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INTRODUCTION

Africa, topical forests, climate changes and biodiver sity

Africa is the second-largest continent on EartlerafAsia. With about 30 million square
kilometres including adjacent islands and the Sahhe world’s largest desert, Africa covers
over 20 per cent of Earth’s total land area. Afigalso the second most populous continent
after Asia.

With over 965 million people it accounts for abomte-seventh of the world’s human
population. The vast landscape of Africa contait®st of natural wonders and rich resources
such as coltan and platinum, which are currenthystered the most strategic minerals. Its
grasslands, wetlands, mountains, deserts, raingoaesl marine areas are home to thousands of
species of plants and animals. It is also a langhpiaralleled natural beauty and its rainforests
are an important storehouse of carbon. Its vaserairand natural resources provide immense
opportunities for economic growth, development aondhan well-being. The high economic
growth of over 4.6 per cent witnessed in the regmte 2004 is largely underpinned by the
region’s environmental resources—oil exploratiomproved agricultural performance, and
tourism (AMCEN & UNEP, 2008).

Africa is also a land of increasing population aagidly changing land-use patterns; changes
that have deep local, regional and global envirantalesignificance. Sustaining a reasonably
high economic growth rate to match the human pajmarowth rate coupled with ensuring
the environmental and natural resources integsitgnie of the key challenges (UNEP, 2008).
Climate change is likely to intensify some condidike land degradation and desertification,
water stress, declining biodiversity, deforestatimcreasing dust storms, rising pollution and
rapid urbanisation and alter the environment ewethnér. Although Africa emits only four per
cent of total global carbon dioxide emissions, ithabitants are projected to suffer
disproportionately from the consequences of glodahate change. Given its economic
constraints, Africa’s capacity to adapt to climateange is relatively low making the region
exceptionally vulnerable to potential impacts. Inamp areas, even small changes in
precipitation and water availability could have evastating effect on agricultural output and
therefore on food security. As climate change isifeas and its impacts deepen, adaptation
will become increasingly difficult. Correspondinglychieving targets set by the United
Nations Millennium Development Goals (MDGs) will dmne more challenging. Africa is
particularly vulnerable to climate change. Computeodels project major changes in

precipitation patterns on the continent, which doldad to food shortages and increased



desertification. Yet on the whole, African natidask the resources and technology to address
such changes (Adger et al., 2007; UNECA 2001).

According to this vulnerability, converting foresits agricultural land is necessary for food
production but such deforestation negatively impdotal ecosystems as habitats are lost.
Deforestation also impacts the global carbon cyaebon released when trees are cut, burned,
or as they decompose enters the atmosphere asa@® contributes to global warming
(Willcocks 2002).

Moreover, land degradation and desertification gsses result from both human activities and
climatic variability. For example, people use colied fire to manage grasslands and
savannahs for livestock production and wildlifentol pests, clear dying vegetation, and
convert wild lands to cropland (Trollope and Trpko2004).

Another important environmental aspect, in Africathe rise of population. An increasing
population and a decreasing water supply leadsaternscarcity and stress. Water scarcity is
defined as less than 1000 of potable water available per person per yeailewtater stress
means less than 1700°rof potable water is available per person per YENEP 2002). In
terms of agriculture, water consumption can be ngefi as the amount of surface and
groundwater absorbed by crops and transpired, et dgectly in the building of plant tissue,
together with water that evaporates from the arearg/crops are located. Water consumption
also includes all activities where the use of watsults in a loss of the original water
supplied, such as industrial or community consuamp(UNESCO, 2007).

There are few data concerning wetland losses iic#&fA 2005 review of wetland inventories
in ten countries in southern Africa found signiiitdosses in two areas in KwaZulu Natal:
Tugela Basin, where over 90 per cent of wetlanduees have been lost in parts of the basin,
and the Mfolozi catchment (10 000 km2), where 58qamt of the original wetland area (502
km2) had been lost (Taylor and others, 1995). Amo#tudy in 1992 reported an overall loss
of 15 per cent of wetland area in Tunisia and 84 gt wetland loss in the region’s
Medjerdah catchment (Moser and other, 1996). Loss®g be due to land conversion, water
extraction and climate change.

Furthermore, biological diversity in Africa contiesito decline (UNEP, 2002). Over 120 plant
species are extinct, with another 1771 threateBed @nd Medina, 2002). Threats to species
are both direct (such as bushmeat hunting) andectd{such as habitat loss). Some species,
such as the Bonobo or pygmy chimpan@an paniscus), exist in very limited areas. Loss of
habitat in these relatively small areas can leathéorapid extinction of species (Brooks and
others, 2002).



All this data show that Africa is already a contihender pressure from climate stresses and it
is highly vulnerable to the impacts of global chanlylany areas in Africa are recognized to
have climates that are among the most variabldénworld on seasonal and decadal time
scales. Floods and droughts can occur in the saezeveithin months of each other. These
events can lead to famine and widespread disrupfigncio-economic well-being.

Many factors contribute and compound the impactsuofent climate variability in Africa and
will have negative effects on the continent’s @pilo cope with climate change. These include
poverty, illiteracy and lack of skills, weak instiions, limited infrastructure, lack of
technology and information, low levels of primaryueation and health care, poor access to
resources, low management capabilities and armedliate. The overexploitation of land
resources including forests, increases in populatiesertification and land degradation pose
additional threats (UNDP 2006). In the Sahara aaloe§ dust and sand storms have negative
impacts on agriculture, infrastructure and health.

As a result of global warming, the climate in Afics predicted to become more variable and
extreme weather events are expected to be moraeine@nd severe, with increasing risk to
health and life. This includes increasing risk aduwhht and flooding in new areas (Fetal.
2004, Christensest al. 2007) and inundation due to sea-level rise indbtinent’s coastal
areas (Nicholls 2004; McMichaet al. 2006).

Africa will face increasing water scarcity and sgewith a subsequent potential increase of
water conflicts as almost all of the 50 river basim Africa are transboundary (Ashton 2002,
De Wit and Jacek 2006). Agricultural productionieglmainly on rainfall for irrigation and
will be severely compromised in many African cowedry particularly for subsistence farmers
and in sub-Saharan Africa. Under climate changehmagricultural land will be lost, with
shorter growing seasons and lower yields. Natiooaimunications report that climate change
will cause a general decline in most of the subsis crops, e.g. sorghum in Sudan, Ethiopia,
Eritrea and Zambia; maize in Ghana; millet in Sydard groundnuts in Gambia. Of the total
additional people at risk of hunger due to climelteange, although already a large proportion,
Africa may well account for the majority by the Z38Fischekt al. 2002).

Africa is vulnerable to a number of climate sensitdiseases including malaria, tuberculosis
and diarrhoea (Guerniet al. 2004). Under climate change, rising temperatareschanging
the geographical distribution of disease vectorglwiare migrating to new areas and higher
altitudes, for example, migration of the malariasaaito to higher altitudes will expose large
numbers of previously unexposed people to infectiothe densely populated east African
highlands (Bokaet al. 2007).



Future climate variability will also interact witbther stresses and vulnerabilities such as
HIV/AIDS (which is already reducing life expectanicymany African countries) and conflict
and war (Harrus and Baneth 2005), resulting inéased susceptibility and risk to infectious
diseases (e.g. cholera and diahrrhoea) and maiontfor adults and children (WHO 2004).
Climate change is an added stress to already #émedthabitats, ecosystems and species in
Africa, and is likely to trigger species migratiand lead to habitat reduction. Up to 50 per cent
of Africa’s total biodiversity is at risk due to deced habitat and other human-induced
pressures (Bokat al. 2007). The latter include land-use conversion tmeagricultural
expansion and subsequent destruction of habitditjtipm; poaching; civil war; high rates of
land use change; population growth and the intrbolicof exotic species. For example, the
habitat of the great apes, including the westemldod Gorilla — identified as critically
endangered on the World Conservation Union’s (IU@d) list of threatened species, is likely
to seriously decline in the next four decades.

Future sea level rise has the potential to cauge hmpacts on the African coastlines including
the already degraded coral reefs on the Easterst.ddational communications indicate that
the coastal infrastructure in 30 percent of Africgoastal countries, including the Gulf of
Guinea, Senegal, Gambia, Egypt, and along the &@#ern African coast, is at risk of
partial or complete inundation due to acceleragzdlsvel rise.

In Tanzania, a sea level rise of 50 cm would intedaer 2,000 Krhof land, costing around
USD 51 million (UNEP 2002a). Future sea level ridso threatens lagoons and mangrove
forests of both eastern and western Africa, anidtedy to impact urban centres and ports, such
as Cape Town, Maputo and Dar Es-Salaam.

Predicting the impact of climate change on compli@physical and socio-economic systems,
that constitute agricultural sectors, is difficdh. many parts of Africa it seems that warmer
climates and changes in precipitation will destabibgricultural production. This is expected
to undermine the systems that provide food secy@tggory et al., 2005). Whilst farmers in
some regions may benefit from longer growing sessand higher vyields, the general
consequences for Africa, are expected to be adwerdeparticularly adverse for the poor and
the marginalized who do not have the means to witiisshocks and changes.

Effective adaptation strategies and actions shaimad to secure well-being in the face of
climate variability, climate change and a wide ggyriof difficult to predict biophysical and
social contingencies. In pursuing this aim, climatiaptation should focus on support for the
decision-making and capacity building processed 8tampe social learning, technology

transfer, innovation and development pathways. fatagn is most relevant when it influences



decisions that exist irrespective of climate charmea which have longer-term consequences
(Stainforth et al., 2007).

A key component of climate adaptation involves diag resilience, where resilience is the
capacity of a system to tolerate disturbance withamilapsing into a qualitatively different
state that is controlled by a different set of psses: a resilient system can withstand shocks
and rebuild itself when necessary.

An important aspect of the capacity to rebuilditsglf sets up on energy. Sub-Saharan Africa
is home to the world’s lowest electricity consuroptirates per capita; here poverty and the
under-development of modern energy services am@lgléinked. Between 1990 and 1999,
average per capita consumption fell from 695 kidmgs of oil equivalent (kgoe) to 410 kgoe.
Although Africa is home to 13% of the world’s poatibn and produces 7% of the world’s
commercial energy, it accounts for only 2% of tharld's GDP and 3% of global commercial
energy consumption. In 1990 the total primary eperge in sub-Saharan Africa—including
South Africa— was: 53% biomass; 26% petroleum; 1d8al; 3% large-scale hydro; 2%
natural gas; and, 2% other renewables.

Moreover, according to the latest African Water Blepment Report, a total of five
countries—South Africa, Egypt, Algeria, Nigeria,dahibya—were responsible for 84% of all
energy production in Africa and for 78% of totaleegy consumed. Because of their
centralised, non-renewable energy reserves—and leigdl of government involvement in
energy generation—these countries have managedvielap at a faster rate than most other
African countries. Conversely, due to the unavdilgbof comparable, traditional energy
reserves, other African countries have had to impaergy or rely primarily on renewable
energy sources, e.g., hydro-electric generatiotgr shhermal and wind technologies. This
development disparity illustrates a direct relagiop between energy security and economic
growth in Africa: energy security is a correlatiohlivelihood security.

As rural and urban low-income households do noehascess to alternative energy sources
they are the most vulnerable to climate changes Vhinerability is further compounded by
national policy development that does not adequatetiress the needs of the rural population
in general or rural energy needs in particular.réhs, then, a real need to ensure sustainable
energy supplies while also increasing access afatdable energy services for Africa’s
poor—nboth rural and urban.

In the face of projected climate impacts, the néedeven more pressing. Problems of
inefficient energy production and use undermine fiheome-generating potential of
entrepreneurs and small-scale farmers. Studies ghaiv small and medium enterprises
(SMESs) in sub-Saharan Africa still depend on biosnBs 84% of their energy needs. The



increased threat of climate change on natural fesburces reinforces the need for urgent
action to provide alternative and sustainable gngeneration and supply for this economic
sector.

In terms of energy generation and supply, the ingpatclimate change on the energy sector
will be felt primarily through: changes in the gritmrates of biomass for fuel use; increased
runoff and siltation from land degradation on hydemeration; and, losses or fluctuations in
hydropower production due to increased stressesvater supply systems and changing
rainfall patterns.

Hydropower generation is likely to be the most hlgampacted because it is sensitive to the
amount, timing and geographical pattern of preatmpn as well as temperature—rain or snow,
timing and speed of melting, etc. As hydropowethis primary source of electricity in East
Africa and Central Africa—and supplying about halfWest Africa’s heeds—the impact on
development will be significant. This high depencenon water resources for energy
generation further highlights the vulnerabilityesfergy systems across Africa.

Although climate change seems marginal comparedh® pressing needs of poverty
alleviation, health, hunger and economic develogmiéms becoming increasingly clear that
achieving development goals, such as those retateabd, water and energy, can be seriously
impeded by climate impacts. As a result, linkagetswben climate change and development
are receiving more attention in political and stifencircles. Development can and should be
planned in such a way that development goals aneewed, while simultaneously reducing
vulnerability to climate change. It is essentiattthe potential impacts of climate change be
mitigated in Africa where levels of poverty will veorsened by extremes of climate change.
Countries with the fewest resources are most likelyear the largest burden of climate change
in terms of morbidity, loss of life, adverse effect income and growth and damage to general
living standards, such as access to safe watemyyaad shelter.

Africa must explore mitigation options against grieeuse gases (GHG) emissions by
developing solar, wind, hydro- and bio-energy sesraimultaneously the region must also
consider the impacts of climate change on theseygrs@urces.

The extent to which a community is able to adaptlimatic changes depends on its relative
vulnerability—the degree to which a community isseptible to the adverse effects of climate
change—and adaptive capacity. Adaptive capacitiyasability of a community to adjust to the
evolving challenges of climate change. It is alse ability of a community—or system—to
adjust to climate change, to take advantage of ppities, or to cope with the consequences.
To be successful, adaptation responses must bastmriswith sustainable development.
However, historically, little reference is madedonate impacts in development plans other



than in disaster management plans for droughtsflands. Most of the work done to date
looks at the impacts on natural resources thattffe livelihoods of Africans. While energy
has received lots of attention, the main focus b@sn on energy access and ensuring a
sustainable energy path for Africa. The linkageweein sustainable energy and climate
impacts has not been explicitly made. Longer-tanpdcts due to climate change, such as the
gradual change in rainfall patterns, do not fibimost planning horizons which are usually
politically and financially constrained. The un@énty of future projections such as population
growth, energy demand and future energy supplieg)dr complicates adaptation responses.
All levels of government should ensure that posciprogrammes, budget frameworks and
projects take account of climate change and adaptatrategies. To date, much has been
invested in Africa in terms of capacity buildingpvirever, more new efforts are needed to
enhance the adaptive capacity of institutions, miggdaions and individuals. Even where
climate change is recognised as a crucial condens, viewed as a long-term issue and
therefore not consistently considered.

Thus, Africa has a huge burden to bear: it has lbeemed “the continent most vulnerable to
the impacts of climate change” by the UN Intergoweental Panel on Climate Change
(IPCC). Palitical, social, environmental and ecomomealities complicate the problem despite,
or because of the region’s abundant natural resesuf@ne thing is clear however: Africa must
not be allowed to slip into climate-induced chaccduse of the industrialised world’s
addiction to fossil fuels. From the country repps® can see that energy development for
Africa in a changing climate will require greatenghasis on small-scale, decentralised and
diversified supply and increased distribution ta$eholds and enterprises alike. As has been
discussed, hydro-dependency will become probleméti@in patterns change. Similarly,
renewable technologies such as wind and solar dmulaffected by changing climate patterns.
A diversified and distributed energy mix is the tdasurance policy against climate change.
But adaptation of energy policies and systems iy part of the solution; building up the
resiliency of local populations and energy systevexjually important.

