harte 2015 hus, the effects of fragmentatiand

isolationcan persistor years after initial habitatloss as communi t itdsonwnder go
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towards a new equilibrium communif®iamond 1972, 2001; Terborgh al. 1997; Ewers &

Didham 2006; Feelegt al.2007; Wangetal.2009) The f#Ar el axati ond process
by island area, with species losses faster on smaller islands gaadter timéag for species loss

on larger islandéDiamond 1972; Gonzalez 2000)here are a number of empirical methods for
calculating extinction delfiVearnet al.2012; Kitzes & Harte 2015and here we consider a

decline in species richness oraistls over time, compared to mainland continuous habitat, as

evidence of extinction debt. In the absence of extinction debt, we assume that all species

extinctions would happen immediately, with no evidence of further degradation of insular

biological commaities through timéKitzes & Harte 2015)

In the longterm it is unknown how reservoir island communities will continue change with
increasing isolation time, as the creation of artificial archipelagos from dam construction has only
occurred over the pasentury.Our present knowledge etological communitiegithin artificial
archipelagogomes fronmultiple snapshot studies from different countries, dams, hahitdts

taxa, at different timpointssincethe originally continuoublabitat was fragmentie Bringing these
snhapshots togethenables identification of general trends across disparate studies, aiding
developmenbf policy-relevant recommendations in terms of the conservation vahesefvoir

islands.

Here,we quantitativelyreview peetreviewed research detailimgsponses of terrestrial taxa to

habitat fragmentation and subsequent isolatiomeservoir lardbridge islands. We then analyse

species richness data from 249 islands and adjacent continuous habitats through time. In particular,
we ask: 1) is there evidence of an extinction debt existing for resersfaind species.e.

compared t@ontinuoushabitat, does island species richness decmtikéncreasing island

isolation time?and @) how does island sizalistance to continusuhabitat and distance to other

islandsrelate topatterns ogpecies richness and rates of species loss?
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2.3METHODS

2.3.1 Literature summary
Dataset collation

We conducted aterature search using Web of Knowledge and Google Scholar search engines
between January 2014 and June 20%mg the key words: hydropower or hyelectric, reservoir

or dam,island or lanebridge,andforest island®r fragmentsOnly full-text, peefreviewed articles
in English were retained; unpublished or grey literaturerve@scluded. Studiesesearching
terrestrialspecies, guilds, taxonomic groups or communitiesegBrvoir islands, attributing
ecological responses observed to reservoir creatira retainedeExperimental studies or those
not explicitly stating an aspeof reservoir creation as a causal factor for the response observed
wereexcluded Studies which met the inclusion criteria were entered into a dataset (henceforth
referred t o a kiteratuectted istre Hatasestudidsivasaiso gcreeedfor

inclusion, andsearches for names of dams in dataset studies were perfétotal of 12 studies

were assessed for inclusiomour study 1000f which met the criteria to be retained.

Data extraction

Datasuch as the number of islarslsg'veyedjsland areataxonomic group@vestigategdandtime
sinceisland isolationwere extracted from studi€¢S2.J). Each study waassigned broachabitat
type (wet tropical forest, tropical grassland ecgrradqg subtropicaforest,Mediterranearfiorest,
boreal foregt Taxa investigated welwoadly grouped intemammals, birds, invertebrates
herptiles, plants, and fungif multiple taxa weréncludedwithin astudy, data were extracted for
each group separately due to the potential for different respoihe precise isolation time of
islands is seldom reported, thus we estimatkhd isolation timasthe year of dam closurainus
the year of field data collectiom six studies field data collection dates were not reported, thus,

data collection dte was conservatively estimated as two years prior to publication date.
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Assigning study response directions

For each study the authorsd key results and ¢
the study taxa to isolation on islandegporse:positive, negative, variabler neutral seeS2.J).

For examplea study reporting declining species richness on islands would be assigned an overall
negative responsén overall positive responseould be assigned if, for example, recorded
sightings(e.g. presence/absence data) were higher on isl@nwdsall \ariable responses could

result from research involving different speaigthin the same taxon, e.g. two species of bat
exhibitingdivergentresponseto isolation Neutral responses would résiéino differences or
alterations in taxan islands compared to mainland sitee reported. If authors did not draw a
conclusion as to theesponse directions obseryedk examinedhe data reporteand assigned a
response directioaccordingly. If nultiple response directions for the satara were observed

over time, theoredominantesponse directiofi.e. overmostyeard was used as the overall

direction.

To account for withirstudy complexity i.e. inclusion of multiple taxonomic groups and/or
ecological metricsresponse directions were derived éaichtaxonomic group and ecological
metricinvestigatedS2.]). Ecological metricincludedspecies richness, polation density,
behaviour (e.g. foraging behaviouthmmunity compositionpresencelasence, fithess/recruitment

(e.g. breeding output), genetic diversity, and functional diversity

2.3.2 Species richness analysis

Estimates of gecies richness were the most widedportedand accessible data available in the

collated studies, and theregowe selected this ecological metric fotdiepth analysis.

Data collection

Dataset studies presenting species richness data for islands and nearby continuous (control) habitat,
as well as island areas and isolation time, were wsaglsessariation inspecies richnessn

reservoir islands compared to control habig®.{). These data also allowed investigation of the
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relationships between species richness and island area, isolation time, distance to mainland and
distance to nearest islardf the 100dataset studies, 17 presented species richness data for islands

(n = 249; size rangel-1690hg isolation time <192 years) and control sites (n = 84), and were

used for the irdepth analysis of species richness dataj. If data for the distance to rimand or

nearest island were not presented, then if possible these data were calculated from satellite imagery
using Google Earth Pr@oogle 2015)Geographically, the 17 studies suitable for species richness
analysis originated from nine dams, locatedhree continents in three broad habitat types (wet

tropical forest, subtropical forest, and tropical grassland).

Data analysis

For each studyheaverage species richness for control sites was calculatedafidef island

species richness tverageontrol species richnesSx{cH) was thercalculatedor each site and

used for analysidf a study contained data over multiple years, and thus, multiple isolation times,
then species richness for control sites over the same isolation time period vagedVea study

had multiple species richness values for the same island size, taxon, and isolation time, species

richness values were averaged to avoid pseeglication.

To normalise data, all data were logged (natural logarithm) prior to an&ysisvalues were
modelled using linear mixed effects modgiser using Ime4Bates et al., 2014as a function of
island isolation timeTso), island areaAREA), distance to mainlandgan) and distance to
nearest islanddis.anp) as fixed effects, wh taxonomic groupTaxA), dam identity DAM; a
surrogate for location), and studyT(DY; to account for differing survey methods and survey
intensity among studi¢as randoneffects(Bunnefeld & Phillimore 2012)nteraction terms were
included betweeAREA, Tiso, Dman andDis anp, as well as betweebaxa, DAM andSTuDy;

guadratic terms were also tested for.