Despite the obstacles facing Africa, hope is naost.loThere are numerous positive
characteristics upon which successful programmes—ead should be—»built. Culturally,
Africa has strong social networks. These netwokkwes an important function in educating
communities, disseminating information and servagy substitutes for collateral in micro-
loans. Women—in particular—play an important ralehe management of natural resources.
As primary collectors and users of biomass and nvatemen are well-placed to monitor and
manage resources, spur innovation on adaptive itpobs1 and experiment with new

management approaches. Ironically, it may be ABickecades-long experience coping with
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poverty that may be its strongest resource. Bgatkective survival the region has shown itself
to be adaptive and resilient despite enormous olestalt is now our collective responsibility
to ensure that this rich, diverse region develap$td fullest potential (Helio International,
2007).

Superimposed on the many other anthropogenic immactorest ecosystems is surely human-
forced global climate change. Climate has a majfluence on rates of photosynthesis and
respiration (Law et al. 2007), and on other forpsicesses, acting through temperature,
radiation, and moisture regimes over medium and lbme periods. Climate and weather
conditions also directly influence shorter-termgasses in forests, such as frequency of storms
and wildfires, herbivory, and species migration. &e global climate changes, forest
ecosystems will change because species’ physi@bgiterances may be exceeded and the
rates of biophysical forest processes will be allgiOlesen et al. 2007, Kellomaki et al. 2008,
Malhi et al. 2008).

If climate change results in a significant reductin water availability, then the forest system
will naturally change species composition (or stateee definition below). For example, the
vegetation will reach a threshold beyond whichtegetation structure is not sufficiently tall
and dense to comprise a forest, along with the@oitant changes in the dominant taxonomic
composition of the plant community. Several studies/e established that resilience in
ecosystems is related to the biological diversitthie system and the capacity that it confers to
maintain ecosystem processes (Hooper et al. 208&veb et al. 2006, Bodin and Wimen
2007). Most ecosystem processes are controlledrigre the result of, biodiversity. However,
not all species are

necessarily equally important in maintaining thpsecesses (Walker 1992, 1995, Diaz et al.
2003) and there is some redundancy at multipleldewéhin most ecosystems (Hooper et al.
2005). Loss of functional species in the absenaedfindancy has negative consequences for
the ecosystem to the point of ecosystem collapsagid et al. 1997). Bazazz et al. (1995)
demonstrated the potential for populations to redpo varying levels of C§and the genetic
complexity and magnitude of genetic responses foulation factors such as density and
competitive interactions. The first aim of this Phthesis is to investigate the impact of
selective logging, which alter forest dynamics a@adse loss of functional species, and could
seriously affect tropical forests under a changihigate. | carried out researches on African
tropical forests trying to find a significant answe this issue.

There is considerable ongoing debate over the tludé biodiversity plays in ecosystem
function and stability owing to the highly compleature of the relationships among species
and the synergistic roles of extrinsic factors artdnsic factors, including genetic factors, in
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ecosystems (see e.g., Waide et al. 1999, Kinza. €001, Loreau et al. 2002, for summary
discussions). Further, there is evidence that cexnfilrest ecosystems are more productive
than less diverse ones (under the same conditjerts) Phillips et al. 1994), and generally that
forest systems comprised of few species are hightyie to various catastrophes including
disease and invasion (Scherer-Lorenzen et al. 2005)

Much of the work done to understand the relatigmgietween species diversity, ecosystem
processes, and production has necessarily beenimbighly controlled low-diversity systems
at small scales, especially using grasses (e.gnamiand Downing 1994, Tilman et al. 1996,
Hector et al. 1999, Hector 2002), or in other colleéd systems (e.g., Naeem et al. 1995). Few
studies have examined more connected systems wittipla trophic levels and complex
production webs, such as forests, nor have thegidered larger scales.

The second aim of this Ph.D. thesis is to undedstae relations between forest structure,
productivity and biodiversity.

Up to now, two main competing hypotheses have heentified to predict the relationship
between biodiversity and productivity in ecosystetine niche complementarity hypothesis
(Tilman et al. 1996, Tilman and Lehman 2001) arel $hmpling effect hypothesis (Aarssen
1997, Doak et al. 1998).

Under either hypothesis, a certain level of satoinais expected where no more effective use
of resources can be achieved regardless of inaegseies richness (Hooper et al. 2005).

The niche complementarity (or niche differentiajidrypothesis predicts that as species are
added to a system, the productivity in the systathimcrease until vacant niches are filled
because of effective partitioning of resources. Thexistence of species then is assured
through interspecific differentiation as a diregsponse to competition for resources. If species
are able to avoid competition by occupying différeiches, then production in the system will
increase accordingly (e.g., Tilman and Lehman 20@dfnan et al. 2002). Niche differentiation
models also consider the concept of facilitatiohgere one or more species may enhance the
capacity of another species to survive and repmdeq., ectomycorrhizal fungi on tree roots
or legumes in grasslands). However, few keystometional roles among plants are known
(e.g., C3 and C4 grasses, nitrogen fixers).

A competing model, the sampling (or selection) @ffaypothesis, suggests that dominant
competitors (“sampled” from the regional specieslpowill play the greatest roles in
ecosystem functioning and as diversity increasas;tioning in the system will be controlled
by these dominant species because of their grékétihood of being present in a diverse
system (e.g., Aarssen 1997, Huston 1997). Thidtrissachieved because the best competitors
will always control resources within a system. Nichfferentiation models predict coexistence
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among species, while sampling effect models predachinance by one or a few species,
especially for systems in equilibrium. Various séisdsuggest support for one or the other of
these models (e.g., Hooper and Vitousek 1997, Tilataal. 2002, Hooper and Dukes 2004) or
suggest that the capacity to conduct the expersnkas been limited by almost intractable
design problems or analysis constraints (e.g.f¢tu%997, Allison 1999, Schmid et al. 2002).
By studying tropical forest of Africa and of thearh | tried to shed light on this two
competing hypothesis and to develop a unified thashich could explain the relations

between forest structure, niche volume, climatela@odiversity.
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CHAPTER 1

The impact of selective logging on African tropicaforests*

Abstract

Tropical deforestation for timber market is wellokwn to have serious negative consequences
on local biodiversity, terrestrial carbon sink ahé balance of atmospheric greenhouse gases.
In contrast, selective logging of tropical foresteften regarded as a management practice that
has less dangerous effects on the ecosystem, beagh researches are scanty in critically
evaluating its impact on forest structure, biods#gr and ecosystem services. We compared
field data that we collected in Africa (Cameroorgh@n, Sierra Leone and Ghana) from 511
plots of tropical forest subject to different faresanagement practices (old-growth primary
forests, selectively logged and secondary foresds)r findings suggest thahe vertical
structure and plant diversity of the logged forast not largely different from those of a
primary forest, while a remarkable difference inefst density, synthesized in some indicators,
together with a concomitant invasion by vines, biars and other weeds is pointed out. We
show that the effects on species richness and i@ greater than those expected from the
simple removal of commercial species, implying thalkective logging, unless it is practiced
very carefully at very low harvest intensities, nsgnificantly reduce the biomass density of a
tropical forest for time scales spanning decades,pssibly longer, seriously diminishing the

aboveground carbon storage and richness of thetfore

* Submitted to Proc. R. Soc. B. as “Gatti Cazzoll&Rstaldi S., Lindsell J. A., Coomes D. A,
Marchetti M., Maesano M., Di Paola A., Paparella Valentini R., The impact of selective
logging on forest structure, tree diversity and ad@round biomass of African tropical

forests
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Introduction

Tropical forests are key biomes for crucial ecomysservices. Such biomes attain the highest
level of biodiversity among terrestrial ecosystefh protect hill slopes, strongly influence
local climate and represent the most productivesystems on Earth, accounting for 59% of
the global carbon pool in forests (2, 3). Howewapical forest areas are also characterized by
very high rates of deforestation, conversion toicadfure, logging, and degradation by
continuous withdrawal of wood by local populatiam $ubsistence (4).

In recent decades, many tropical countries havengdth forest resource extraction
management from clear cutting to selective logd®g6, 7), in response to the scientifically
recognized role of deforestation activity in therease of CO2 atmospheric concentration (8,
9) and following the concept that . the closeatiehship between biodiversity and
productivity makes policies which support presdorabf forest integrity a win-win approach
for both carbon sequestration and biodiversitygoton (10, 11, 12).

Selective logging is defined as the harvest of afalel timber trees above a threshold trunk
diameter with methods designed to maintain the storeover, including a significant
understock of living biomass. Currently, selectiggging is considered to be a “sustainable
forest management” (SFM) practice and it is indregg embraced as an approach to protect
forest integrity while allowing an appropriate usferesources. Overall, there appears to be a
consensus on viewing selective logging as causahgrinor disturbance (13, 14, 15, 16), and
thus acceptable within the requirements of cedifan schemes such as the Forest
Stewardship Council (FSC), a highly regarded SF&haard established in 1993 and now
included in REDD programs (17).

At the moment, there is not an extensive knowledgethe short and long-term effects of
selective logging on carbon sequestration and bevdity, as well as the trade-off between
these two ecosystem variables as functions of ntensity of timber harvesting, despite its
increasingly wide adoption.

Generally, available studies focus on specific eodfined areas of South or Central America
(18, 19, 20), or South-East Asia (21, 22), or Ar{@3, 24, 25, 26, 27, 28), where the practice
of selective logging is rapidly increasing (29).

In some cases, the intensity of the disturbancesezhlby selective logging was solely
qguantified in terms of diversity of the logged fetrg30, 31, 32) with results that were
encouraging for that practice. However, othedigtsl show significant changes of species
composition (33, 34, 35, 36) and genetic diver§&y), variations in forest structure (38, 39,
40) and nutrient cycling (41). Remote sensing tephas have been applied to quantify large-
scale physical forest damage, extent of canopyiongsricaused by logging operations and the
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construction of access trails) and changes inctrbon stock (42) showing that selective
logging definitely has non-negligible impacts.

An important aspect in evaluating forest damagthésassessing of the extension of canopy
gaps by selective timber harvests. In tropical $taecanopy gaps have immediate impacts on
light interception, heat fluxes, water stress alahtpproductivity (43). In computer simulations
the rate of forest regeneration strongly dependsthensize, the number and the spatial
arrangement of canopy gaps following harvest (R&cent studies also suggest that canopy
openings decrease in size with distance from ealtbdftree crown, but in recently logged
forest the area initially affected by harvestirigeach tree is at least 50-100 m in radius (45).
One of the main effects of canopy gaps disconigsliippears to be the creation of spaces
readily invaded by weeds, vines and climbers atekjgense of the late-successional state
cenosis (46). Typically, fragmentation and selexiiogging opens up gaps of light in which
weeds displace or suppress native species. Cohyensgural gaps (e.g. due to big broken
branches or naturally died trees) are usually san#tlan logging gaps, and tree saplings seems
to be prepared to grow fast enough to fill the ggnopening (47, 48, 49, 50, 51). This reduces
the likelihood of vines, weeds and climbers invagi62). Here we argue that changes in native
cenosis caused by the selective removal of thestattees induce a local variation of forest
structure with relative consequences on biodiweesiid carbon stocks.

To support our thesis we compare three differermiesy of forest management (old-
growth/untouched, clearcut and subject to seledtigging) of tropical forests in Western and
Central Africa looking for statistically significardifferences. For this purpose we collected
data of tree heights, diameter at breast heighthi{(land species composition from 33 forest
plots, each one of 500ibcated in Ghana, Gabon and Cameroon (which weDedbsetl),
and we processed 478 additional plots with datd.lofh. located in Sierra Leone (Dataset2).
The data allow us to form 12 distinct indices (swemzed in Table 2) on forest biomass,
diversity, density, etc. that we examine in oradedétermine which of them show statistically

significant differences among the forest types, whath do not.

Study sites

Our data were collected in four tropical forest moies, located in West and Central Africa:
Ghana, Cameroon, Gabon and Sierra Leone. In WegtaAorest plots were selected along
the border between Ghana and Ivory Coast (Bia NatiBark and surrounding areas), and on
the Ghana coast (Ankasa Forest Reserve). We alalysad data collected in the Gola
Rainforest National Park (located in Sierra Leafwse to the border with Liberia) within
Kenema district. In Central Africa forest plots weselected within the Congo river basin, on
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the border between Cameroon and Congo (Sanghaalieizl Forest) and in Gabon (Woleu-
Ntem and Moyen-Ogooué regions).

The first sampling site in Ghana, Bia National Paskpart of a protected area of 306%m
which includes 77.7 kfof national park in the north, and 227.9 %uof Resource Reserve
(where logging is permitted) in the south. The asdacated in the transition zone between the
southern mixed evergreen forest and northern mseahi-deciduous forest. The average
annual precipitation ranges from 1500 mm to 1800 ameh the average monthly temperatures
range between 24° and 28°C, with the rainy seasangithe months of May, June, September
and October. More than 300 plant species per heaan be observed; species from the
TieghemellaCeiba andKhayagenera are widespread.

The second sampling site in Ghana, Ankasa Consenvétrea, is twin Wildlife Protected
Area comprising Nini-Suhien National Park and thekdsa Resource Reserve with the Nini-
Sushien river forming the boundary between the t®elective logging and clearcutting
occurred in area surrounding the current boundasfethe protected areas. Its extension is
about 500 krh and it is situated in the Western Region of Gh&ging the area with the
highest rainfall in Ghana (1700-2000 mm per yeAnkasa is the richest forest of the country
in terms of botanical diversity. About three hurdiygant species have been recorded in a
single hectare. Notable among the treesTaeghemella heckeliCeiba pentandra and Khaya
ivorensis.The vegetation of the two conservation areas [ge@s/ely wet evergreen and semi-
deciduous evergreen. The southern parts of Ankasa Wgged from the early 1960s up to
about 1974. Logging intensity was, however, re&jiviow due to the small amounts of
commercially valuable timber. Nini Sushien contamse of the few remaining blocks of
relatively untouched forest in the country (53).

The first sampling area in Central Africa is boeterto the east by the Sangha River, an
affluent of the Congo River, and it belongs to therounding areas of the Lobeké National
Park. It is located in the East Region of Camerolme forest covers an area of 184,000
hectares with an altitude ranging between 300 m7&@dm above sea level. The area consists
of semi-evergreen forests, with over 300 speciesrads, the largest ones includitgiba
pentandra (L.) Gaertn, Terminalia superbaEngl. & Diels and members of the family
SterculiaceadTriplochiton Pterygotg. The average annual precipitation is 1400 mmh wie
dry season occurring from December to February. (54)

The second study site in Central Africa is locate8llorth and Central Gabon in the Provinces
of Woleu-Ntem and Moyen-Ogooué. These forest acdasmbout 180,000 hectares have an
equatorial climate, with year-round high temperasuand humidity. Rainfall varies from an
annual average of 1750 to 3050 mm, with almospfali falling between October and April. In



the period from May to September there is littfeany, rainfall, but humidity remains high.
Temperature shows little seasonal variation, thiy daerage being about 27° C. The areas in
the provinces surveyed for this study are moistsardi-evergreen forests.

In all of these study sites, the commercial treecsgs most commonly harvested are

Enthandrophragma cylindricum, Terminalia super@aiplochiton scleroxylorand Heritiera

utilis. A typical selective logging scheme includes tlaevhst of trees with diameters bigger
than 30-100 cm and logging cycles of 15-30 yeaos. éxample, in Central Africa the
minimum diameter is 100 cm foEnthandrophragma cylindricum60 cm for Terminalia
superbaand 80 cm fofl riplochiton scleroxylorand logging cycle is 15-30 years.

We also expand our study on data sampled from kihdad Klop (Lindsell, J. A., & Klop, E.
2013) in the Gola Rainforest National Park, thgédst area of lowland evergreen rain forest
remaining in Sierra Leone (54)he forest covers 71,000 hectares hilly terraimied at Sierra
Leone's eastern border with the Republic of Liband it extends for. The forest used to be
commercially exploited when was classified as adpation forest and more than 20,000
hectares were logged. Logging in Gola starteegastiby 1961 but possibly earlier. Logging
practice in the northern block was good in the &3d 70s, but it may have been poor in the
80s. Most areas were only logged once and fewWwadarvests. Offtake was concentrated in
accessible areas so impact was patchy. Logginganmestern and eastern blocks was much
more intensive. It lasted 1963 to 1965, then 1975989 and in the latter period was patchy,

intensive and damaging (55).

Methods

Sampling Methods

In the following we shall distinguish between thieeds of sampling plots: “Primary Forest”
(PF) which designates plots sampled in areas ofgaldith forest for which we have
documented evidence that they were left untoucheatfleast 300 years; “Secondary Forest”
(SF), plots sampled in areas subject to clearrguiti the 1990s and, hence, left to recover for
at least 20 years; “Selective Logging” (SL) to lapkts sampled in areas, harvested in the
1990s (SL20) or in the 1980 (SL30). Cameroon atetude a plot subject to two rounds of
logging in the 1960s and 1990s (SLD), while twotplm Ankasa were clearcutted and then
selectively logged after about 50 years (SFD).pidits have negligible slope and lie on plains
or hilltops, with the exception of two primary feteplots (PFH) lying on hillsides (Table 1).

To collect the data included in the Datasetl, welues cartographic grid with rectangular cells
of 500 nf to define field plots (56) for each forest catgggurimary, secondary and selectively
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logged) within each study area above described 8% grid was overlaid on satellite maps of
the study areas of the five countries. Rectanquitatis of 500 m2 (20x25 m or 10x50m) were
selected by random sampling method (adapted Whittalampling method, 58, 59) at a
minimum buffer distance of 50 m from access roau$ extant logging trails. This sampling
design resulted in some plots being placed in faffscted by logging as well as in plots with
not direct signs of cutting activities (stumps,dsaskid trails and gaps). Overall, including all

three forest management types, we sampled a o8 distinct plots (Table 1).

Dataset 1 Dataset 2
Country Ghana Cameroon Gabon Sierra Leone
. Bia National Ankasa Forest South-Est North and _
Location . Gola National Park
Reserve . Central Regions
Park Region
N° Plots of primary forest 2 (including 4 3 (including
PF) 2 223
1 PFH) 1 PFH)
N° Plots in Selective ) 4 3 (including 1 4 119 SL-WM,
logged forest (SL) SLD plot) 136 SL
4 (includin
N° Plots in secondary 1 ( d 1 3 _
forest (SF)
2 SFD plots)

Vegetation type

Meters a.s.l.
Annual total rainfall (mm)
Average mean temp (°C)

Soil type

moist evergreen
forest

85-104

1650-2000

23-25°

Oxisol-alfisol

wet evergreen
forest

70-130

1850-2000

26-28°

Oxisol

moist evergreen
forest

120-400

1560750

23-25°

Oxisol-alfisol

wet evergreen
forest

410

2000-2500

24-26°

Oxisl

wet evergreen forest

154-400

2000-2500

24-28°

Oxisol

Table 1. List of site characteristic with regard to locatimegetation type, climate and soil classificatadrthe

sampled tropical forestAll the study sites incorporates primary forest&,(FH: hills) surrounded by managed
forest: SL20, area subjected to selective loggibgears ago; SL30 area subjected to selectiverigd?p years
ago; SL-WM area subjected toneell-managedoractice of selective logging; SLD area subjec¢ted double turn
of selective logging (1960s and 1990s); SF aregestdd to clearcutting 20 years ago; SFD area aldtad and

then selectively logged after about 50 years.



Within these plots, corner coordinates were cafléatith a GPS/compass and positions of all
trees having diameter not less than 5 cm were niappee diameter of each tree was
measured at breast height, i.e. 1.37 m above gr¢am80 cm above buttresses if present).
D.b.h. and height were measured using a laser hypiso-dendrometer. The genus and species
name was identified directly in field or using sippeens in laboratory. Tree positions into the
plot were recorded in gridded and geo-referencettsteets, as well as weed/vines cover.

We collected the available documentation reporthmg number of felled tree in the areas of
selectively logged forest, which range from 4 tfieado 38 trees/ha. Scaling these numbers
down to the area of the plots, we estimate the bauraf felled trees per plot, on average, to be
1+0.6.

The plots from the Gola National Park (Dataset2} the use in our analysis are a subset of
609 circular plots of 0.125 ha, sampled at 200 teruals and arranged in 43 transects,
surveyed by Lindsell and Klop (27) between Octob@d5 and May 2007. In each plot the
diameter of all trees larger than 30 cm d.b.h. massured, together with ancillary data such
as the slope of the terrain, the distance frormderest road or trail, etc (see ref. 27 for a full
data description). We excluded the plots distupedivers, swamps, trails, farming activities,
and those where the slope was not measured. Basédld evidence and on the available
records of logging offtake, we classified the remray plots as tinlogged (223 plots, assumed

to be PF),“well-managed” (119 plots, SL-WM) and‘logged” (136 plots, SL). This
classification is based on historical records @tJ field observationsUhlogged areas were
untouched by commercial operations and showeddioation of recent illegal activity.Well-
managetl and “logged areas were distinguished according to the reabpbformance of the
relevant concessionaires (60) wittvéll-managed” areas having a largely intact canopy and
“over-logged” areas having extensive canopy openin@ecause of the different sampling
methodologies, we analyse the data from Sierra édbrataset2) separately from the others
(Datasetl).

Data analysis

The biometric data (height and d.b.h.) were usedHe calculation of aboveground biomass
using the allometric equations of Chave et al.,22061) and the Global Wood Density
Database (62). The amount of carbon stored inltbgeground biomass was then estimated as
the kilograms of biomass multiplied for a convensiactor of 0.47 (63).

We formed 12 indices for each plot, defined in €abl The first group of four indices contains
the average tree height, diameter and biomassthentieight of the 80 percentile in each
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plot. The second group of four indices containssuess of density, that is the sum of height,

diameter, biomass and number of individuals nomredliby the area of the plot. The third

group contains three indices of biodiversity (rieks, entropy and evenness, 64) and a measure

of the abundance of vines in each plot.

1y
Mean Height NLE:‘L by Mormalized ,122111 bi s
: Biomass
Height of the M, such that MNomalized :—E':",‘l dpy
80th percentile Plh, =3 }=038 o :
Mean Biomass NLIE?I.'l by Richness Ry
- = Ty tui
Mean Diamecier f-E.Nn'J dy, S j=1 5 008 { .\-.JI
y Entropy

Momalized ii:"'l' h -1 olp R mj

ApFmER Evenness B otleg (—'}
Heighi bog (R} = I=1 m; My
Tree Density a Vines Cover o

Ay Ag

Factor

N number of tree in the i~th plot;
iy 4 height of the i-th tree m the -th plot;
iy ghove-faround biomass of the i-th tree in the {-th plot;
i diameter of the i-th ree in the th plog
"y number of species present in the /~th plot;
Ty number of individuals of the j-th species present in the -th plot
iy area coverad by vines in the /th plot
Ay arca of the I-th plot:

Table 2. Definition of the 12 indices used to compare priynas secondary and primary vs selectively logged

forest plots.

For each index, we compare the values scored Inyapyi forest plots with those scored by

secondary forest plots, and, separately, by seldgtiogged forest plots of the Datasetl. The

null hypothesis, namely that the index shows ntedéhce between PF and either SF or SL, is

tested with a Mann-Whitney test, which is appropriate because it works afsthé

distribution of data is non-normal or unknown and applicable to samples of small size.
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From the value of the statistitkwe compute, using Harding's algorithm (65), thebpbility

P of the null hypothesis, namely that the two sam@lee drawn from the same distribution.
We report the value of P any time that it is lowen 0.05.

We complete the analysis of Dataset 1 by computiegSgrensen index to estimate the beta-
diversity among primary forest plots and betweamary and selective/secondary forests plots
(65).

For the Sierra Leone plots (Dataset2) the treehheigs derived from the diameter data by
allometry. Therefore, height and biomass data aeeiy a function of diameter data, and we
do not include them in our analysis. On the otind, the abundance of plots, all from the
same location, allows us to study the entire digtron of tree diameters (for trees larger than
30 cm dbh), rather than just plot-by-plot averafmspercentiles). For this purpose we form
three large samples of diameter data by groupiggtter the diameter measurements from all
the unlogged, all the well-managed and all the éobdprest plots. We then perform two
pairwise comparisons between the 'unlogged' antl-rmanaged' samples, and between the
‘'unlogged’ and 'logged’' samples by means of a issstwo-sample Kolmogorov-Smirnov
test. In addition we use a kernel density estinmafltased on the Epanechnikov kernel, using
Silverman's rule for bandwidth selectidfi) in order to plot a reliable estimate of the ditene
data probability density function (pdf).

Then we use two indices of the second group (measuir density), namely the tree density
and the normalized diameter. In this case we havewvert to a plot-by-plot analysis, because
we need the plot's area to compute the densit@kviing ref. 27, in order to properly weight
the contribution of plots on sloping grounds, we tise vertical projection of the surface area,
namely

A; = Agcos (@)

where4o = 0.125 ha is the (constant) surface area of the ahdy is the slope of the ground
as measured in-situ with a clinometer. We thenpame the three groups pairwise, as for the
33 plots discussed above, using the Mann-Whithdgst. Note that the actual values of these
two indices are not directly comparable with thot¢he same indices of the 33 plots from the
Datasetl, because in the former case the sampkgiénall trees above 5 cm dbh, while in
Sierra Leone only the trees above 30 cm dbh werasuted and, overall, the sampling

protocols are quite different (see section "SangphMethods").
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Results

Figure 1 shows the first group of indices, namély average values of tree height, diameter,
biomass and the 80th percentile of height, for gdeoh It is quite evident that these indices do
not show striking differences between plots of aniynforest and plots of either secondary or
selectively cut forest. Although visually the vaduef selectively logged forest (red symbols)
appear to be generally lower than those of prinfargsts (blue symbols), the probability of

the null hypothesis is not as low as to allow fsrautright dismissal, except possibly in the

case of the mean biomass. In addition, we mustrebgbat one selectively logged plot in
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Figure 1. Indices characterizing the distribution of treegij biomass and diameter in each plot. A) Meaa leight
B) Height of the 80th peentile, C) Mean biomass D) Mean diameter. Theiaba shows a serial number attribute
each plot (which is held the same in all the figliréhe marker shape identifies the geographication of the plc
(circles: Cameroon; triangles: Gabon; hexagons:n@haBia; diamonds: GhanaAnkasa). Plots from Cameroon
Gabon are clumped together in Table 3 as “Centfat#®, Bia and Ankasa as “West Africa”. The markeolol
identifies the type of forest management (bluempriy, yellow: secondaryed: selectively cut). We show the value
the MannWhitney U statistics, above the yellow symbols whemparing primary vs selectively cut forest pldtshe

probability P of the null hypothesis is lower tHa05 we report it under the value of U.
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Gabon scores the highest value in all these fodicas, reflecting the fact that selective
logging does not always remove all the big trees given area.

Figure 2 shows the four density indices, namegystm of the height, biomass, diameter of
each tree, and the number of trees in each pleideti by the area of the plot. The Mann-
Whitney U tests let us conclude, with a very higinfaence, that all four densities are
systematically higher in primary forests. Therefdreese indices are sensitive to differences
between primary forests and the other two typderefst.

The difference in response between the first ardsgtond group of indices may be further
illustrated by looking at Figures 3 andwiich show a representative examples of the vértica
profiles and the canopy covers of the trees inats of lowland primary forest and two plots
of selectively logged forestf Cameroon and Ghana. Even when one comparesrerpri
forest plot containing a few big, tall trees witlselectively logged forest deprived of tall trees,

the averages are in both cases dominated by mednaonlow height trees, that by far
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Figure 2. Indices offorest density in each plot. A) Normalized heigB}, Tree density, C) Normalized biomass,

normalized diameter. Symbols, colours and legesds &igure 1.
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outnumber tall trees even in primary forest pld the other hand, the visually evident
difference between the two types of forest managemehe sparseness and lower number of
the trees in selectively logged plots compared Wighdenser, thicker and more uniform spatial

tree distribution in primary forest plots.

Figure 3. A comparison between vertical profiles (upper) aadopy view (bottom) of two plots of 50 m x 10 m

achieved in Cameroon) primary forest (PFP)y) Forest subject to selective logging 30 years &i30).
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Figure 4. A comparison between vertical profiles (upper) aadopy view (bottom) of two plots of 50 m x 10 m

achieved in Ghana) primary forest (PFP)) Forest subject to selective logging 30 years &}30).

Figure 5 shows the diversity and vines coverageasd In all cases, with the sole exception of
a plot of secondary forest in Cameroon, entropy ewehness of the plots have very high
values, signalling that most of the species appady once in each plot, regardless of the
forest management type. Evenness is unable tongissh between primary and the other two
forest types, and entropy does so with a relatively statistical confidence. This result is
consistent with previous studies that did not rdclarge losses of diversity in selectively
logged forests (32). Not surprisingly, the specielsness is instead significantly lower in plots
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of secondary and selectively logged forest thaplats of primary forest: this is the expected
consequence of the fact that the number of indalglper plot is less in selectively logged than
in primary forests (Figure 4b), and that most sped@re represented by just one individual.
Finally, the fraction of plot surface covered byes is the index that most reliably singles out

the primary forest plots from the other two typ@seach primary forest plot the vine coverage

is less (usually by a factor larger than ten) timaall non-primary forest plots.
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Figure 5. Indices of diversity and vine coverage. A) Speaiehness, B) Shannon’s entropy, C) evenness, iBgs
cover fraction. Symbols, colors and legend as gufé 3.

In order to exclude that the test results are &dtbby geographic inhomogeneities, we have
applied the Mann-Whitney test grouping togetheryotile plots from West Africa and,
separately, only the plots from Central Africa. Theults are reported in Table 3. The reduced
size of samples raises tRevalues associated to the computédalues, and makes it difficult
to reject the null hypothesis with very high coefte even when the value Wfis near zero.
However, the general pattern appears to be unatfdny the geographic location, namely that
the first four indices, together with entropy andemness are not particularly skilled in

distinguishing plots of primary forest from thehet two forest types, and that the density
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indices, together with species richness and vioegrcfraction are generally able to perform
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1.2

the distinction. A notable exception

are normalized height and tree
density for West Africa plots of

primary vs selectively logged forest.
In these two cases, however, the
value of theU statistics is almost

completely determined by the low
values recorded at a single plot of
primary forest in Bia (plot number 7

in the figures), characterized by
having relatively few, unusually low

trees, probably because it lies on the
side of a steep hill.

Figure 6 shows the results of the
statistical analysis of the diameter

data of the plots sampled in Sierra

Leone. Panel (a) shows the
probability density function of the
diameter of the trees for the

‘Unlogged' (considered as primary
forest), 'Well-Managed' and 'Logged'
plot types, obtained with a kernel
density estimation (the very steep
decline to zero on the left side of the
curves is due to having sampled only
trees larger than 30 cm dbh). The
three curves appear very similar to
each other, and thB-values of the
Kolmogorov-Smirnov test confirm
that any difference is just marginally
significant. The curves, however, do
show slight differences for trees
above 75 cm dbh, that is in the range
of the commercially interesting sizes.
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This result is coherent with those of the indicégigure 1, that also showed just marginally

significant differences between primary and theeotitwvo forest types.