Due to missing values f@wan and Disiano We reduced the dataset to only those data rows
containing values for all variables being testedslarids = 178) and used this dataset for linear

regression and model selectiorRr{R Core Team 2016Models were simplified following
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stepwise deletion of nesignificant terms i.e. those withtavalue <2 and models compared using
Chi-square tests in ARBVA (Crawley 2005TableS2.2. Following model simplification, the final

model did not include variables with missing values, thus, the final model was fitted to the whole
dataset (n islands = 249). The best linear unbiased predictors (BLUPS) for eashréaamtracted
using the oO6ranef & f un Baiestral.2014)tElch dam hab & differeme 4 R
intercept, which can fall above below that of the overall modelopitive BLUPs indicate that the

dam has higher than expected levelspaftées richness estimated from the fixed effects, and those
falling below the model average indicate that species richness is lower than expacigd

variance components analysis was carried out for the random €éGeatdey 2005)
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Fig. 2.1 Gengraphy of research detailing responses of terrestrial taxa to isolation on
reservoir landbridge islands. Dam names and the percentage of total dataset studies
(n = 100) originating from each are presented. Broad habitat type is indicated by
colour: darkgreen = wet tropical forest; light green = subtropical forest; yellow =

tropical grassland (e.gerradg; cream = Mediterranean forest; blue = boreal forest.
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2.4RESULTS

2.4.1Literature summary

The 100 dataset studies examined here were predominamtiyNeotropical forest habitatBig.

2.1, 2.2a). Mammals were the bestudied taxonomic grouff-ig. 22b); responses of terrestrial

taxa isolated on reservoir islands were most often expressed in terms of species richness and
presence/absence, and ramlth regards to behaviour, genetic or functional divgrgtig. 22c).

An overall negative response of terrestrial taxa to dam creation was reported in >75% of studies,
and these negative responses were seen across all habitat types, ecologicahntbtegsnomic
groups investigate(Fig. 22a-c). Overallpositive responses were confined to only two of the 100
studies (Fig. 22a), of which one reported increased and more stable population densities of small
mammalgAdler 1996) and the second, incisad food resources for a raptor due to prey being
6capti ved o nBenchimd &\Memicdngue 201@5tudies report results for islands

isolated from <1 to 92 years, with the mean island isolation age of ~33(yeégwr22d).

2.4.2 Speciesahness analysis

The final model for analysis &icnx includedTiso andAREA as fixed effectsandTAxA, DAM and
StuDY as random effect@able2.1); Duan andDisiano had no significant effect o8kich, and no
interaction terms were significar$2.2. Of the random effects, 36% of variation was explained by

STUDY, 17% explained bypAM, with 47% residual varianc&AXA did not explain any variance.

Table 2.1 Coefficient estimates for fixed effects in the most parsimonious model
used for species richneasalysis, witiTaxa DaM and Srubyas random effectd-

values >2 were treated as significant.

Estimate  Standard Error t-value

Intercept -0.514 0.237 -2.168
AREA 0.185 0.015 11.944
Tiso -0.244 0.067 -3.641
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Fig. 2.20verview of research
presented within dataset studies
(n=100). 2ec) present the
proportion of total studies (black
bars) for habitat type, ecological
metric and taxonaic group
investigated respectively; pie
charts represent overall respons
directions (red = negative; blue :
positive; green = neutral; yellow
variable). 2d) presents the
distribution of studies through
island isolation time (red dashec
line representsnean island

isolation time, ~33 years).



For all taxonomic groups and dangpecies richness declined with island isolation titmat this

effect was mediated by island size with larger islands retaining more species than smaller islands
(Fig. 2.3). Fa example, predicte8ricHon the largest island (1690 ha, within the Balbina
hydroelectric dam, Brazilian Amazon) is predicted to be 3.2 at the mean isolation time of islands in
the analysis, compared to a predicid+of 1.2 on the smallest island (0.17 ha, Cabra Corral,
Argentina). In terms of island isolation time, even the lstrggand studied (1690 ha) exhibits
reducedSsicr in <30 years of isolation, and Barro Colorado Island (~1500 ha, Gatun Lake,
Panama), which has been isolated for the longest period in our study (~92 years), similarly shows

sustained species richness ded (Fig.2.3).
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Fig. 2.3 Analysis of species richne&k€) data from 249 islands and 84 control sites
available from nine dams in three broad habitat types (wet tropical forest,

subtropical forest, and tropical grassland), modelled with time sisie@d isolation

(Tisg and island area®ReA. Bold black lines represent the slope for the overall

model, with individual lines for each dam fitted using the BLUPs extracted from
random effects. Colour indicates dam identity: grey = Petit Saut; gr€dmiew Larn;
magenta = Lago Guri; brown = Randenigala; light pink = Cabra Corral; orange = Lake
Kenyir; purple = Balbina; red = Thousand Island Lake; blue = Gatun Lake. Axes are on

a natural log scale.

The estimates for the random effecDofvm (BLUPS) shav that the majority of dams (66%)
maintain lower than expected levels of species richness i.e. species richness values fall below those

predicted by the overall modgtig. 2.3; S2.3. Only islands in Gatun Lake, Balbina, and Thousand
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Island Lake maintaihigher species richness than predicted. Using our model we can &eslict
values for islands of mean area at a given isolation time, and islands of different areas at the mean
isolation time, for each reservoir. For example,3hex for mean island ge within Gatun Lake

reduces from 2.24 at five years of isolation to 1.49 after 90 years of isolation. In contrast, in Lake
Kenyir which maintains the lowest expected species richness values, a small island of 5 ha (at
mean island isolation time) has agited Skicnvalue of 1.35, which is increased to just 2.23 on an
island of 1000 ha. There was no evidence that islands located nearer other terrestrial habitat or

mainland continuous habitat had reduced levels of species loss.

2.5DIScUssION

Our study fnds that terrestrial taxa isolated on reservoir islands experience significant reductions in
species richness in less than a century of isolation. Such sustained local species losses after the
initial loss of habitat indicates that reservoir island speariesubject to an extinction debt, which

is evident across all dams, habitats, and taxa. All islands showed depauperate levels of species
richness compared to continuous habitats, with smaller islands maintaining lower species richness
than larger islanddsland isolation time and area, but not distance from other terrestrial habitat or

the mainland, were the drivers of species richness patterns observed.

More broadly, we show that the majority of taxa are negatively impacted by reservoir creation
acros a range of other ecological metrics including behaviour and genetic divergitgurrent
knowledgeof the impacts of reservoir creation is disproportionately focussed on mammals, and
originates predominantly fromvergreerNeotropicalforest habitatswhile not all dams create
archipelagic landscapes, research within ourt®gis covers just 15 of the >B80 large dams
operating globally, representing a small and potentially biased sample of possible island systems.
However, even with such limited @atve clearly demonstrate the negative impact of dam creation
on island species richness. Furthermore, we highlight the shortfalls in current conservation and
impact mitigation strategies for dam development, particularly in terms otéongbiological

costs, in addition to the immediate direct los$osfland habitat during flooding.
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2.5.1 Island species richness, area, and isolation time

Classic island biogeography thedtBT; MacArthur & Wilson 1967kxplains variation in island

species richness throug balance of species immigration and distance from species source pools.