Primary vs Secondary

Primary vs Selective

Indices West Central All West Central All
Mean Height 8.0 4.0 25.0 70. 14.0 47.0
- - 0.034 0.047 - -
Height 80th 7.0 4.0 23 3.0 7.0 29.0
Percentile
- - 0.023 0.008 - 0.006
Mean Biomass 6.0 4.0 23.0 3.0 7.0 29.0
- - 0.023 0.008 - 0.006
Mean Diameter 4.0 9.0 33.0 3.0 10.0 34.0
0.026 - - 0.008 - 0.015
HOT malized 2.0 2.0 13.0 9.0 0.0 12.0
eight
0.09 0.032 0.002 - 0.001 1E-04
Tree Density 1.5 1.0 10.5 115 0.0 16.5
0.004 0.016 8E-04 - 0.001 4E-04
Normalized 2.0 2.0 12.0 4.0 2.0 15.0
Biomass
0.009 0.032 0.002 0.013 0.005 3E-04
Normalized 0.0 3.0 16.0 3.0 0.0 4.0
Diameter
0.002 - 0.005 0.008 0.001 5E-06
Richness 2.0 2.5 10.5 5.0 3.0 17.0
0.009 0.032 8E-04 0.021 0.009 5E-04
Shannon Entropy 3.0 6.0 21.0 8.0 12.0 38.0
0.015 - 0.016 - - 0.027
Evenness 11.0 9.0 49.0 15.0 11.0 61.0
Vines Cover 0.0 0.0 0.0 0.0 0.0 0.0
Fraction
0.002 0.008 6E-06 0.001 0.001 4E-07

Table 3. Results of the Mann—Whitney U test comparing ptdtgrimary vs secondary forest{3o 5" column)

and primary vs selectively cut forest"(6 8" column) for the indices of Table 2. We apply thsttonly to the

plots from West Africa (8§ and ' column), or only to the plots from Central Afri¢&" and 7' column), or to all

plots (8" and & column). For each index, the first row reports tadues of the U statistics. The second row

shows, when it is less than 0.05, the probabiligt tthe corresponding U value may occur in two preshelent

samples drawn from the same distribution (null higpsis).

Panels (b) and (c) show the tree density and themadzed diameter indices. Because of the

large number of plots, showing the values score@dwh plot with individual markers, as in
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Figure 2, would be rather confusing and not verfprmative. We then opt for showing a
kernel density estimate of the probability densitgction of each index as a function of the
index value. It is then visually obvious that thedged' plots score systematically lower values
than the 'Unlogged’ and the 'Well-managed' plokss s confirmed by the Mann-Whitney
test, which gives vanishingly low values to the lHinylpothesis for the pair 'Unlogged’ vs
'‘Logged'. However, it does not show significanfediénces for the pair 'Unlogged' vs 'Well-

managed'.
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Figure 7. Expected density indices of primary forestdensity indices of selective logged and secongédots The
expected indices are obtainignitting the two tallest trees of each plot for th@malized height, the two heavi
trees for the biomass density, the two trees highlargest diameter fidhe normalized diameter, and any two tree

the tree density. Symbols, colors and legends &gure 1.

We wonder if the simple removal of tallest treesyrhave an imp act over time. For this
reason we compute, for all the primary forest ptaft®ataset 1, the value of the four density
indices, but omitting the two tallest trees of eaatbt for the normalized height, the two
heaviest trees for the biomass density, the twestreith the largest diameter for the
normalized diameter, and any two trees for the degsity. The reason for this choice lies in

the fact that the estimated number of felled tneessplot in the selectively logged plots of



Dataset 1 is 1+0.6. In this way we have a rathesipastic estimate of what those indices
would beexpectedo score, if those plots were subject to a seledtigging whose only effect
was the disappearance of the two most valuable teeach plot. We then compare the scores
of the expectedndices of primary forest plots with those of thiher two types of forest in
Figure 7. In spite of the simulated logging, the&main significantly above the scores of
selectively logged plots, except for biomass dgnsithere the difference, albeit existing, is
only marginally significant.

A genus similarity indexp-biodiversity) for species recorded in differentmagement types of
forests in each study area was calculated usingritidence-based Sorensen's index. The
results of pairwise comparisons are summarizedalnlel5. These results cannot be considered
as representative of the whole forest ecosystermauige they are referring to small sampling
plots (500 mq) which do not reach the Species-A@awve saturation (67). Anyway, from the
calculated indexes we can argue that selectiveinggiprests genus are more similar to those
of primary forest than secondary one. However, annforests plots have more common

genus among themselves than if compared to sedéctvgged areas.

Cameroon (Forest Plot) Sorensen Index Gabon (ForeBtot) Sorensen Index
PF vs SF 0.086 PF vs SF 0.14
PF vs SL 0.348 PF vs SL 0.571
SFvs SL 0.233 SFvs SL 0.116
PF 51 vs PF 52 0.363 SL 63,64 vs SL 65,66 0.415
SL 53 vs SL 54 0.093 PF 57 vs PF 58 0.558
SL 53 vs SL 56 0.325 PF 57 vs PF 59 0.5
SL 54 vs SL 56 0.272 PF 59 vs PF 58 0.592
SF 60 vs SF 61 0.571
SF 60 vs SF 62 0.347
SF 61 vs SF 62 0.465
Ghana - Bia (Forest Plot) Sorensen Index Ghana - Aasa (Forest Plot) Sorensen Index
PF vs SF 0.363 PF vs SF 0.415
PF vs SL 0.534 PF vs SL 0.552
SFvs SL 0.441 SFvs SL 0.505
PF 71 vs PF 72 0.472 PF1,2vs PF 3,4 0.622
SL73vs SL 74 0.339 SL5,6vsSL7,8 0.735
SF 9,10 vs SF 11,12 0.307

Table 5.Sorensen index (Sl) for genus similaripyt{iodiversity) of each study areas of the Dataset 1
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Discussion and Conclusion

In recent decades, many tropical countries havengdth forest resource extraction
management from clear cutting to selective loggifty ®°, '), the latter regarded as a
management practice that has less dangerous effethe ecosystem, even though researches
are scanty in critically evaluating its impact awdst structure, biodiversity and ecosystem
services. To better understand the effect of sgkedbgging on tropical forests, we compare
three different types of forest management: primfangst, namely mold-growth/untouched
forest; secondary forest, namely forest subjectecclearcutting management; selectively
logged forests. The data allow us to form 12 de$tindices (summarized in Table 2) on forest
biomass, tree diversity, tree density, etc. thaewamine in order to determine which of them
show statistically significant differences among tarest types, and which do not.

Our results indicate that the distribution of héggldiameters and biomasses, and the diversity
of trees in a logged forest are not largely differi'om those of a primary forest, while all
indices of density show a marked decrease of thgeld forest together with the concomitant
invasion by vines, climbers and other weeds. Ireothords, the forest subjected to selective
logging does not seem to suffer any effect on @dieal structure but rather shows a well-
markable arboreal rarefaction.

The single exception to these findings are thell-managetiplots of the Gola National Park

in Sierra Leone (Dataset 2), where the densityceglappear to have roughly the same values
than in the tinlogged”plots. On the other hand, thiegged plots of Gola show a drop in the
density indices even though they were logged irsthenties and eighties. This result suggests
the key that allows for an understanding of theeolsd data. In the “ell-managed plots of
Gola the harvesters took care to minimize as mgcpaasible the amount of canopy damage
exerted by the logging activities. No such care te&en in the fogged plots. This, in turn,
implies that the amount of extra light filteringttze lower forest layers, and to the ground, was
limited for “well-managedt plots, and more abundant and spread outltmyded plots.

It is reasonable to assume that the extra light@dby canopy openings larger than some
threshold, triggers a complex chain of effects lon glant community, of which we may guess
a few links: (i) young trees of dominant speciagcfsasCeltis mildbraedij taking advantage

of the free space and reduced shade due to thevatmbparent plants or other logged, tall
commercial species, replace some species of thendaxy or tertiary layer (e.gBaphia
nitida); (i) many of the shade-intolerant trees, beingidenly exposed to direct sunlight,
experience much increased mortality rates, andelespace for vines and weeds such as
Aframomum alboviolaceus, Halopegia azurea, Manmyomh fulvum and Haumania
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danckelmania(iii) vines, climbers and shrubs, in the occasiospots where they manage to
become dense enough, suppress the growth ofirsgedf typical primary forest species (71).
We further investigate this issue by evaluating ¢lxpectednormalized indices, for all the
primary forest plots of Dataset 1, namely how wathioise indices be if plots were subject to a
selective logging whose the only effect was thagjiearance of the two most valuable trees of
each plot.

We notice that, in spite of the simulated loggitiggy remain significantly above the scores of
selectively logged plots, except for biomass dgnsithere the difference, albeit existing, is
only marginally significant. This result suggestscanario where the logging damage, unless
the harvesting is extremely careful, non only ssior decades after the logging, but in some
respects (e.g. tree density, normalized diametemalized height) becomes worse with time.

If, as a consequence of logging activities, a partf forest remains locked for decades in a
low-density, vines-rich state, undoubtedly theii# e effects on its biodiversity. However,
those effects may be such to escape easy quamtificét the scale of the plots most species
appear only once or twice, regardless of the faygst. Therefore entropy and evenness give
very high scores. Richness of the plots appeadsdp for logged forests, and this may easily
be explained by the reduced density of the for@dtwer number of trees per plot inevitably
leads to a reduced number of species, if each espasi represented only once or twice
(singletons or doubletons).

Among the possible causes of reduction of plantisgeat the forest-wide scale, there may be
changes in the density of suitable animal disperséirectly or indirectly linked to forest
alterations induced by logging activities (Brodieae2009; Brodie & Gibbs 2009). In Central
Africa, this phenomenon can be due to the reduabioherbivorous populations which are
important for seed dispersal. Because many piosigecies are wind dispersed, clear-cutting
encourages the establishment of plants which arel wlispersed. These includ@intumia
elasticaandTerminalia superbawhich were responsible for 65% of the total alamo® of the
SF in one study performed in Camerodf). (Furthermore, the elimination of species such as
those belonging to the geneEmtandrophragmaCeiba, Triplochitonand Erythrophleum
removes the main feeding sites of arboreal monkeygknesting sites of hornbills, which are
both important seed dispersers.

Finally, let us say a few words about the plotsesondary forests. In this paper, we present a
pairwise comparison between primary forest vs. doubjected to selective logging and
between primary forest and logged ones. Apparemtigking the figures on normalized
biometrics (dbh and heigh) and biomass (Figure lan® 5) this two types of forest
management are very similar between them. Anywayidks of species and the resetting of
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the long-term ecological successions of a tropiaadst make clearcutting obviously to be the
worst in terms of conservation. This is clear asialy the Sorensen values (Tab. 5) which
show genus similarity higher (sometimes close tarhipng secondary forest plots themselves
than if compared to primary ones.

We can no longer assume that, following selectogging, the forest ecosystem recovers on a
trajectory towards its primary (pre-disturbancegtest This research suggests instead that,
although in most of the plots analysed only a femmercial trees per hectare are removed, a
large structural alteration of the entire ecosystesmises the decline of biodiversity and
ecosystem services. Moreover, we wonder if thecietelogging cycle of 30 years (the years
since logging of most of our plots), commonly ugedropical timber harvesting, is sufficient
for a complete recovery of the forest structure iasdems to alter the ecosystem hugely.

It is very likely that changes of the dynamics othes consolidated over hundreds or
thousands of year$? in tropical forests due to the removal of certiedty tree species lead to
the development of dynamics that decrease theritytegf the system (density-dependent
effects). Further investigations on later effects8(Q years after logging) could shed light on
these dynamics. Moreover, we showed that the siraicthanges, vines/weed/climbers growth
and alteration of the dynamics among species beigntp different layers are the main
consequences of the logging and a clear explanafidhe observed effects on biodiversity
(74) and carbon stocks. At the same time, the temtuof populations of large herbivorous
mammals, the prevalence of wind-dispersed seedstt@dncreased competition between
shade-tolerant species when exposed to sunligheiforest that have been logged selectively,
could be contributory factors that are collectivedignificant in explaining the effects
documented.

Summarizing, this paper suggests that selectivgimgghas several important negative effects
on forest structure, dynamics, biodiversity andsgstem services and that these effects can be
truly evaluated only in the long term by analysthg evolving dynamics of repeated logging
and not the mean structural values but the norexdlizdices

The attention should be paid not just to totallwtdective practices such as deforestation
(clearcutting) for alternative land uses (cropsgaazing, commonly in the Amazon, or the
palm oil plantations that are typical of South-e&sia), but also to the selective logging of the
last virgin forests of Africa, which may be a maeexious cause of forest degradation than what
has been thought to date. These first results stigigat it will be crucial to increase research
about the key question for forest management amdescwation: is selective logging really

sustainable for primary tropical forests?
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Cameroon PFP PFH SL20 SL30 SF20 SLD
Richness (s/500mq) 30 23 25 23 10 22
Richness expected 28,4

Shannon diversity index 2,788563 2,740624 2,961067 2,78235 1,51032 2,813273
Abundance (n/500mq) 77 80 51 52 55 40
Evenness 0,819877 0,874064 0,919907 0,887372 0,655924 03101
Biomass (kg) 25742,91 65711,19 19821,34 9571,725 11106,68 9783,3
Carbon (kg) 12099,17 30884,26 9316,031 4498,711 5220,138 4688,7
Biomass expected (kg) 16045,21

Biomass variation % 100% / 76,99729  37,18198 43,1446 37,92624
Gabon FP SF40 SL5 SL15

Mean Richness (s/500mq) 33,66667 25,66667 17,5 22,5

SD richness 6,429101 2,516611  3,535534  9,192388

Richness expected 32,06667

Mean Shannon 3,348375  3,205337  2,771024  3,069942

SD Shannon 0,036405 0,113353 0,21976 0,420521

Mean Abundance (n/500mq) 72 57,2 32 34,5

SD Abundance 15,09967 13,31165 1,095445 13,69306

Mean Evenness 0,963701 0,996965 0,992501 1

SD evenness 0,056531 0,002689 0,001949 O

Mean Biomass (kg) 43890,38 24287,34 8728,983 26215

SD biomass 16473,65 15459,31 781,2501 16961,58

Mean Carbon (kg) 20628,48 11415,05 4102,622 12321,05

SD Carbon 7742,616 7265,874 367,1876 7971,943

Biomass expected (kg) 28011,83

Biomass variation % 100% 55,33636 19,88815 59,72836

Supplementary Table 1.Data on biomass, biodiversity and carbon stocks/Kilgof trees in Database 1.