In the artificial archipelagic systems we investigate in our analysis, rather than a process of species
accumulation on islands, remnant communities of formerly continuous hatii@tgo species loss
(Arelaxationo) wuntil a n e(iamergl 1972; Gdnzalez2®0;c o mmu ni t y

Lomolino 2000)

Area was a significant predictor of species richness on islands within our analysis, as expected
from the speciearea relationtsip and IBT(MacArthur & Wilson 1967; Connor & McCoy 1979;
Triantis, Guilhaumon & Whittaker 2012lowever distance, both to the mainland and other

islands, was not a significant predictor of island species richness: this represents a departure from
the IBT, and suggests the reduced importance of metapopulation dyr{&faitski & Gilpin 1991;

With & King200l)and t he i r(Bravo & Kodrie-Brédwe £9¥ 7dfor maintaining insular

populations in artificial archipelagic systems.

In the case of reservadslands, remnant terrestrial habitat fragments are surrounded by-a high
contrast, inhospitable water matrix, presenting a prohibitive dispersal barrier for certain taxa. Such
an extreme dispersal barrier effectively renders all islands as too isolateddony Ar escue ef f ec
from wider species source pools to maintain island communities and species richness, and explains
the lack of distance effects we find in our analyg¥tson 2002)The evolutionary history and

traits of species resident in continsdabitats make many incapable of dispersing through open
habitats, across large distances, or through adoglrast matrix such as open water (see Fig. 2 in
Ewers & Didham, 2006). For examplbetability of tropical understorey bird species to dispers
acrossawater matrix between islands was tested in Gatun Lake, Panama, where some species were
limited to <100m of flight{Mooreet al.2008) species reliant on continuous habitess be averse

to crossing eveamall clearings, such as logging roaglgen whertheforest canopys closed

(Develey & Stouffer 2001; Laurance, Stouffer & Laurance 2004)
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Habitat fragments surrounded by water therefore represent a-gassecenario in terms of
fragmentation effects; aside from the dispersal barrier ptigespecies migration, islands are
subject to extreme edge effects from e.g. increased UV and wind damage, often penetrating deep
into islands leading to further degradation of island kietarcia 1995; Laurance & Curran 2008;
Benchimol & Peres 2015djabitat fragments embedded within a more similar and potentially
hospitable, but lovguality, terrestrial habitat matrix (e.g. forest fragments within an agricultural
landscape) can retain higher levels of species diversity, with reduced local extiatg®n r
(Mendenhalket al.2011) when compared to reservoir islands of a similar @#ndenhalket al.

2014)

We find a reduction in species richness on all islands with increasing time since initial habitat loss.
Such a pattern of sustained and delageties loss is indicative of extinctidabt(Tilman et al.

1994; Kuussaaet al.2009; Kitzes & Harte 2015Extinction debts are especially high in areas
subject to recerirgescalehabitat loss, suchs islands created by ragidoding of terrestral
habitats(Hanski & Ovaskainen 2002Dur analysis illustrates that reservoir islands are of limited
long-term conservation value, due to evidence of an extinction debt: species loss appears most
rapid on smaller islands, but even the largest islandsest~1690 ha) exhibited lowered species

richnessm under 30 years of isolation.

Ongoing species losses have been reported on another large island in our synthesis: Barro Colorado
Island (BCI, ~1500 ha) has been isolated for 92 years since the forroftlee Gatun Lake,

Panama. In less than a century of island isolation, and despite strict environmental protection of

BCl and surrounding peninsulas, 65 bird speffesbinson 1999and 23 butterfly specigBasset

et al.2015)have become locally extihalongside longerm degradation of the tree community

(Leighet al.1993) In the Balbina hydroelectric meglam system in Amazonia, Benchimol and
Pereq2015c)calculated that a threshold island size of 475 ha was needed to conserve >80% of
terrestrihand arboreal vertebrates on islands. Howewds, 25 out of 386 islandsin the Balbina
archipelagameset this size criterion. Balbina jgrotected by the largest biological reserve in Brazil,

and thus represents a best case scenarimddiversityconservatiorwithin an artificial
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archipelago systengpecies inhabiting otheuchsystems, without protection, will therefore likely
suffernot only from direct habitat loss through flooding and potential extinction debt, but
additional humammediated impetssuch as deforestatipagriculturehunting, and fir¢Peres

2001b; Laurance 2008)

The data we use for analysis of species richness on reservabrldgd islands originate from 249
islands within 9 of the 15 dams presented in Eitj.and allow uso show patterns applicable to all

dams and taxonomic groups, although we acknowledge that publication bias towards negative
impacts of reservoir creation could influence the response patterns presented. While the data do not
allow us to disentangle spesirichness patterns for individual taxonomic groups, dams and habitat
types, we have addressed this shortcoming by using random effects in linear mixed effects models
(Bunnefeld & Phillimore 2012)Similarly we cannot calculate the magnitude of extinctiebts

for individual taxonomic groups and/or habitat types, and instead highlight evidence that all
reservoir islands are subject to an extinction debt, and therefore cannot be relied upontésmong

species conservation.

It is possible that the olbsed patterns of depauperate island species richness could be shaped by
landscape attributes prior to inundation and-reswdom loss of more specigsh lowland habitat
during flooding(Seabloonet al.2002) Mainland species richness levels may have eémmated
through surveying lowland habitats; such a potential sampling effect should be accounted for
during survey site selection (eBenchimol & Peres 2015an continuous habitats the greater
availability of resources allows more species to inhalgilven area, compared to the same area of
isolated habitaEwers & Didham 2006)Thus, sampling islands can inherently give lower species
richness values than an equal area of continuous h@aa®rthur & Wilson 1963; Gonzalez

2000; Crawley & Harral @01; Halleyet al.2014)

Data for island taxa in artificial archipelagos come from snapshots of responses to isolation in <100
years of reservoir lifetime, across multiple taxa and habitat types. In addition, no studies monitored

changes in insular comunity dynamics over a significant pasblation time. Consequently, we
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cannot currently determine if the rates of local species loss are predictable beyond the relatively
short time frame analysed here. Nor can we accurately quantify extinction dedditi five

eventual number of species able to persist in the artificial archipelago systems created due to the
assumptions that would be required to do so. Furthertlenmg monitoring of reservoir island biota

is needed to allow these more detailed assestsnto be made, since at present only Gatun Lake,

Panama, provides data for a reservoir >90 years of age.

2.5.2 Conservation implications

Our study strongly suggests thglndswithin reservoir systems do not sustain full complements
of flora and faunan the long termlarger islands retain species for longen smaller islanddut

all island communitieBkely faceanextinction debtGiven that degradation of island communities
can be predicted to occur in all artificial archipelagic systemseztdnt dam development, we
emphasise that reservoir islands cannot be used for species conservation as part of impact
mitigation strategies. The combined area of reservoir islands should be explicitly included in
environmental impact assessments, in adulitiothe area of habitat directly lost through

inundation.

Current policyto mitigate thenegative impacts of dam creation on terrestrial environments consists

of Agood practiced gui del i n emecifiwactiohbydevebpesat ut o
(International Energy Agency 200@nvironmental legislation is highly variable among countries,

and there is no signatory international agreement on how to forecast, prevent or mitigate the effects
of large damsMitigation measuresan take a mutude of formsranging from conducting wildlife
inventoriesand environmental impact assessments before reservaoir filling, creating new habitats

such as wetland zonesthin the reservoir system, agdnservation offsets such sisictly

protecting land bth within and surrounding reservoirs. There is however notermg monitoring

of such practices to assess whethese mitigation measurase effectivgInternational Energy

Agency 2000)
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In light of the many damthat areplanned to meet future watend electricity needs, especiailty

developing coutnies, we call for better tradeff calculationgKareiva 2012}o be made for future

dams, accounting for loAgrm species lossn islands created by floodinig. addition, @hanced

protection of largr islands and surrounding rfragmented habitats is essential to avoid biological

collapse irartificial archipelagic system$Ve highlight the potential for additional impacts from

long-term degradation of high carbatoring habitats such as tropicatdsts, where erosion of

island tree communitigBenchimol & Peres 2015apuld lead to future carbon loss from tropical

dams, exacerbating the greenhouse gas emissions

source(Fearnside 2009; Demarty & Basti2@11)

2.5.3 Conclusions

We have shown that there is an overall negative response of terrestrial species and communities to
isolation onreservoidandbridge islands. These trends are seen aerbssadspectrum of

taxonomic groups and ecological metriSpecies isolated on reservoir islands will likely
experiencextinction dehtand the rate of local extinctions is driven by island size and island
isolation time, independently of distance from potential source populations within the landscape
Oursynthesis of current literature allows broad conclusiamsutthe ecological impacts of

reservoirs through timend highlightghe need for further research from a greater number of
reservoirs over the duration of their lifetiniguilding upon the findingghat we present here,
investigation of the mangther direct and indirect ecological impacts of reserysiish as loss of

river habitats and connectivity, land tenure rights, and the impacts of wider infrastructure

development on surrounding habitatspd be a priority for future research.
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S2.1:Summary of sources and data included in Chapter 2. References for these studiesnf@d.2

Reference Habitat type Country Dam Isolation Number Number Island Overall Study type Response Taxonomic  Response Data usec
time ofislands of areas response reported group(s) studiec of in species
(years) studied control (ha) reported per study taxonomic richness
sites by study type group  analysis
Benchimol Wettropical Brazil Balbina 20 1 0 no data Positive Population density Positive Mammals Negative No
and forest Behaviour Positive Birds Positive
Venticinque,
2010
Benchimol Wettropical Brazil Balbina 21 20 0 5-1815 Negative Species richness Negative Mammals Negative No
and forest Presence/ absenct Negative
Venticinque,
2014
Benchimol Wettropical Brazil Balbina 26 34 12 <1-1690 Negative Speciesichness Negative Plants Negative Yes
and Peres, forest Presence/ absenc¢ Negative
2015a Community Negative
composition
Benchimol Wet tropical Brazil Balbina 26 34 12 <1-1690 Negative Presence/ absenc Negative Mammals Negative No
and Peres, forest Birds Negative
2015b Herptiles Negative
Benchimol Wettropical Brazil Balbina 26 34 12 <1-1690 Negative Presence/ absenc Negative Mammals Negative No
and Peres, forest Community  Negative Birds Negative
2015¢ composition
Functional diversit Negative Herptiles Negative
Emer et al., Wet tropical Brazil Balbina 20 20 6 <15- Negative Species richness Negative Plants Negative No
2013 forest >2000 Community ~ Negative Invertebrates Negative ~ No
composition
Bastos et al.. Wet tropical  Brazil Tucurui 17 2 2 no data Neutral Genetic diversity Neutral Mammals Neutral No
2010 forest
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Carvalho et Wet tropical  Brazil Tucurui 21 8 0 12.9  Neutral Presence/ absence Neutral Invertebrates Neutral No