Expected biomass is calculated as primary foreshhss minus the mean of the highest biomass vaiueeks in

primary forest plots. Expected biodiversity is exdbed as mean richness of the primary forest piotais 1,6

species (assuming that the logging at the higtstshated rate involve singletons). Carbon stockb f@arcentage

variation are derived from observed biomass (biwftad7).
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Ghana (Bia) PFP PFH SL20 SL30 SF20

Richness (s/500mq) 38 23 33 25 25

Richness expected 36,4

Shannon diversity index 3,295296  2,850265  3,097363 2,841976  3,098835
Abundance (n/500mq) 61 44 61 53 39
Evenness 0,912592  0.9090321 0.88584465 0.8722812 0.96270704
Biomass (kg) 94250,41  27230,26  22228,49 8451,275  6085,839
Carbon (kg) 44297,7 12798,22  10447,39 3972,099 2860,344
Biomass expected (kg) 68208,33

Biomass variation % 100% / 23,5845 8,966831 6,457095
Ghana (Ankasa) FP SL SF

Mean Richness (s/500mq) 32,25 215 17,5

SD richness 4,924429  1,290994  6,403124

Richness expected 30,65

Mean Shannon 3,317179 3,015 2,4525

SD Shannon 0,216518 0,108474 0,405576

Mean Abundance (n/500mq) 58,5 54 42

SD Abundance 1,566699 2,662876 2,860388

Mean Evenness 0,935474 0,92 0,87

SD evenness 0,457389 0,024495 0,037417

Mean Biomass (kg) 16747,45  2467,052 3868,12

SD biomass 7985,001 2966,263 5505,769

Mean Carbon (kg) 2889,054  1159,515 1818,016

SD Carbon 3752,95 1394,144 2587,711

Biomass expected (kg) 12615,37

Biomass variation % 100%  14,73091 23,09677

Supplementary Table 1.Data on biomass, biodiversity and carbon stocks/Kilgof trees in Database 1.
Expected biomass is calculated as primary foreshbss minus the mean of the highest biomass vafueeks in
primary forest plots. Expected biodiversity is exded as mean richness of the primary forest plotsis 1,6
species (assuming that the logging at the higtstshated rate involve singletons). Carbon stockb f@arcentage

variation are derived from observed biomass (biwftad7).
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CHAPTER 2

A moded for localized disturbancesin tropical forests*

Abstract: Tropical rainforests are among the most threateeeuoksystems by large-scale
fragmentation due to human activity such as heaggihg and agricultural clearance.
Although, they provide crucial ecosystem goods aedvices, such as sequestering carbon
from the atmosphere, protecting watersheds andecang biodiversity. In several countries
forest resource extraction has experienced a 8bift clearcutting to selective logging to
maintain a significant forest cover and understotkving biomass. However the knowledge
on the short and long-term effects of removing &eld species in tropical rainforest are scarce
and need to be further investigated.

One of the main effects of selective logging onefbrdynamics seems to be the local
disturbance which involve the invasion of open sphy weed, vines and climbers at the
expense of the late-successional state cenosisprégéent a simple deterministic model that
describes the dynamics of tropical rainforest sttiije selective logging to understand how and
why weeds displace native species. We argue teatdlective removal of tallest tropical trees
carries out gaps of light that allow weeds, vined alimbers to prevail on native species,
inhibiting the possibility of recovery of the ongil vegetation. Our results show that different
regime shifts may occur depending on the type fdomanagement adopted. This hypothesis
is supported by a dataset of trees height and wieed/ cover that we collected from 9 plots

located in Central and West Africa both in untowthad managed areas.

* submitted to PIosONE as “Gatti Cazzolla R., DilRa®, Valentini R., Paparella FA model

for tropical forests subject to localized disturlogh

5C



| ntroduction

Tropical forests provide crucial ecosystem goods services, such as sequestering carbon
from the atmosphere, protecting watersheds andecaing biodiversity. Around 40% to 75%
of all biotic species are indigenous to rainforektdf of all the living animal and plant species
on the planet live there and about two-thirds bflalering plants can be found in rainforests.
Tropical forests are among the most threatenedystmas by large-scale fragmentation due to
human activity such as heavy logging and agricaltalearance. Actually the area covered by
rainforests around the world is rapidly shrinkitgp to date most studies into the impacts of
land use in tropical ecosystems on the global cartyale and conservation of biological
diversity have focused on deforestation (1).

In several countries forest resource extraction dxggerienced a shift from clearcutting to
selective logging (2; 3; 4). In some regions of Werld such as Africa, “selective logging” is
of great importance because allows to maintaingaifstant forest cover and understock of
living biomass. Selective logging (i.e. the praetaf cutting down one or two largest trees
while leaving the rest intact) is increasingly eadsmd as an approach which protects the
integrity of forest ecosystems while allowing ampagpriate use of resources. This is a concept
specifically designed to reconcile the differerienests in forests, including the maintenance of
biodiversity (5, 6). However, several studies iaptcal forests subject to selective logging
have shown changes in species composition (7, 8))9genetic diversity (11), forest structure
(12, 13) and nutrient cycling (14).

However the knowledge on the short and long-terfeace$ of removing selected species are
scarce and need to be further investigated.

One of the main effects of selective logging one&brdynamics seems to be the local
disturbance which involve the invasion of open sphy weed, vines and climbers at the
expense of the late-successional state cenosis (@h5ysecondary forests (regrowth of
clearcutted areas), instead, the development bf-dgmanding species does not involve vines
and weeds, being the secondary succession restdirectly from the pioneer tree stage
towards climax. There are some evidence that tabpicests subject to selective logging have
suffered a decline of biodiversity, both of animafal plants species (16, 17, 18, 19).

Weeds, vines and climbers forest species exhibielitknown range of ecological roles (20)
and are fundamental components in forest dynamits wvespect to natural disturbance
regimes, from pioneer phase to mature phase, andrdgenerate from a range of sources,
including dormant seeds, seed rain, pre-establigtreghiles, and resprouts from damaged

adults (21). Most of weeds, vines and climbersua@mmon in old-grown forest ecosystems.



Disturbance plays a critical role in weed invasioms rainforests because it creates
opportunities for weeds to claim previously utiisepace and resources. Rainforest weeds
rarely tolerate shade, so some kind of minor digtnce resulting in an opening of the canopy
is usually necessary for weed establishment. Tilgickagmentation and selective logging
open up gaps of light in which weeds displace ppsess native species. Otherwise, in natural
gaps (e.g. due to big broken branch or naturaky drees) the light space created is usually
smaller than in logging gaps and tree saplings seenbe prepared to grow fast to fill the
canopy opening (22, 23, 24, 25, 26). This redueelitelihood of vines, weeds and climbers
invasion (27, 28).

In this work we will derive a simple model to daber the dynamics of tropical rainforest
subject to selective logging. For this purpose eeetbped a quantitative, deterministic model
that describe the dynamic of tropical trees coexgstvith weeds, vines and climbers. We
argue that the selective removal of tallest trdptoaes carries out gaps of light in which
weeds, vines and climbers can grow suppressingsfineuting tress. This hypothesis is
supported by a dataset of trees height and weed/\dover that we collected from 21 plots
located in Central and West Africa both in untoutla@d managed areas. To our knowledge,
this is the first mathematical model that buildstibose experimental findings to quantitatively
explain the presence of weed on forest subjecekecsve logging. The model is embodied
with two simple ordinary differential equations addes not explicitly describe the spatial
structure of the forest. Our results show thatedéht regime shifts may occur depending on

the type of forest management adopted.

M aterials and methods

This work is based on the concept of the vertitraicsure of the forest. We mean to “structure”
as the vertical composition and stratification efetational layers, from the understory to the
highest trees. In this sense the vertical struatfiseforest may be described by some statistical
parameters of height distribution of the tress lilke mean, the standard deviation or a specific
percentile. We consider that a forest is well strrted when the distribution of trees heights is
wide and heterogeneous. Vice versa we considestfaseunstructured when the distribution of
the trees heights is concentrated into a smalleaargl the variability is quite low. For the
purpose of our work we introduce a vertical vedetatl structure index (h) ranging from 1,
the maximum value corresponding to a proxy of d e@hserved old-growth tropical forest, to
0, the minimum value corresponding to a proxy dfighly damaged forest (e.g. clearcutted).

Intermediate values of h should indicate that theedt has decreased its height of some
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amount, but the largest contribution to the indaxstrbe given by the tall trees. Therefore, a
herd of elephants cutting a path below the (untedimigh canopy, should decrease by little
or no amount the value of h, while the selectivggiag of commercially-valuable trees, which
are the tallest in the forest, should decrease & sigable amount. Such Index may represent a
single statistical parameter (e.g. mean canopyhheag the standard deviation) as well as a
indicator of the combination of more parametersthis case study, because we are interested
to the effects on long term of the selective renh@iahigher tress, we assign to the vertical
structure index (h) the mean of trees height ower 80° percentile. Nevertheless other

statistical parameters will be compared and sorseudsion will be carried out.

TheModée

The model includes two state variables: the foxestical index (h), based on the height
distribution of the trees over the 80° percentled the weeds, vines and climbers cover (). In
the absence of any other disturbance, when empatyespecomes colonized by a forest, we

shall assume that the index h is subject to tHeviahg simple dynamics:

dh
E = T'(h)h

where the growth rate r is a decreasing, continuoustion of h, it reaches a positive
maximum for h = 0, and becomes zero at h = hmas.donvenient to rescale all the quantities
by using [r(0)[* as the unit of time and hmax as the unit of h.r&fwe, the above
assumptions on r can be summarized as: r(0) = 1=rQ; r(h) <O.

Because of the vines growth only in gaps of lightoistructured forest, we take into account
three basic assumption: i) the carrying capacitthefvines in a untouched forest (values of h
lose to hmax) is quite zero; ii) weeds, vines almhlers cannot growth after a clearcutting ,
indeed there are evidences that the forest rettong#s natural composition after such
managing. So we assume a low (or even zero) cgroapacity of weed vines and climbers at
h=0; iii) if the upper canopy of the forest is rearad without damaging the lowest trees, one or
more spots with enough light will appear at the dowevels of the forest, without undo (or
shatter ?) the vertical structure. Therefore, veel@ad to conclude that the carrying capacity of
the vines has a maximum at intermediate values of h

The above discussion leads to the following conadpnhodel for the coexistence of forest and

vines:

dt

% =((h) —aq) h
d
# =c(l-t)a




where ¢ is the biomass of vines per unit areg their maximum growth rate, and the function
K is the h—dependent carrying capacity of the vim@sch shall be a positive function for h >0
but may be zero if h = 0. The constardetermines the damping strength of the vines en th

(re)growth of the forest.

Study sites

We collected data on vines, weed and climbers tleasind tree heights in tropical forests of
West and Central Africa. In West Africa forest glatere selected along the border between
Ghana and Ivory Coast (Bia National Park and sumdmg areas). In Central Africa forest
plots were selected within the Congo river basimthe border between Cameroon and Central
African Republic (Sangha Tri-National Forest).

The first study area, Bia National Park, is paragirotected area of 306 knwhich comprise
77.7 knf of national park in the north, and 227.9%af Resource Reserve (where logging is
permitted) in the south. The area is located inttaesition zone between the southern mixed
evergreen forest and northern mixed semi-deciddianest. The average annual precipitation
ranges from 1500 mm to 1800 mm and the averagehilyol@mperatures range between 24°
and 28°C, with the rainy season during the monthMay, June, September and October.
More than 300 plant species per hectare can beausespecies from thielakore Dahoma
Khaya and Marantis genera are widespread. The second study area ntraCéfrica is
bordered to the east by the Sangha River, an affloiethe Congo River, and it belongs to the
Sangha Tri-National Protected Area (STN). The peokers an area of 1,838 kmwith an
altitude ranging between 300 m and 750 m aboveleez. The area consists of semi-
evergreen forests, with over 300 species of trws]argest ones includinQeiba pentandra
(L.) Gaertn, Terminalia superbaEngl. & Diels and members of the famifterculiaceae
(Triplochiton, Pterygotg. The average annual precipitation is 1400 mmh whie dry season
occurring from December to February.

In all the study sites, the commercial tree speamest commonly harvested are
Enthandrophragma cylindricurik. Schum Terminalia superb&ngl. & Diels Triplochiton
scleroxylon Sprague andHeritiera utilis (Sprague) SpragueA typical selective logging
scheme includes the harvest of trees with diaméigger than 30-100 cm and logging cycles
of 15-30 years. For example, in Central Africa tmenimum diameter is 100 cm for
Enthandrophragma cylindricup60 cm forTerminalia superbaand 80 cm forTriplochiton

scleroxylomnand logging cycle is 15-30 years .
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Plots Selection and Data recordering

To identify and outline the sample plots we perfedrthe following protocol: i) the study
areas were surveyed to detect each forest catégnyary, secondary and selectively logged);
i) 9 plots of 500 rfi were selected at a minimum buffer distance ofrbffom access roads
and logging trails. The selected plots includedrngry old-growth forests (PF), 5 areas
subject to selective logging (SL) and 2 areas stiltgeclear-cutting in the 1990s and then left
to recover (SF); iii) in each plot corners cooedas were collected with a GPS.

For each plots we recorded genus/species naneepdsetion into the plot and trees height by

a laser hypsometer-dendrometer.

Results

Data Analysis

The evidences of the leading role of taller treedavest structure are shown in Figure 3. The
standard deviation of the mean canopy height ofuh®suched forests (green markers) is
higher than those subject to selective logging (redkers), that is, the inviolate forests show
greater variability in the distribution of heights.

With regard to the basic assumption of the modgéddi abov, the data collected give rise to our
hypothesis: the correlation between the averagweeks height over the 80° percentile and
weeds/vines/climbers is quite strong in plots stibje selective logging but not for those
subject to clear cutting. In forests subject tacleutting the weeds/vines/climbers are almost
absent, indicating that they do not have imporémaiogical roles in deforested site.

Also the correlation between the mean canopy heigbtweeds/vines/climbers, although less
strong, is not deniable in the pltos subject fec&e logging. This result is reasonable since
the arithmetic mean takes into account all treesgnt into the plot and in tropical forests the

tallest tree are also the rarest one.




Equilibria

The system of equations 2 has the trivial fixechpbj=q,=0, corresponding to the absence of

both forest and vines. Other fixed points satibfy following algebraic equation:

|
=
—
—_
Q
~—
|

o =

In other words, an equilibrium occurs when the glomate of the forest, rescaled with the
damping ternu equals the carrying capacity of the vines.

On the other hand, if the upper canopy of the toieesemoved without damaging the lowest
trees, many more gaps with enough light will appsahe lower levels of the forest, without
damaging too much the quality of the soil. Therefave are lead to conclude that the carrying
capacity of the vines has a maximum at intermediakges oth.

In other words, an equilibrium occurs when the dglowate of the forest, rescaled with the
damping ternu equals the carrying capacity of the vines.

Depending on the shape of the functions K grtie condition 3 may be satisfied never, once,
or more than once. Figure 1 shows a case with onetnvial equilibrium (dashed magenta
line), and a case with three non-trivial equilibf&lid magenta line). For simplicity, we have
used r(h)=(1-h) and K(h)=ph%e ", with suitable values of the constangs y. If our
assumptions on the general shapand K are correct, three intersections should be not
uncommon. This is the interesting case for ourwdison. When there are three non-trivial
equilibria, linear stability analysis shows that iquilibrium having intermediate valueshgf
andq, is unstable, and, in particular, it is a saddlee Equilibria having low ho and higjo
(unhealthy forest with dominance of the vines), aigh h, and highq, (healthy forest with
few vines), are stable. The phase state of thesys partitioned into two basins of attractions
by the stable manifold of the saddle equilibriutre(tJ-shaped blue line in Figure (2)). All the
orbits starting from the states into the “U” regiminthe phase space converge to the unhealthy
forest equilibrium, and the orbits from the statesgside that region converge to the healthy
forest state. The particular choicerodndK does not affect much this partitioning, as long as
there are three non-trivial equilibria (two stablees, and a saddle in between them), and that
K(0) is sufficiently small. IfK(0) has a sufficiently high value, | have numericabence that a
global bifurcation occurs, in which the left-sideabch of the stable manifold of the saddle

point originates from the trivial fixed point raththan from infinity. In this case, the states
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Figure 1: Non-trivial eguilibria of model (2) are determined by the intersections
between the rescaled forest growth rate r(h)/a (solid green line) with the carry-
ing capacity K (h) of the vines (solid and dashed magenta lines). Two examples
are shown: the solid magenta line is a case where the vines carrying capacity is
high enough at intermediate values of h as to have three non-trivial equilibria;
the dashed line is a case where there is only one non-trivial equilibrium, att ained
at almost full forest height, and very low vines concentration.

with low values ofh, but sufficiently high value off will originate orbits converging to the

unhealthy forest fixed point.