al., 2012 forest 91.3
Ferreira et al. Wet tropical  Brazil Tucurui 27 17 0 7.9 Negative Species richness Negative Plants Negative No
2012 forest 102.6 Community Negative
composition
Limaetal,, Wettropical Brazil Tucurui 21 10 0 3-2140 Negative Secies richness Negative Herptiles Negative No
2015 forest Presence/ absence Negative
Silvaand Wettropical Brazil Tucurui 17 1 1 16.3 Negative Genetic diversity Negative Mammals Negative No
Ferrari, 2009 forest Fitness/ Negative
recruitment
Veigaand Wettropical Brazil Tucurui 19 1 1 18 Negative Population density Negative Mammals Negative No
Ferrari, 2006 forest Behaviour Negative
Cosson et al. Wettropical French Petit Saut 3 33 3 0.580 Negative Community Negative Birds Negative No
1999a forest Guiana composition Herptiles Negative
Mammals Negative
Cosson et al. Wettropical French Petit Saut 1 6 3 2-40 Negative Species richness Negative Mammals Negative Yes
1999b forest Guiana Commurity Negative
composition
Daleky et al., Wet tropical French Petit Saut 4 36 2 <1->20 Negative Species richness Negative Mammals Negative No
2002 forest Guiana
Davies, 200z Wet tropical French Petit Saut 3 10 3 0.280 Neutral Speciesrichess Variable Invertebrates Neutral No
forest Guiana Presence/ absenct Variable
Davies et al.. Wet tropical French Petit Saut 4 10 3 0.3580 Variable Speciesrichness Variable Invertebrates Variable No
2003 forest Guiana Community Vaiiable
composition
Feerand Wettropical French Petit Saut 4 7 3 1.1-25.5 Negative Species richness Negative Invertebrates Negative Yes
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Hingrat, 200¢ forest Guiana Community Negative Mammals Negative
composition
Granjon et al. Wet tropical French Petit Saut 1 10 0.3530 Negative Species richness Variable Mammals Negative Yes
1996 forest Guiana Community  Variable Negative
composition
Population density Variable Variable
Granjon et al. Wet tropical French Pett Saut 4 33 0.1-:8.5 Negative Species richness Negative Mammals Negative No
2002 forest Guiana Presence/ absence Negative
Henry et al., Wet tropical French Petit Saut 9 14 2-7.5 Variable Behaviour Variable Mammals Variable No
2007a fOfESt Guiana thess/ Negative
recruitment
Henry et al., Wettropical French Petit Saut 9 14 0.87.5 Negative Presence/ absence Negative Mammals Negative No
2007b forest Guiana Behaviour Negative
Henry et al., Wet tropical French Petit Saut 9 14 0.87.5 Negative Species richness Negative Mammals Negative No
2010 forest Guiana
Ponsand Wettropical French Petit Saut 2 16 <628 Neutral Species richness Neutral Mammals Neutral Yes
Cosson, 200: forest Guiana
Ringuet, 200( Wet tropical French Petit Saut 1 35 0.2-60 Negative Species richness Negative Mammal Negative No
forest Guiana Presence/absence Negative  Herptiles  Negative
Aponte et al., Wet tropical Venezueli Lago Guri 14 1 350 Negative Population density Positive Herptiles Negative No
2003 forest Fitness Negative
recruitment
Asquith et al. Wet tropical Venezueli Lago Guri 10 13 1-350 Negative Species presence Negative Plants Negative No
1999 forest absence
Community Negative Mammals Negatie
composition
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Feeley, 2005 Wet tropical Venezueli Lago Guri 14 26 0.2180 Negative Species richness Negative Birds Negative No
forest
Feeley and Wet tropical Venezueli Lago Guri 16 19 >0.2<5 Variable Community Variable Primaes Negative No
Terborgh, forest composition Plants Negative
2005
Feeley and Wettropical Venezueli Lago Guri 14 29 >2.5 Variable Species richness Positive Mammals Neutral No
Terborgh, forest <25 Population density Positive Birds Positive
2006
Feeley et al., Wettropical Venezueli Lago Guri 14 26 <2.5- Negative Community Variable Birds Negative No
2007 forest >25 composition
Feeley and Wet tropical Venezueli Lago Guri 17 11 <1- Negative Species richness Negative Birds Negative No
Terborgh, forest >200 Presence/ absence Negative
2008
Lambert et al. Wet tropical Venezueli Lago Guri 12 10 0.2.350 Negative Species richness Variable Mammals Negative No
2003 forest
Larsen et al.. Wet tropical Venezueli Lago Guri 17 29 0.16 Negative Speciesrichness Negative Invertebrates Negative No
2005 forest 181 Community  Negative
composition
Functional diversit Negative
Larsen et al.. Wet tropical Venezueli Lago Guri 17 33 0.16¢ Negative Species richness Negative Invertebrates Negative No
2008 forest 181 Species presence Negative
absence
Population density Negative
Lopez et al., Wet tropical Venezueli Lago Guri 15 2 0.6190 Negative Behaviour Negative Mammals Negative No
2005 forest Fitness Negative
Lopez and Wet tropical Venezueli Lago Guri 13 13 0.6190 Negative Community Negative Mammals Negative No
Terborgh, composition
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2007 forest Fitnesg Negative Plants Negative No
recrilitment
Norconk and Wet tropical Venezueli Lago Guri 16 1 Negative Species presence Negative Mammals Negative No
Grafton, 200z forest absence
Population density Negative Plants Negative No
Genetic diversity Negative
Peetz et al., Wet tropical Venezuel: Lago Guri 4 1 Negative Behaviour Negative Mammals Negative No
1992 forest
Rao, 2000 Wet tropical Venezuel: Lago Guri 10 19 Variable Population density Variable Invertebrates Variable No
forest
Rao etal., Wettropical Venezuel: Lago Gri 9 12 Negative Presence/ absence Variable Plants Negative No
2001 forest Fitness/ Variable Invertebrates Negative No
recruitment
Shahabuddir Wet tropical Venezueli Lago Guri 11 12 Negative Presence/ absence Variabe Invertebrates Negative No
et al., 2000 forest
Shahabuddir Wet tropical Venezuel: Lago Guri 11 11 Negative Species richness Negative Invertebrates Negative No
and ;gggorgh forest Population density Negative
Shahabuddir Wet tropical Venezuel: Lago Guri 11 11 Negative Species presence Negative Invertebrates Negative No
and Ponte, forest absence
2005
Terborgh et Wet tropical Venezueli Lago Guri 9 12 Negative Community Variable Birds Negative Yes
al., 1997a forest composition
Population density Positive
Terborgh et  Wet tropical Venezueli Lago Guri 9 12 Negative Species richness Negative Birds Negative No
al.,, 1997b forest Presence/ absence Negative ~ Mammals  Negative
Population densy Variable Herptiles Negative
Invertebrates  Positive




Terborgh et Wet tropical Venezueli Lago Guri 8 12 0.25 Negative Presence/absence Negative Invertebrates Negative No
al., 2001 forest >150
Community Negative Plarts Negative
composition
Population density Variable
Fitness/recruitmen Negative
Terborgh et Wet tropical Venezueli Lago Guri 19 12 0.6 Negative Presence/absence Negative Plants Negative No
al., 2006 forest 189.8 . . .
Fitness/ Negative Invertebrates Negative
recrutment
Adlerand Wettropical Panama Gatun Lake 75 50 0.317.1 Negative Species presence Negative Mammals Negative No
Seamon, 199 forest absence
Adler, 1994 Wet tropical Panama Gatun Lake 77 8 1.7-3.5 Variabk Fitness/ Variable Mammals Variable No
forest recruitment
Adler (1996)¢ Wet tropical Panama Gatun Lake 82 8 no data Positive Population density Positive Mammals Positive No
forest Fitness/ Variable
recruitment
Adler (1996)t Wet tropical Panama Gatun Lake 75 50 0.317.1 Variable Species presence Variable Mammals Variable No
forest absence
Adler etal., Wettropical Panama Gatun Lake 82 4 1.92.7 Variable Population density Variable Mammal Variable No
1997 forest Fitness/ Variable Plant/tree/fungi Variable
recruitmert
Arnold and Wet tropical Panama Gatun Lake 83 8 <1-1500 Negative Fitness/ Variable Invertebrate  Negative No
Asquith, 2002 forest recruitment Plants Negative
Asquith et al. Wet tropical Panana Gatun Lake 79 11 no data Negative Fitness/ Negative Plants Negative No
1997 forest recruitment Mammal Negative
Asquith and Wet tropical Panama Gatun Lake 83 9 <2.217 Negative Species richness Negative Plants Negative No
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MejiaChang, forest Community Negative Mammal Negative
2005 composition
Boyett et al., Wet tropical Panama Gatun Lake 81 12 1.7-3.7 Negative Species richness Negative Mammal Negative No
2000 forest Presence/absence Negative
Population density Negative
Estrada Wet tropical Panama Gatun Lake 92 8 2.550 Variable Species richness Positive Mammal Variable Yes
Villegas et al. forest Community Negative
2010 composition
Behaviour Negative
Karr, 1982a Wet tropical Panama Gatun Lake 68 1 no data Negative Species richness Negative Birds Negative No
fores Species presence Negative
absence
Population density Negative
Karr, 1982b Wet tropical Panama Gatun Lake 66 1 no data Negative Spedces richness Negative Birds Negative Yes
Karr, 1990 Wet tropical Panama Gatun Lake 74 1 no data Negative Presence/absence Negative Birds Negative No
forest -
Fitness/
recruitment
Leigh etal., Wettropical Panama Gatun Lake 66 7 no data Negative Species richness Negative Plants Negative Yes
1993 forest
Mangan et al. Wet tropical Panama Gatun Lake 85 6 <0.53.5 Variable Presence/absence Variable Fungi Variable No
2004 forest
Meyer and Wet tropical Panama Gatun Lak 91 11 2.550 Negative Species richness Negative Mammals Negative Yes
Kalko, 2008¢ forest Community Negative
Meyer and Wet tropical Panama Gatun Lake 91 11 2.550 Negative Presence/absence Negative Mammals Negative No
Kalko, 2008k forest
Meyeret al., Wet tropical Panama Gatun Lake 90 11 2.550 Negative Genetic diversity Negative Mammals Negative No
2009 forest
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Milton et al., Wet tropical Panama Gatun Lake 90 1 0 1600 Neutral Genetic diversity Neutral Mammals Neutral No
2008 forest
Robinson  Wet tropical Panama Gatun Lake 82 1 0 1600 Negative Species richness Negative Birds Negative No
1999 forest Presence/absence Negative
Population density Negative
Willis, 1974 Wet tropical Panama Gatun Lake 57 1 0 1600 Negative Species richness Negative Birds Negative No
forest Community  Negative
composition
Population density Negative
Wright et al., Wet tropical Panama Gatun Lake 74 1 1 1600 Neutral Species richness Neutral Mammals Neutral No
1994 forest
Qie etal.,, Wettropical Malaysia Lake Kenyii 23 24 3 <1l- Negative Presence/absence Negative Invertebrates Negative Yes
2011 forest 383.3
Community Variable
composition
Functional diversit Variable
Yong et al., Wettropical Malaysia Lake Kenyii 22 6 2 <20 Negative Species richness Negative Birds Negative Yes
2010 forest >100 Community  Negative
composition
Yong et al., Wettropical Malaysia Lake Kenyii 22 6 2 <20 Negative Speciesrichness Negative Invertebrates Negative Yes
Gibson et al. Wet tropical Thailand Chiew Larn 26 16 1 0.356.3 Negative Species richness Negative Mammals Negative Yes
2013 forest Presence/absence Negative
Lynam, 1997 Wet tropical Thailand Chiew Larn 7 12 12 0.7-109 Negative Species richness Negative Mammals Negative No
forest Community  Variable
composition
Functional diversit Negative
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Lynam and Wet tropical Thailand Chiew Larn 7 12 12 0.7-109 Negative Communiy Variable Mammals Variable No
Billick, 1999 forest composition
Badano et al. Subtropical Argentina Cabra Corre 15 9 1 0.16 Negative Species richness Negative Invertebrates Negative Yes
2005 forest 62.5
Brandao and  Tropical Brazil Serra da 4 8 1 0.523 Negative Presence/absence Negative Herptiles Negative No
Araujo, 2008 grassland Mesa
Ennen et al.,, Subtropical USA Walter F. 45 2 8 no data Variable Population density Variable Herptiles Variable No
2011 forest George Genetic diversity Neutral
Fitnes/ Negative
recruitment
Rebelo and Mediterranean Portugal Alqueva 2 4 6 no data Negative Presence/absence Positive Mammals Negative No
Rainho, 200¢ woodland Behaviour Negative
Weerakoon, Subtropical Sri Lanke Randenigali 12 6 5 2-167 Negative Species richness Variable Herptiles Negative Yes
2001 forest Presence/absence Variable  Herptiles Positive
Mammals Negative
Ding etal.,, Subtropical China  Thousand 50 41 0 <0.5 Negative Species thness Negative Birds Negative No
2013 forest Island Lake >140
Hu et al.,, 201 Subtropical China  Thousand 49 154 0 0.022 Negative Species richness Negative Plants Negative No
forest Island Lake 1153.88
Huetal., 201 Subtropical China  Thousand 49 152 0 no data Negtive Species richness Negative Plants Negative No
forest Island Lake
Luetal, 201 Subtropical China  Thousand 48 50 0 <1>5 Variable Species richness Variable Plants Variable No
forest Island Lake Presen@/ absence Variable
Wang et al., Subtropical China  Thousand 49 42 7 0.67- Negative Species richness Negative Herptiles Negative Yes
2009 forest Island Lake 1289.23
Wang et al., Subtropical China  Thousand 50 46 0 0.3 Negative Species richness Negative Birds Negative No
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2010 forest Island Lake 1289.23 Presence/absence Negative Herptiles Negative
Mammal Negative
Wang et al., Subtropical China  Thousand 50 46 0 0.3 Negative Community Negative Birds Negative No
2011 forest Island Lake 1289.23 composition
Wang et al., Subtropical China  Thousand 52 42 0 0.3 Negative Species richness Negative Birds Negative No
2012a forest Island Lake 1289.23
Wang et al., Subtropical China  Thousand 51 20 0 0.8 Negative Species richness Negative Herptiles Negative No
2012b forest Island Lake 1289.23
Wang etal.,, Subtropical China  Thousand 53 8 10 nodata Variable Genetic diversity Variable Plants Variable No
2012c forest Island Lake
Wang et al., Subtropical China  Thousand 51 14 0 1.74 Variable Behaviour Variable Herptiles Variable No
2012d forest Island Lake 128.32
Yu and Lu, Subtropical China  Thousand 50 10 1 no data Negative Fitness/ Variable Plants Negative No
2011 forest Island Lake recruitment
Yu etal, 201 Subtropical China  Thousand 53 41 0 0.166 Negative Species richness Negative Plants Negative No
forest Island Lake 1153.9 Community  Negative Birds Negative
composition
Yuan et al.,, Subtropical China  Thousand 53 10 8 0.2-875 Negative Genetic diversity Negative Plants Negative No
2012 forest Island Lake
Zhang et al., Subtropical China  Thousand 48 31 1 no data Negative Presence/absence Negative Plants Negative No
2007 forest Island Lake . : .
Population density Negative
Crete et al., Boreal Canada LG3 11 10 10 no data Neutral Species richness Variable Mammal Neutral No
1997 Community Neutral Birds Neutral
composition Plants Positive
Bégin et al., Boreal Canada Robert 30 16 0 no data Negative Fitness/ Negative Plants Negative No
2010 Bourassa recruitment
Reservoir
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Tremblay anc Boreal Canada Robet- 18 1 0 no data Negative Fitness/ Negative Plants Negative No

Begin, 2000 Bourassa recruitment
Reservoir
Tremblay anc Boreal Canada Robert 18 1 0 no data Negative Fitness/ Negative Plants Negative No
Begin, 2005 Bourassa recruitment
Reservoir
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S2.2 Coefficients of fixed effects in linear mixed effects models. Coefficients for the
fixed effects of models that treat study identity, dam, and taxonomic group as
random effects. The Gisguare (X) value and pralue from model comparison by
ANOVA is give The final model used in analysis only included significant fixed
effects: AREAand Tiso Values presented in this table are from model comparisons
using a reduced dataset (n islands = 148) to account for missing values. Following
model comparison, therial model was used on the full dataset (n islands = 249)

which did not have missing values for the variables included in the model.

Fixed effects Estimate SE t-value df NG P-value

Intercept -0.514 0.237 -2.168
AREA 0.237 0.02 11958 1 94.744 <0.001
Tiso -0.328 0.069 -4.720 1 16.136 <0.001
Dvain -0.037 0.039 -0.951 1 0.894 0.344
Distanp -0.062 0.043 -1.434 1 1.991 0.158

S2.3:Best linear unbiased predictors. Intercepts for the best unbiased linear
predictors (BLUPS) for each dam generated ugiigS WNJ ySTQ Bewwey OG A2y Ay f Y
et al., 2014. Negative BLUPs indicate lower species richness values than predicted by

the model; positive BLUPs indicate higher species richness values than predicted.