Discussion and Conclusion

The action of cutting the highest trees leavesfdinest with a much lowered value bf but
changes little the density of the few vines preserihe healthy forest. In other words the cut
moves the system along the horizontal dashed hnEigure (2). If the drop irh is large

enough, the new state (represented by the sthe &ft end of the dashed line), may belong to

the basin of attraction of the unhealthy forestest@aherefore, as time passes, the forest does

not recover to a healthy state, but falls into uhealthy, vine-infested one. It is possible that
even the removal of a single big tree is enouglotally move the system to the unhealthy

forest basin of attraction (by locally, | mean osuaface of a few thousand square meters). The

possibility of recovery, then, depends on the gbdf the surrounding healthy forest to invade
the unhealthy spot. This calls for an explicit gdahodelling. On the other hand, the action of
a fire, or other catastrophic events that destrogtrof the biomass in the forest, including the

vines, moves the system lose to the origin (the istahe lower left corner of Figure (2)).
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Because of the basin of atttion of the unhealthy forest fixed point does nadiead up to the
axish=0 (it is U-shapeyall states having sufficiently small h belongtihe basin of attractio
of the healthy forest fixed point. From the datdemted on canopy height and plant asity,
we have the evidences of a decreasing of planeygity in tropical forest subject to select
logging respect to the same but untouched forekhoAgh up to nowthere is not a well
defined correlation between canopy height and kardity (which is discussed in Chapte) it
is clear thathie highest levels of biodiversity reside in theauthed forests

This finding calls for an urgent adaptation andigaition respons aimed at protecting ar
enhancing thdorest conservatic through spatic interventions, both in terms (olicy and
managemenand regulatory mechanisms, to prevent human pressutropical areas. Our
work confirms the importance of using dynamic, deterstioi model for identifying
vulnerabilities and thresholds whiassessing the impacts ahthropogenic activitic. We
believe that in the futurapproaches like this model will have a wider usealise the provide

simple and clear instruments to policy makers planning institutions for decision mak.
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Figure 2: Phase space of model (2) for the case of the solid magenta line in
Figure (1). Unstable equilibria are markad by black squares, stable equilibria
by black dots. The equilibrinm corresponding to intermediate forest height and
intermediate vines density is a saddle. Its two unstable manifolds (solid red
lines) connect with the two stable equilibria. Its two stable manifolds (solid
blue lines ) come from infinity. OUne of them goes close to the trivial equilibriam,
without reaching it. Two initial conditions (black stars) belonging to separate
basins of attractions are shown, together with the orbits originating from them
(thin solid green lines). The thin dashed black line represents the process of
removing the tall, commercially-valuable trees, bringing the system from the
healthy forest state (lower right black dot) to a state ( the star furthest from the
origin) which has essentially the same vine density, but a much lower value of
fi, and that belongs to the attraction basin of the unhealthy forest (upper left
black dat). A forest fire would destroy both forest and vines, moving the system
to a state (the star closer to the origin) which still is in the basin of attraction
of the healthy forest fised point.

58



References

1 Thompson, I, Mackey, B., McNulty, S., Mosselek, (2009). Forest Resilience,
Biodiversity, and Climate Change. A synthesis of thiodiversity/resilience/stability
relationship in forest ecosystems. Secretariathaf €Convention on Biological Diversity,

Montreal. Technical Series no. 43, 67 pages.

2 De Wasseige C, Defourny P (2004). Remote sertdisglective logging impact for tropical
forest management. Forest Ecology and Managemén2D®4) 161-173

3 Gascon C, Mesquita R, Higuchi N (1998). Loggingyi@the Rain Forests, Science Vol. 281
no. 5382 p. 1453, DOI: 10.1126/science.281.5382145

4 Drigo R., Lasserre B.,Marchetti M. (2009). Tragditand cover change: patterns, trends and
impacts. Plant Biosystems 143 (2), pp. 311-327.

5 Rametsteiner, E., Simula, M. (2003). Forest fiestion - an instrument to promote

sustainable forest management? Journal of Enviratah®Management. 67 (1), 87 — 98

6 Imai N., Seino T., Aiba S., Takyu M., Titin hdaKitayama K., Effects of selective logging
on tree species diversity and composition of Bonneapical rain forests at different spatial
scales, Plant Ecology, Volume 213, Number 9 (2012)3-1424, DOI: 10.1007/s11258-012-
0100-y

7 Silva, J.N.M., Carvalho, J.O.P., Lopes, J.do.CQusta, D.H., Oliveira, L.C., Vanclay, J.K.
&Skovsgaard, J.P. (1995) Growth and yield of aitalprain Forest in the Brazilian Amazon
13 years after logging. Forest Ecology and Managentd, 267—-274.

8 Magnusson, W.E., de Lima, O.P., Reis, F.Q., Higud. & Ramos, J.K. (1999) Logging
activity and tree regeneration in an Amazonianforiésrest EcologyandManagement,113,67—
74.

9 Luna, A.C., Osumi, K., Gascon, A.F., Lasco, RPalijon, A.M. & Castillo, M.L. (1999)
The community structure of cagedover tropical rairest in Mt. Makiling Forest Reserve,

Philippines. Journal of Tropical Forest Science,446—-458




10 Ganzhorn J. U., Ganzhorn A. W., Abraham J.ARdriamanarivo L. and Ramananjatovo
A., The impact of selective logging on forest stame and tenrec populations in western
Madagascar, Oecologia,Volume 84, Number 1, 126-D834;10.1007/BF00665606

11 Jennings, S.B., Brown, N.D., Boshier, D.H., Wiuate, T.C. & Lopes, J.do.C.A. (2001)
Ecology provides a pragmatic solution to the maiatece of genetic diversity in sustainably
managed tropical rain forest. Forest Ecology andddament, 154, 1-10.

12 Hall, J., Harris, D.J., Medjibe, V. &Asthon, P.K2003) The effects of selective logging on
forest structure and tree species composition i@eatral African forest: implications for
management of conservation areas. Forest Ecolajivamagement, 183, 249-264.

13 Okuda, T., Suzuki, M., Adachi, N., Quah, E.Suskkin, N. &Manokaran, N. (2003) Effect
of selective logging on canopy and stand structume tree species composition in a lowland
dipterocarp forest in Peninsular Malaysia. Foresilégy and Management, 175, 297-320.

14 Herbohn, J.L. & Congdon, R.A. (1993) Ecosystgmatnics of disturbed and undisturbed
sites in North Queensland wet tropical rain fordstLitterfall. Journal of Tropical Ecology,9,
365-380.

15 Schnitzer, S. A., J. W. Dalling, and W. P. Cars®000. The impact of lianas on tree
regeneration in tropical forest canopy gaps: ewdeior an alternative pathway of gap-phase
regeneration. Journal of Ecology 88:655—666.

16 Gascon C, Mesquita R, Higuchi N (1998). Loggig in the Rain Forests, Science Vol.
281 no. 5382 p. 1453, DOI: 10.1126/science.281.33&3b

17 Thompson, I., Mackey, B., McNulty, S., Mossel&, (2009). Forest Resilience,
Biodiversity, and Climate Change. A synthesis of thiodiversity/resilience/stability
relationship in forest ecosystems. Secretariathaf Convention on Biological Diversity,

Montreal. Technical Series no. 43, 67 pages

6C



18 Asner G.P., Knapp D.E.,Broadbent E.N., Olivéd.C., Keller M. and Silva J.N. (2005).
Selective Logging in the Brazilian Amazon. Scie&€ (5747): 480-482.

19 Imai N., Seino T., Aiba S., Takyu M., Titinahd Kitayama K., Effects of selective logging
on tree species diversity and composition of Bonnapical rain forests at different spatial
scales, Plant Ecology, Volume 213, Number 9 (2012)3-1424, DOI: 10.1007/s11258-012-
0100-y

20 Darwin, C. 1867. On the movements and habidiwibing plants. Journal of the Linnean
Society (Botany) 9:1-118.

21 Gentry, A. H. 1991. The distribution and evaatiof climbing plants. Pages 3-49 in F. E.
Putz and H. A. Mooney, editors. The biology of #neCambridge University Press,
Cambridge, UK.

22 Bais HP, Vepachedu R, Gilroy S, Callaway RM, arigo JM Allelopathy and exotic plant
invasion: from molecules and genes to speciesadations Science2003301:13771380

23 Perry L, Thelen GC, Ridenour WM, Weir TL, Callyw RM Dual role for an
allelochemical: (t)-catechin from Centaurea maaulosot exudates regulates conspecific
seedling establishment. Journal of Ecology 2003;2856-1135.

24 Thorpe AS, Thelen GC, Diaconu A, Callaway RM Reaudates are allelopathic in

invaded community but not in native community: diekvidence for the novel weapons
hypothesisJournal of Ecologp00997:641-645

25 Dudley SA, File AL Kin recognition in an annydant. Biology Letters 2007;3:435-438

26 Callaway RM, Mahall BE Plant ecology: family teoNature 2007;448:145-147

27 Asner G.P., Keller M., Silva J.M., 2004. Spatald temporal dynamics of forest canopy

gaps following selective logging in the eastern &ora Global Change Biology (2004) 10,
765-783.

61



28 Cannon C.H., Peart D.R., Leighton M., Kartawaniit, The structure of lowland rainforest
after selective logging in West Kalimantan, Indoagé&orest Ecology and Management, 67
(1994) 49-68

62



CHAPTER 3

The global correlation between canopy height and biodiver sity*

Abstract: Stratification has important implications in suntetgion and microclimate
formation within forests. Many observations sugdkeat there might be an optimum height for
the emergent and mid-story trees, reached by reapgprio signals in the environment.
Therefore, it is not surprising that diversity ighrer in a forest where different species can
spread their crowns over a single point on the ggoMVe combined data derived from the new
global canopy map developed by NASA through theARDsurvey of Earth and the global
map of vascular plant produced by the Nees-IrstituBiodiversitat der Pflanzen. Here we
show that there is a global positive correlatiotween forest canopy height and biodiversity
and that it follows a latitudinal gradient.

*in preparation as “Gatti Cazzolla R., Paparella Walentini R., Di Paola A.The global
correlation between canopy height and biodiversity”
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| ntroduction

Forest are well known to be organized in a vertitalension (1). Temperate forests are often
poor stratified where tropical rainforests consisemergent trees, a dense foliage below them
and several other layers (treelets, shrubs, liamatd)the herbaceous plants on the ground level
(2, 3). The vertical order of forests is a consegeeof a predictable allometric rule (4), a
design constraint and the tendency of plants tucate their resources efficiently (5). In fact,
most trees will not bloom and bear fruits until yheeach a certain height avoiding to be
suppressed by neighbours during their growth (&atfication has important implications in
sun detection and microclimate formation withinefgtis (7). Many observations suggest that
there might be an optimum height for the emergedtraid-story trees, reached by responding
to signals in the environment (8). Therefore, in@ surprising that diversity is higher in a
forest where different species can spread thewmsoover a single point on the ground (9).
The superimposition of many crowns is one of thelmeaism that contributes to the high
diversity of plant species in forests (10). Howeuie vertical dimension can allow high
diversity only where the climate and soil condisgrermit trees to attain large stature (11). Up
to now difficulties to detect tree’s height by gnol) lack of global canopy data and incomplete
flora census has impeded to define general pati&risrest structure and biodiversity. The
recent developments of powerful technologies, faghight Detection and Ranging (LIDAR),
and the enrichment of databases of vascular fllwas1to develop analyses on global scale on
these relations in forest ecosystems. Here we ghatvthere is a global positive correlation
between forest canopy height and biodiversity &ad it follows a latitudinal gradient.

Materials and M ethods

We combined data derived from the new global camopp developed by NASA through the

LiDAR survey of Earth (12; 13; 14, Figure 1) ane tilobal map of vascular plant produced
by the Nees-Institut fur Biodiversitat der Pflanzd5, Figure 2). The global map of canopy
height is has a 1 km spatial resolution, using528@ta from the Geoscience Laser Altimeter
System (GLAS) aboard ICESat (Ice, Cloud, and laledd&iion Satellite). The map models the
forest vertical structure and reveals a globatudtnal gradient in canopy height, increasing
towards the equator, as well as coarse forestrimtce patterns.

The biodiversity map gives an overview on contiaérto global patterns of land plant

diversity. It focus on vascular plants, comparingedsity patterns of large sub-groups like
ferns, gymnosperms, or angiosperms. The datasassifyl vascular diversity as Diversity
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Zones (DZ) expressed as number of species per 10®0@nd divide them in 10 diversity
classes. Datasets properties are summarize in Table

We converted the biodiversity map (shape file) imagster data with a resolution of 0.9x0.9
degrees, which is 100x100 kah the Equator. This resolution is an integer mldtiof that of
Canopy Height map (0.0083x0.0083 degrees, 1x1 knatcthe Equator). We resampled the
high-resolution spatial grid of the Canopy Heigint the coarser grid of biodiversity. This
allows us to compare the two datasets and carrigdsome analyses. We selected the

maximum geographical common area covered by threwidin the maps: 55° S — 83° N.

Plant Diversity (from Barthlott et al., 2005)

1a
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Figure 1 Global map of vascular plant diversity (o to 10diersity classes, incremental)
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Figura 2 Global map of canopy height derived from LIDAR sey(NASA)

66



Title Canopy Height Map (Ch) Title Plant Diversity Map (B)
Institution Masa Institution Nees-Institut
) fur Biodiversitat
Data-type Grid der Pflanzen
Dimention 21600%43200 pixel Data type Shapefile Feature Class
Geographic Coordinate GCS_WGS_1984 Geometry type Poligon {curve di Livello che
System: individuano 10 classi di
Gaospatial Biodiversita)
lat_min, +90.00138889,
lat_max, -85.99853911, Geographic Coordinate GCS_WG5_1984
lon_rmir, -180.00138889, System:
lon_max +179.99846711 Geospatial
Geospatial resolution 0.0083°* 0.0083" lat_mnin, -55.07
lat_max, +583.60

Fillvalue -9999; type: integer (2 bytes) lon_min, .180.00
Main Attribute Canopy Height Pt #180.00
Linits Meters [m] Unit Class (from 1 {min

i Biodiversity) to 10 (Max
Format Tiff (.tif} Biodiversity)

Format ArcGis® Shape (.shp)
Table 1 Datasets properties of the canopy height map avdivarsity map

Results

We show four different results derived from datalgses and correlations.

The first result is the observation of the coriielatand data along the latitudinal gradient,
which is one of the most investigated rule of biedsity in relation to climate, biomass,
productivity, number of niches, etc.

We projected the mean biodiversity value (hergpecis richness; red line in Figure 3) with
the mean value (green line in Fig. 3), standardatiewm from mean (clear green area) and
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Figure 3 The mean biodiversity value is projectedth the mean value (green line), standard dewidtiom meal
(clear green area) and maximum (dotted black lfi¢he canopy height.



maximum (dotted black line) of the canopy height.