Dam Intercept (Dam)
Balbina 0.0367
Cabra Corral -0.131
Chiew Larn -0.071
Gatun Lake 0.361
Lago Guri -0.059
Lake Kenyir -0.247
Petit Saut -0.079
Randenigala -0.007
Thousand Island Lake 0.196
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(HAPTER

Directionalchange irtree
communitieon islands created by an

Amazonian megaam

The reseech ideas were conceived by Isabel Jones, Carlos Peres and Daisy Dent. IJ collected tree
sapling data. Adult tree data were collected by Maira Benchimol. Trees were identified by A.E.S.
Santos, and field assistance provided by E. Damasceno. 1J perfotraedigdes and wrote the

Chapter Peter Morely gave technical advice on the calculation of the NDVI fire metric using
LandSat imagenPrafts of this Chapter were commented on by DD, Lynsey Bunnefeld, and

Alistair Jump.

3.1ABSTRACT

Fragmentation of tropal forests can lead to lostgrm changes in tree community composition,

loss of carbon storage, and elevated carbon emissions. Edge effects associated with fragmentation
can induce high levels of tree turnover and mortality, isigitrteecommunity compason away

from that of continuous forests towards a more unstable state, leading to a loss of ecosystem

functioning such as carbon storagmdisturbed Amazonian forests are melgaerse, and are vital
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for global carbon cycling, yet these forests aredasingly fragmented. Of particular concern is the
extent and impacts of forest fragmentation induced by dam development. Recent studies have
shown that following reservoir creation and isolation ondandge islands comprised of former
hilltops, remnantree communities rapidly degrade i.e. lose biomass and species. However, to
elucidate the potential lorigrm impacts of inundation on tree communities, sapling tree
communities recruited pestundation must be investigated. We examine the differences in
structure and composition of sapling and adult tree communities on islands and in surrounding
mainland continuous forests of the Balbina hydroelectric rdega system, Brazilian Amazon. We
find that for both sapling and adult tree communities, islandsstently sustain lower tree

density, richness and diversity than nearby continuous forest. Furthermore, the community
composition of saplings and adults on islands show a directional shift away from mainland forest
assemblages, which is related to islarehadegree of isolation, amount of surrounding forest
cover and fire disturbance. Finally, we shihatspeciedevel recruitment of saplingseradults

(logio (number ofsaplings number ofadulty; S:A) is significantly lower on islands compared to
mainland continuous forest. Across islands, significantdecline inmean sapling : adult
recruitments driven by the degree of fire disturbapnaadcommunities with higher mean
abundanceaveighted wood density values exhibited the largest declin@gamS:A. Our results
suggest that island tree communities are increasingly undikélg leading to a loss of ecosystem
functioning including carbon storag&/e recommend that any future dam development requires
the aggregate area of reservoir islands)gicity included in impact assessments of biodiversity
loss. Moreover, we propose that the lgagn loss of carbon associated with ongoing tree

community degradation be considered in carbon cost/benefit analyses of tropical dams.

3.2INTRODUCTION

Forests of the Almzon Basin constitute the largest remaining intact tract of tropical forest,
representing ~40% of global tropical forest cofleaurance 2001; Peres 2008)ver the past 50
years lanelise change has driven largeale deforestation and forest fragmentaitiotine Amazon

(Laurance 2001)0ver 20 % of tree species have been predicted to be extirpated from Amazonian
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forests under projected levels of forest loss and changing climate scenarios within the next decade
(Laurance 2001; Peres 2001a; Hubleethl. 2008; Malhiet al.2008) Fragmentation of

Amazonian forests is driven by developmenindfastructure which penetrates into frontier lands.

For example, the proliferation of roads in rural Amazonia increases local population densities,
hunting, agricultuasl expansion and resource extraction, which drives forest loss and fragmentation
(Peres 2001a; Lauranetal.2002b, 2009, 2014b; Peres & Lake 2003; Simon & Garagorry 2006;
Kirby et al.2006; Asneet al.2010; Perest al.2010; Ahmeckt al.2013) Constuction of

hydroelectric dams is a novel threat contributingh&loss and fragmentation of both terrestrial

and aquatic environmenta&cross the Amazon watershed, 191 dams are already in operation and a
further 246 dams are planned or under construclibase dams cause wholesale changes in the
functioning of riverine system@&iner & Jenkins 2012; Leaxt al.2016) as well as extensive loss

of tropical forest cover and landscegmale fragmentation of forests remaining above the water

level (Fearnsidel989; Benchimol & Peres 2015a)

Tropical forest tree communities are highly vulnerable to fragmentation, and once fragmented,
undergo rapid species loss and changes in community composhi®turnover of tree specias
fragmented forest communitiestemporally variableendering these communities

compositionally unstabl@ndresulting in loss of ecosystem functionifigauranceet al. 2006b;
SanteSilvaet al.2016) Desiccation and wind damage at fragment edges causes substantial tree
mortality within 100 m of the forest edge, and fgsbwing pioneer tree species can exploit these
high light conditions, resulting in a shift towards more homogenous low wood density tree
communitiegLauranceet al.2006a; Lobcet al.2011) Fires that penetrate inftcagment interiors
can cause pervasive loss of old growth species since tropical forest species are not historically
adapted for fire disturban¢Michalski, Nishi & Peres 2007Repeated fire disturbance can lead to
divergence of podire tree communigs from the initial adult tree community in favour of fast
growing pioneer communities able to exploit fitisturbed conditiongBarlow & Peres 2008;

Balchet al.2013)
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The quality of the surrounding habitat matrix modifies both the present anddotap®sition of
insular tree communities. Open or deforested matrices reduce movement of animals and seed
dispersal among fragments, and exacerbate edge effects compared to other matrices such as
partially forested pasture or young secondary fdiidéascimento et al. 2006a; Tabarellet al.2008;
Ewerset al.2017) Fragments surrounded by a water matrix are subject to extreme fragmentation
effects, with impeded species immigration, and no buffer to edge dffsetss & Didham 2006;
Mendenhalkt al.2011,2014; Jonest al.2016) Tree communities isolated on lahddge islands
created by river impoundment in Amazonia have undergone rapid change, with tree species
becoming locally extinct and shifts towards remnant forest communities dominated by pieaeer t
species and liandkeigh et al. 1993; Terborgtet al. 2001; Benchimol & Peres 20158)hus,

erosion of remnant tree communities and a concomitant reduction in comiteweitgarbon

storage on reservoir islands, could represent a significant loasbafrcnot yet accounted for in the
decisionmaking processes surrounding construction of new dams in AmgZamfh Lumsdon &

Tockner 2015; Fearnside 2016a; b; Leeal.2016; Winemilleret al.2016)

Habitat fragmentation fundamentally alters trempwnities:fragmented tree communities have
increased mortality rates and are dominated by siietheter (<20 cm) low wood density pioneer
species. Such shifts increase forest carbon cycling and reduce carbon storage in the long term
(Nascimento & Laurare2004; Laurancet al.2006b, 2014a; Santes al. 2008) Forest

fragmentation leagto a net production of carbon at the fragment edd@-15 Mg Cproducedor

every 100m of forest edge createascimento & Laurance 20Q4nd reduced carbon storage
within fragments compared to forest interiors (25 % reduction in carbon storage <500 m from the
fragment edge, and 2@ reduction at 500500 m;ChaplinKrameret al.2015) Processes that
fragment forests therefore not only cause direct loss of carbamthdeforestation, but also result

in long-term carbon emissions from forest fragments.