Secondly, we derived the same indices of canopghhdrom the previous analysis (mean,
standard deviation, height max) and we correlagenthwith biodiversity values. In order to
obtain an index able to represent the hypervolufanoecosystem niche we computed the
mean height to theBpower (to the cubic power). Correlation resuls summarized in Figure
4,
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Figura 4 Correlations between mean biodiversity index ambpg height (C. H.) indices

The third result we obtained derives from the refabetween canopy height and biodiversity
within each class of diversity (instead to userttean value of it). We selected some sample
areas from each continent of Earth and we obsetivedheight data distribution for each
diversity class. In Figure 5 we show a clear catieh (0.76<R<0.97) between mean height
and biodiversity in each study areas. The regragsimot always linear because residuals are

not randomly dispersed.
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Figure 5 Sampling areas canopy height values plotted agaiosliversity classes (red line, median; blue box,
25%-75% percentile; bar errors, maximum and mininvathoe)

Then, we plotted the mean canopy height valuesnagdiodiversity classes of latitudinal
gradient transects of 15°. Again, we in Figure 6vsta clear correlation between the two

parameters.
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The abovementioned relations can be evaluatedglibal scale. Figure 7 shows the relation
between mean canopy height and biodiversity wigigenoid trend. The relative abundance of
data of such groups allow us to perform a kernekig estimation of the probability density
function for both datasets, based on the Gauss@nek and using Silverman's rule for

bandwidth selection. Probability density functi@me shown in Figure 8.
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Discussion and Conclusion

From the maps and the correlations presented srsthidy it seems evident that plant diversity
is distributed in different fashions in temperatel dropical forests. In the mid-high latitude
this diversity is concentrated in the upper anddostrata but very few species occurred in the
middle. In low latitude the herbaceous layer isrpaiospecies whereas the canopy is plenty. It
is in the middle strata that tropical forests diffieamatically from temperate ones. This is clear
analysing the standard deviation from the meah®triees canopy height.

We demonstrate that the positive correlation betwb®diversity and canopy height is
particularly due to the increased vertical pamitng of the light field. Tropical rainforests are
taller than temperate forests and therefore offerenspace for internal strata. The uniform
light field found under the canopy of temperateefis differs from the light that passes
through the emergent stratum of a tropical fonebich is spatially heterogeneous. This feature
allows species with distinct light-capturing adaiota to coexist at each level and contributes
to the high diversity of the middle strata. In ticgothe middle-strata “niche”, or hypervolume,
is consequently larger than that of a temperatesfoiThe probability distribution curves show
a multivariate (multimodal) distribution with posi¢ skew (correlation coefficient%R0.7)
consistent with the fact that, generally, tree sEediversity always increase with canopy
height. In some cases, such as Africa, the bimpddiability distribution tell us that multiple
causes can contribute to this rule. African forekis instance, seem have been modified by
human beings since 2000 years ago (16) and thiexalain the almost exponential relation
(instead of linear/sigmoid one as in the other ic@mts) between diversity and canopy height.
Thus, the combination of stratification (height#tiersity relation), climatic factors (humidity
and temperature) and productivity and evolutiorfasyory allows species to fill the ecosystem
niche in a fractal way and could be the key to wstd@d why tropics are so diverse as

discussed in Chapter 4.
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CHAPTER 4

A theory to explain why tropical forests are so diver se*

Abstract: For a long time ecologists have questioned orvénations of biodiversity across

the latitudinal gradient. Recently it has emergjeat the changes ifi-diversity are caused
simply by changes in the sizes of species poalsmbined the species pool size and the fractal
nature of ecosystems to clarify some general pegtef this gradient. Considering temperature,
humidity and NPP as the main variables of an et¢esysiche and as the axis of the polygon
in the Cartesian plane, it is possible to builcttah hypervolume, whose the fractal dimension
rises up to three moving towards the equator. llovies that the best figure that graphically
synthesizes the evolutionary forces that fit thisosystem hypervolume is the fractal

cauliflower.

* published on Nature Preceding as “Gatti CazzdRaperto. Biodiversity is a cauliflower
under the sunlight. Available from Nature Preceding
<http://hdl.handle.net/10101/npre.2012.6917.1> P304and then on Economology Journal as
“Gatti Cazzolla R., Biodiversity is a cauliflowen ithe sunlight: a fractal theory to explain
patterns and gradients, Economology Journal, WoY.dar Il, September 2012
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One of the most interesting question in ecologyhy tropics are so diverse or, in other words,
why there are variations of biodiversity across Euwgtudinal gradient. Since the extent of
tropical diversity compared to temperate areasrbecavident during the XIX century, a large
number of different factors have been suggestaabasible explanations (for a summary see
ref. 1). Recently it has been evidenced that thengbs inf-diversity is caused simply by
changes in the sizes of species pools. In factr aftrrecting for variation in pooled species
richness +{-diversity) the differences irB-diversity disappear. Thus, differences in local
assembly processes are not the causes of latituglimhaltitudinal patterns of biodiversity,
where the variation in biogeographic processessbathe size of the species pool is a more
plausible explanation (2). One of the most corrab®ecological and evolutionary hypotheses
is that climate (C) influences Net Primary Prodoicti(NPP) in such a way that, by
rising/lowering available biomass (B) and so insimeg/decreasing the number of individuals
(I, it “controls” the number of species (S). So fiae Climate>~NPP—I—S correlation has not
been clearly demonstrated, because it seems totomediated directly by biomass. | will
show that it is not | or B that influence S, buthex the extent of climatic and NPP on niche

variables .

It is possible to extend the ecological niche cphte an ecosystem dimension to better define
the size of species pool invoked by (2) . This ‘®&bem niche”, therefore, can be imagined as
the sum of the niches of each species includechénpiool. In an Hutchinsonian view an
ecosystem niche is an n-dimensional hypervolumesrevtthe dimensions are environmental
conditions (C) and the resources (NPP) that defweerequirements of all the species in an
ecosystem to reproduce themselves.

Furthermore, examples of the fractal nature of rrahave been argued continuatively during
the last years (3). Different elements of the ratwiorld have been associated to or defined as
fractals but only considering them separately amd im an holistic perspective. That
ecosystems are structured in a fractal way (madeelagionships that are self-similar over a
wide range of spatial or temporal scales as welthas single elements whose they are
composed), is becoming an intriguing idea in ecpldgombined this two apparently distinct
concepts, the ecosystem niche and the fractal eatuthem, in an attempt to clarify some
general patterns of biological diversity.

Here | show that latitudinal gradient of biodivéystan be explained as differences in fractal
dimension of ecosystem niches (Fig. 1A). Let's dthe variables can shape the ecological
niche to the fundamental ones. Temperature (Tuislyg one of these (4). Different authors

suggested that the richness of species which caremilate their internal temperature
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(ectothermic) can be predicted from environmergaigerature (5,6). The second fundamental
variable of an ecosystem hypervolume is humidity, (Which shows different values in
terrestrial regions but it is constant in maringiemment, where temperature and photic zone

depth are the main factors. The latitudinal vasiaf both these variables is shown in Fig. 1B.
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Figure 1. The latitudinal gradient of biodiversity can bgkined as differences in ecosystem niche amg@i(apl
and fractal dimension derived by the combinatiom oH and PPNK). These three variables are the axes of the
fractal hypervolumeq and green polygons @). The fractal 3-D cauliflowerd] is the best fitting mathematical
object €) that takes into account the addiction of new Egewithin the fractal ecosystem nict®@. (The number

of species in each region are thus dependent onutmber of possible iterations of the fractal fumet(e) which

is constrained by the ecosystem niche amplitudg.(Vn

By merging temperature and humidity from pole téepbis possible to estimate the curve of

Net Primary Production (NPP). This latter showsiglé-humped-shape, with one big hump

within about 20°N and S from the Equator and twaderate over the temperate areas. The
lowest values of NPP are in polar and tropical ¢ds3 latitudes where T and/or H are low.

Simple models of spatial dynamics (7) accuratebdpmts the increase in species richness with
increasing environmental productivity (i.e. “enemgghness hypothesis”). It seems reasonable
that autotrophic organisms diversity may be priattjpdriven by humidity (or light in marine

78



environment), that of ectotherms by temperaturegredis resource availability (NPP) is the
fundamental variable that allows differentiationesfdothermic species. Thus, both T and H
are constituent and co-variables of NPP in the ymtem niches. Therefore, considering this
niche as a polygon in the Cartesian plane where,theand z axis are T, H and NPP (Fig. 1C)
| demonstrate that where these values, and incpéatithe NPP are close to zero like in polar
or deserts areas, the fractal dimension (D, Figwtigre L is the linear scaling and S is the
result of size increasing) of this polygon is lovikan two (~1.5). This means that there is
rather a hypersurface available for species thdiwypervolume. Moving along latitude and
following the NPP curve, the fractal dimension ptssugh the value 2.5 reaching the value
three (a 3-D shape) at the equator (Fig. 1A andERplicitly, here | consider the D value of
the ecosystem hypervolume as a proxy of the availsfpace for species pool. Evidently, the
greater are T and H, and so the NPP, the highBr and the bigger is the ecosystem niche
amplitude (Vn, Fig. 1B and C). This seems to sdiviehe conservatism” (8) and “energy
richness” hypothesis problems (such as the misstateding influence of B or the weaker
correlation between NPP and | than between NPPSndDefined the ecological causes of
“biodiversity dimension”, it is then fundamentalftcus on evolutionary processes that can fill
the niche space available. The best figure thathgcally synthesizes the evolutionary forces
that fit the ecosystem hypervolume is the fractallilower. In fact, for each iteration, that can
be assumed as the addiction/speciation of a newiespés), the niche volume can be filled up
to reaching a value close to 3 D (such as 2.7-2.the equations in Fig. 1D). The simple
system in Fig. 1D accomplishes in the most efficigay the filling of an available functional
space, where ns is the ecosystem niche occupispdnyes ecological niches and a, b and c the
portion of the three fundamental variables (T, i &#PP) used by each species. The branches
of the fractal cauliflower are created step by gfep. 1E) by the addition/speciation of new
species towards the maximum amplitude (Vn) allolwgd\NPP and consequently by D. Each
segment constitutes a new available ecologicalenaithin the ecosystem hypervolume which
other species can occupy, as suggested by thehegotof the diversity that begets diversity
(9, 10).

The patterns described above, can be synthesizthte dsauliflower hypothesis of biological
diversity”, although they could appear oversimplifji can be also extended to altitudinal
gradients and shed more light on ecological andluéeoary processes which shape

biodiversity on Earth.
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CHAPTER S

Growth trends of tropical treesfrom Pre- to Post-Industrial Age

under a changing climate*

Abstract: Knowledge of age and growth rates of tropical 4rae necessary for an
understanding of forest dynamics and for sustagmatdnagement of forest resources. In order
to study the impact of climate change due to neactmes and industrial emissions (GHG,
fires, logging impacts, etc.) on African forestsdatmeir role in the forestry-based carbon
sequestration processes, it is necessary to toaektf-stand changes on the long term trends.
In this respect dendrochronology of tropical treepresent an interesting tool to gather
information of trees growth along time series. Heare due to the difficulties of sampling and
counting rings of tropical species, there is stilack of dendrochronological complete series in
tropical areas.

In this work we analysed samples collected in tabforests of Africa (Cameroon, Sierra
Leone, Ghana and Gabon) to estimate the tree-griwartkds of the last century. We measured
with the optical dendrochronological methods sampdé Entandrophragma cylindricum
(Sapele, common name) ariiplochiton scleroxylon (Ayous, common name) collected
respectively in primary and secondary/degradedidabgorests. The oldest samples we had
available were a Sapele of 350 ca. years and ansA®00 ca. years old. We compared growth
trends of old trees born in the pre-industrial @igé&h century) with those of younger trees born
in the modern age (20th century) to evaluate trangimg forests behavior under a modified
atmospheric chemistry. We show, as preliminary Itgsthat the Sapele and Ayous species
increased their growth trends during the last agnffuom 1900). Further analyses will clarify

this preliminary conclusion and move deeper ingidehysiological explication.

* presented as poster at the International SimposiuWood structure in Plant Biology and
Ecology, WSE 2013, 17-20 April 2013 as “Gatti CdlezdR., Battipaglia G., Castaldi S.,
Laserre B., Cardellini G., Valentini R., Growth rids of African tropical trees under a
changing climate”
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I ntroduction

The role of the African continent in the globallwan cycle, and therefore in climate change, is
increasingly recognised (Houghton and Hackler, 208liams et al., 2007). Even if Africa
contributes only less than 4% to the global antbgemic fossil fuel emissions (Canadell et al.,
2008), 20% of both global net primary productionP@® and global land use emissions
(mainly from forest degradation and deforestati@ngd around 40% of fire emissions have
been attributed to the African continent, signifitg affecting the atmospheric chemistry
(Kituyi et al., 2005; van der Werf et al., 2006)oMover, about 50% of inter-annual variability
of global atmospheric CQis attributed to the variability of the African rb@n balance
(Roédenbeck et al., 2003; Baker et al., 2006; Wilkaet al., 2007). Despite the increasingly
acknowledged importance of Africa in the globalbwar cycle and its high vulnerability to
climate change due to both ecological and sociov@tac factors, there is still a lack of
studies on the carbon cycle in representative Affriecosystems (in particular tropical forests),
and on the effects of climate on ecosystem-atmaspbrchange (Scanlon and Albertson,
2004). Up to now it is not clear whether Africaaset carbon absorber or emitter, however
Williams et al. (2007), in the probably most comeland recent review on African carbon
cycle, showed that Africa’s decadal scale meanaralialance appears to be neutral, whereas
latest results by Ciais et al. (2008) showed thathe last decade Africa has probably been
acting as a net carbon sink. Lewis et al. (2009eh&ovided evidence that increasing carbon
storage in old-growth forests is a pan-tropicalrmgrmeenon. The only way to extend time series
more rapidly is to look backwards. Tree ring anialyadlows this approach by reconstructing
annual growth rates over the full lifetime of treeasily spanning more than a century. Tree
ring research in the tropics is not new, but itslevapplication has been hampered by the
common belief that several tropical forest treesndd produce annual rings. Fortunately,
tropical dendrochronology has developed rapidlyrdhe last decade and has revealed that
many tree species do form such rings (Rozendaali&efma, 2011).

Such climate—growth analyses can be used to prpjgential tree responses under climate
change scenarios. Long-term growth increases heee bbserved for several species and are
consistent with an expected positive response toeased atmospheric GQressure or
nutrient supply (Zuidema et al., 2012)

We used a combination of tree ring analysis, 14tthgand potential biogeochemical signals
from plant biomass to reconstruct the growth pasief trees in the last few centuries and to
provide a mean carbon flux to the atmosphere. hiqudar, for this study we used some

selected African tree species for the comparisoth@fpre-industrial age growth analysis with
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the current time growth to prove a likely role @frlson dioxide fertilization on the increased

sink of carbon in tropical rainforests.

Study sites

The study was carried out in four tropical forestas, located in West and Central Africa. In
West Africa wood samples were collected along tbelér between Ghana and Ivory Coast
(Ankasa and Bia National Parks and surroundingsaraad the border between Sierra Leone
and Liberia (Gola National Park).

In Central Africa forest plots have been selectéithivthe Congo river basin, on the border
between Cameroon and Central African Republic (Banfyi-National Forest) and in North
and West Gabon (Figure 1).
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Figure 1 Study sites in West and Central Africa

Species selection and matherials

The growth dynamics of tropical forests and treecgs is one of the least studied aspects of
ecological science in the tropics. In trees of theperate zone, age and growth rates are
usually determined by counting and measuring the tings from increment cores or in trunk
cross-sections (Ogden 1981). In these environmémscambium exhibits an annual cycle of
activity and dormancy as the consequence of teryreraariation, which causes the formation
of growth rings (Philipson et al. 1971; Creber 1P1is widely portrayed in textbooks that in
tropical forests the cambium remains more or letvea throughout the year, and therefore

visible growth rings are not related to annual ¢s€Rrahn et al. 1981). Some studies reported
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that in tropical regions with distinct annual véioa in precipitation and dry seasons of 2—3
months, tree species may exhibit annual growthsri(fQoster (1927, 1928); Alvim 1964,
Amobi 1973; Worbes (1990, 1999). Alternatively iggering factor for tree ring formation is
the seasonal flooding of extensive areas of trdpocast by the lateral overflow of large rivers
like the Amazon and its tributaries (Worbes (198839, 1992, 1995).