Tropical forests are of unparalleled importance for biodiversitytlaadlobal carbon cycialhi
& Grace 2000; Barlovet al.2007; Gibsoret al.2011; Paret al.2011). Amazonian forests are

estimated to store a total of ~&323 Pg C within abowground living biomass, 80 % of which is
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held in krge trees >10 cm diameter, whistdriven by highmet primary productivity rates

estimated at ~324 Mg C ha year! (Nascimento & Laurance 2002; Balairal.2004s; Malhi et

al. 2009; Malhiet al.2006) The amount of carbon held within the aboveground woody biomass of
a forest depends on the tree species present, dpeciesspecificdifferences irallocaton of

carbon to woody tissugMuller-Landau 2004; Chawet al.2009) Hence, wood density is broadly
related to successional status; fgisiwing lightdemanding pioneer species typically have lower
wood densities than slegrowing shaddolerant speciedue to tradeffs in life-history strategies
(Muller-Landau 2004; Chaet al.2008; Chavest al.2009) At the community level, abundance
weighted mean wood density (i.e. communitgighted mean wood density) therefore provides an
indication of both the glaon storage capacity, and the dynamism of the tree community as a whole,
with low communityweighted mean wood density indicative of low carbon picdeeninated

assemblageChaoet al.2008; Chavest al.2009; Bakeet al.2004).

Given the importancef Amazonian forests for global carbon storé§akeret al. 2004a; Malhiet
al. 2006; Paret al.2011) maintaining forest cover in this region is imperative for mitigating the
impacts of anthropogenic greenhouse gas emissions and reducing levelssphatidCQ (IPCC
2014) Inundation of tropical forestsfter river impoundmerdan result in significant carbon
emissiongCO;, and CH) from the decomposition of submerged biomass, and the seasonal
exposure of the reservoir bottom during periods of lanfall (Fearnside 2002a; Demarty &
Bastien 2011; Fearnside & Pueyo 2QI2nissions can persist throughout the lifetime of the
reservoir, and given the extensive dam construction outlined for the Amazon Basin, better
consideration of the full carbon costishydropower development are need@dril et al.2005;
Fearnside & Pueyo 2012; Leetal.2016) Given the evidence for lortgrm carbon loss caused
by forest fragmentatiofAsneret al. 2010; ChaplirKrameret al.2015)the carbon costs of

ongoing degrdation of insular tree communities within hydropower reservoirs requires attention.

In order to understand the lobgrm impact of daninduced forest fragmentation on remnant
insular tree communities, the tree sapling community recruitedpastiationmust be described.

Tree sapling communities will provide us with improved insight into the-teng impacts of
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fragmentation, as adult tree communities tend to represent degraded relics of the formerly
continuous forest. Describing sapling and adultstieeconcert may therefore shed light on

potential trajectories of floristic change within insular tree commur{ifiabarelliet al. 2008;
SanteSilvaet al.2016; Ewerst al.2017) In this study we investigate tree sapling communities
recruited afterte isolation of islands within the Balbina hydroelectric reservoir, Brazilian Amazon,
to investigate the croggenerational impact of dainduced habitat fragmentation on tree

assemblages. We answer the following questions:

1) How do sapling communitieandadult treecommunitiesegpond to environmental variables
associated with habitat fragmentation across islanttsms of density, richness, diversity, and
communityweighted mean wood denstpnd how do these metrics compare to mainland

continuous ores®

2) How do patterns of abundan@nd incidencérased dissimilarity between sapling and adult

communities vary across islanailsd mainland continuous for@st

3) How do patterns in the ratio of saplings : adults differ across islands in relaéiowitonmental

variables and wood densjtgnd in comparison to mainland continuous férest

3.3METHODS

3.3.1 Study area

We conducted this study in the Balbina hydroelectric rtsga system, central Brazilian Amazon
(1°0107 1°550 S; 60°290 59°280 W). Blbina was created when the Uatumé River was dammed
in 1986, flooding312,900 ha ofontinuous lowland oldgrowth wet tropical forest, transforming

the landscape into an archipelago of >3500 islands within the ras@figpid1). The landscape

was not lgged prior to inundation, and thousands of dead trees remain standing within the

reservoir. In an attempt to offset the area of forest inundaliédlands and mainlartgrra firme
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forest to the east of the former Uatuma River bank became strictly tebteithin the ~940,000

ha Reserva Biolégica do UatunTahe reserve has largely prevented the establishment of small
scale slastandburn agriculture and hunting in the protected portion of Balbina. However, islands
and mainland to the west of the formeatlma River bank are accessible by road and boat, and
there is some smadicale agriculture and resource extractlaril997 a fire was accidentally started

in the unprotected portion of Balbina, and spread through exposed and standing deadwood within

thereservoir, penetrating into many islands to differing extents.

Fig. 3.11slands within the Balbina reservoir, Brazil. >3500 islands were created from

formerly continuous olejrowth tropical forest when the Balbina dam was

constructed in 1986.

We usedh network of 89 permanent survey plots (0.25 ha; 10 x 250 m), which have been
established on 36 islandmd in three widely spaced areameérbymainland continuous forest
over a comparable elevational gradigifigy. 3.2). The 36 islands were carefulbglected for
permanent plot establishment llly Benchimol and C.A. PergBenchimol & Peres 2015a)sing
cloudlesgyeoreferenced Landsat ETM+ scenes from 2009 (230/061 and 2314xids were
selected to ensure spatial independence, and have a miniistamce of km between one
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another. Survey islands were also selected to span a range of island sizes found within the reservoir
(0.831690 hamean + SD = 210.7 £+ 393,10 be located at varying distances from the mainland

(0.0417.7km; mean + SD =& * 4.4), and to cover the fire disturbance gradikihippermanent

plots are situated O50 m from island edges. Depen
between one and four permanent plots per island: onempisiands<10 ha (meait SD island

size = 4.0t 2.9 ha, range 0i8.5 ha, r= 14 islands); two plots per island-20 ha (44.4t 30.1

ha, 13.478.4 ha, r= 9); three plots per island 8450 ha (230.& 116.5 ha, 9818471 ha, r= 7);

and four plotger island A50 ha (952.6t 454.2 ha487.5 1690 ha, rr 6).

Fig. 3.2Geography of the 89 permanent plots within the Balbina landscape. 77 plots

are located on 36 islands, and 12 plots are located within three separate areas of

continuous mainland forest. The 500 m buffer marked is thédoufsed to calculate

GKS LISNDSYydlF3s 2F T2 NBaGve@sedid Mapi dZNNR dzy RAy 3 A &f |
modified fromFig.4.1.
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