We collected wood samples with electric drill and®-8 cm Pressler augers of
Entandrophragma cylindricum (Sapele, common name) afid plochiton scleroxylon (Ayous,
common name) in primary and secondary/degradedttiforests (Figure 2).

e b o Ltk gt ol i
T R e

Figure 2 Distribution, main features and whole treeTabplochiton scleroxylon (left) anc
Entandrophragma cylindricum (right)
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Sampling methods

The wood carrots were collected, preserved and/sedlfollowing this protocol:
1. Selects tree species with the aid of a local betani
2. Measure height and diameter at the breast heighb.h(@ with a laser
dendrometer/hypsometer
Collect 5 cm of soil on the ground below the selddtee
Collect 2 wood cores with augers at d.b.h. (1,30 &nan angle of 120° each

Remove the wood sample from the auger and pre#tdrva newspaper sheet

2

Note height, d.b.h., species, location and setiailver on labels and fieldsheet

7. Protect the samples in rigid plastic or paper tube
Then we analysed samples collected with a sterpestm date annual growth. The oldest
samples we had available were a Sapele of 35Ceaas and an Ayous 200 ca. years old.
We compared growth trends of old trees (born inipdeistrial age, 17th century) with those of
young trees (born in modern age, 20th century).

Analytical M ethods and Results

All the sampled cores were air dried, glued ontaaveupports, and sanded to enhance ring
boundaries. Ring-width measurements were madeamigdsolution of 0.01 mm on each of the
cores, using LINTAB measurement equipment (FranknRiHeidelberg, Germany) and
analysed with TSAP software package. After visuallgss-dated to identify missing rings,
common marker years and ring width patterns sampl@® each site were correlated
according to the Gleichlaufigkeit, a statisticalasere of the year-to-year agreement between
the interval trends of the chronologies based upersign of agreement (Schweingruber 1988)
and a Student t-test which determines the degreerotlation between curves. Crossdating of
all the tree-ring series was verified using thegPam COFECHA, which assesses the quality
of cross dating and measurement accuracy of trgeseries using the segmented time-series
correlation technique (Holmes 1993). To remove Hielogical age-trend and facilitate
examination of climatic extremes in the contextadfacent years and decades, the TRW data
were de-trended using a negative exponential aafinfunction first and 30-year cubic
smoothing splines as second option by means of ARETAfterwards, an autoregressive
model was applied to remove the autocorrelatioh #ie previous year’s ring width.
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Sapele standardized curve

NERIE | N

& T b
1638 1{%3 1468 1683 1698 1713 1728 1713 1758 1773 1788 1803 1818 1833 1848 1863 1878 igo3 190f 1§]Li3 1938 195311968 1983

Figure 3 Standardized curve Entandrophragma cylindricum

Ayous stdandardized curve
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Figure 4 Standardized curve driplochiton scleroxylon

Individual series within each plant community weaeeraged with a robust -weight)
estimation of the meafwo standardized curves were derived for tspecies (Fig. 3 and

Annual measurements of raw, standard (STNDRD)duvesi(RESID) and arstan (ARSTAI
chronology are reported in Table 1 and Table n fact program ARSTAN produce
chronologies from treeng measurement series by detrending indexing (standardizing) tr

series, then applying a robust estimation of thammealue function to remo effects of
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endogenous stand disturbances. Autoregressive hmgdef index series often enhances the
common signal. Extensive statistical analysis of cammon time interval provides
characterization of the data set. Three versiongh@fchronology are produced, intended to
contain a maximum common signal and a minimum arnoiinoise.

The 'STNDRD' version of the chronology is computBetrended (standardized) tree-ring
index series are combined into a mean value fumcifoall series or of those selected in the
chronology mask.

The 'RESID' (residual) version of the chronologyc@mputed in the same manner as the
STNDRD version, this time using the residual seresulting from step above. Using the
autoregressive coefficients selected in the firstitivariate autoregressive modelling, the
pooled auto-regression (persistence) model is ogmacated into the residual chronology to
produce the 'ARSTAN' chronology

The following parameters were calculated within hegdant community (Table 3 EPS
(Expressed Population Signal; indicates the levelotnerence of the constructed chronology
and how it portrays the hypothetical perfect popotachronology), R-bar (mean correlation
among all possible pairings of individual seriesthwvi a chronology) and MS (mean
sensitivity, indicates the degree to which TRW demfrom year to year and how it is

influenced by high-frequency climatic variations).

year |[num |seg age raw std res ars SE

1907 1 104 1 17,06 | 1,722 | 1,724 | 1,775

1908 1 104 2 7,59| 0,846| 0,787 | 0,993

1909 2 103 2 15,04 | 1,727| 1,728 | 1,726 | 0,03404719
1910 3| 102,333 2,333| 8,537| 0,892| 0,834| 1,026| 0,20301962
1911 3| 102,333 3,333| 10,157 1,178 | 1,191 | 1,198 | 0,33825156
1912 3| 102,333 | 4,333 5,083| 0,68| 0,639| 0,692| 0,07139172
1913 3| 102,333 5,333 6,317| 0,897| 0,95| 0,869 | 0,2786599
1914 3| 102,333 6,333 3,263| 0,599| 0,621| 0,587 | 0,07872548
1915 3| 102,333 | 7,333 3,153| 0,68| 0,754| 0,645| 0,11109292
1916 3| 102,333 | 8,333 3,487| 0,846| 0,905| 0,812 | 0,11640942
1917 3| 102,333 | 9,333 2,77 0,752 0,791 | 0,741| 0,05805261
1918 3| 102,333 | 10,333 3,01| 0,948 | 0,993 | 0,925| 0,09760309
1919 3| 102,333 | 11,333 2,397| 0,823 | 0,844 | 0,825| 0,01530607
1920 3| 102,333 | 12,333 1,94| 0,71| 0,746 0,7| 0,0887559
1921 3| 102,333 | 13,333 1,777| 0,772 0,82| 0,741| 0,09953956
1922 4 99 11 5,155| 0,976| 1,013 | 0,945| 0,24732835
1923 4 99 12 2,84| 0,656| 0,677 | 0,663 | 0,10694427
1924 4 99 13 4,38| 1,047| 1,104| 1,016 | 0,28820259
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1925 4 99 14 2,372 | 0,837| 0,862 | 0,867 | 0,17968232
1926 4 99 15 2,092 | 0,754| 0,787 | 0,753 | 0,08423648
1927 4 99 16 2,138 | 0,723 0,76 | 0,695| 0,07071604
1928 4 99 17 2,88| 1,045| 1,086 | 1,006 0,2024044
1929 5 95,6 14,6 5582 | 1,657| 1,649| 1,651 | 0,46984568
1930 6 93,167 | 13,167 4,95| 1,277 | 1,188 | 1,361| 0,28970787
1931 6 93,167 | 14,167 4,635| 1,268 | 1,227 | 1,323 | 0,30687017
1932 6 93,167 | 15,167 5823| 1,175| 1,136| 1,222 | 0,20888782
1933 6 93,167 | 16,167 4,672 | 0,907| 0,889 | 0,948 | 0,20093238
1934 6 93,167 | 17,167 4,288 | 0,918 | 0,963 | 0,949| 0,11037286
1935 6 93,167 | 18,167 5785| 0,986| 1,011 | 0,998 | 0,30512827
1936 6 93,167 | 19,167 3,66| 0,688| 0,719| 0,718| 0,22879903
1937 6 93,167 | 20,167 4,702 | 1,029| 1,052 | 0,978 | 0,32632314
1938 6 93,167 | 21,167 4,042 | 0,793| 0,797 | 0,792| 0,07474719
1939 6 93,167 | 22,167 3,255| 0,719| 0,763 | 0,709 | 0,23028555
1940 6 93,167 | 23,167 4,713| 0,898 | 0,959 | 0,883 | 0,12957045
1941 6 93,167 | 24,167 5,463 0,97 | 0,985| 0,955 0,1720792
1942 6 93,167 | 25,167 6,833 | 1,243 | 1,239| 1,228 | 0,23352206
1943 6 93,167 | 26,167 7,692 | 1,301| 1,243 | 1,303 | 0,15920684
1944 6 93,167 | 27,167 59| 1,005| 0,943 | 1,024 | 0,10422982
1945 6 93,167 | 28,167 6,8| 1,055| 1,075| 1,081 | 0,22009682
1946 6 93,167 | 29,167 5,053| 0,887 | 0,906| 0,928 | 0,17153518
1947 6 93,167 | 30,167 7,602 1,228 | 1,247 | 1,228 | 0,11636502
1948 6 93,167 | 31,167 6,673 | 1,035| 0,997 | 1,058 | 0,19626108
1949 6 93,167 | 32,167 7,747 1,201 | 1,222 | 1,238 | 0,24204573
1950 6 93,167 | 33,167 5138 | 0,859 | 0,861 | 0,924 | 0,23197771
1951 6 93,167 | 34,167 6,478 | 1,049| 1,077| 1,058 | 0,14077532
1952 6 93,167 | 35,167 5,373| 0,895| 0,904 0,92 | 0,13216295
1953 6 93,167 | 36,167 7,157 | 1,127 | 1,144 | 1,123 | 0,21626891
1954 6 93,167 | 37,167 6,542 | 1,083 | 1,082| 1,115| 0,12985822
1955 6 93,167 | 38,167 5,452 0,933 | 0,934 | 0,965| 0,21914024
1956 6 93,167 | 39,167 4,737 | 0,813| 0,825| 0,816 | 0,14047645
1957 6 93,167 | 40,167 5,068 0,86 | 0,898 0,85 | 0,14430309
1958 6 93,167 | 41,167 7,307 1,25 1,27| 1,231 0,078698
1959 6 93,167 | 42,167 5,365| 0,941 0,91| 0,971| 0,09909352
1960 6 93,167 | 43,167 5,45 0,96| 0,985| 0,978 | 0,12008676
1961 6 93,167 | 44,167 3,97 | 0,709 0,71| 0,704| 0,07548401
1962 6 93,167 | 45,167 5,303 0,87| 0,911| 0,833 | 0,23922673
1963 6 93,167 | 46,167 59| 1,056 1,1| 1,056| 0,19653746
1964 6 93,167 | 47,167 6,3 1,103| 1,091| 1,106 | 0,17465317
1965 6 93,167 | 48,167 5,615| 1,022| 0,994 | 1,023 | 0,23005458
1966 6 93,167 | 49,167 6,225 1,09| 1,104 1,11| 0,23031293
1967 6 93,167 | 50,167 5692 | 0,926| 0,942 | 0,972 | 0,22943921
1968 6 93,167 | 51,167 5,243 | 0,915| 0,924 | 0,917| 0,22864985
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1969 6 93,167 | 52,167 4,248 | 0,774| 0,795| 0,773 | 0,16561564
1970 6 93,167 | 53,167 5175| 0,931| 0,987 | 0,927 | 0,13137041
1971 6 93,167 | 54,167 6,758 | 1,165| 1,182| 1,164| 0,18637108
1972 6 93,167 | 55,167 7,013 | 1,219 1,18 | 1,224| 0,23582481
1973 6 93,167 | 56,167 7,567 | 1,305| 1,246 | 1,306| 0,22029006
1974 6 93,167 | 57,167 6,41| 1,123| 1,097 | 1,178 | 0,13497506
1975 6 93,167 | 58,167 5,398 | 0,988 | 0,959 | 1,006| 0,04587426
1976 6 93,167 | 59,167 4,845| 0,912 0,919| 0,921 | 0,12976294
1977 6 93,167 | 60,167 5165| 0,988 | 1,016| 0,996 0,132534
1978 6 93,167 | 61,167 4,895| 0,915| 0,932 | 0,931| 0,20986977
1979 6 93,167 | 62,167 5615| 1,039| 1,091| 1,073| 0,28516638
1980 6 93,167 | 63,167 5,235| 1,028 | 1,056| 1,076 | 0,15122059
1981 6 93,167 | 64,167 4,652 | 0,907| 0,919| 0,939| 0,09993811
1982 6 93,167 | 65,167 3,723 | 0,717 0,73 | 0,714| 0,22454806
1983 6 93,167 | 66,167 4,86| 0,953 | 1,006| 0,931 | 0,17684413
1984 6 93,167 | 67,167 5,657 1,13 1,139 1,121 0,2369079
1985 6 93,167 | 68,167 5,512| 1,102 | 1,095| 1,128 | 0,28579619
1986 6 93,167 | 69,167 3,817| 0,753| 0,717| 0,751| 0,19030655
1987 6 93,167 | 70,167 529| 1,018| 1,041| 0,976| 0,21921285
1988 6 93,167 | 71,167 5,553 | 1,021 1| 0,995| 0,27950432
1989 6 93,167 | 72,167 5,358 | 1,017| 1,045| 1,044| 0,06375442
1990 6 93,167 | 73,167 4,155| 0,785| 0,798 0,81 | 0,08292744
1991 6 93,167 | 74,167 6,86| 1,248 | 1,288 | 1,238| 0,46954731
1992 6 93,167 | 75,167 6,303 | 1,138 | 1,094| 1,157 | 0,33837136
1993 6 93,167 | 76,167 6,382 1,15 1,15| 1,192 | 0,41564803
1994 6 93,167 | 77,167 6,548 | 1,123| 1,129 1,18 | 0,33457387
1995 6 93,167 | 78,167 4,743 | 0,788| 0,769 | 0,817| 0,25821317
1996 6 93,167 | 79,167 4,19| 0,711| 0,757 | 0,709 | 0,13994912
1997 6 93,167 | 80,167 5,287 | 0,907 | 0,952 | 0,876 | 0,24627391
1998 6 93,167 | 81,167 6,887 | 1,114| 1,106| 1,074| 0,15539324
1999 6 93,167 | 82,167 7,9| 1,223 | 1,218| 1,237 | 0,07256398
2000 6 93,167 | 83,167 6,245| 0,899 | 0,871 | 0,935| 0,16799277
2001 6 93,167 | 84,167 5,307| 0,783| 0,816| 0,799 | 0,13724898
2002 6 93,167 | 85,167 8,762 | 1,199| 1,237 | 1,184| 0,26569033
2003 6 93,167 | 86,167 6,317| 0,845| 0,843 | 0,892 0,056841
2004 6 93,167 | 87,167 7,363 | 0,944| 0,978 | 0,949| 0,12161838
2005 6 93,167 | 88,167 8,987 | 1,116| 1,129 | 1,116| 0,12924858
2006 6 93,167 | 89,167 8,212 0,99 | 0,996| 1,027 | 0,11324838
2007 6 93,167 | 90,167 6,63 0,84| 0,839| 0,847 | 0,20691914
2008 6 93,167 | 91,167 9,682 | 1,141 1,15 1,11] 0,14473415
2009 6 93,167 | 92,167 9,453 | 1,071| 1,067 | 1,097| 0,06300701
2010 6 93,167 | 93,167 9,658 | 1,004 1| 1,026 | 0,12914665

Table 1 Parameters calculated for the standardized dendnoclogy of Ayous
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year |num |seg |age |raw |std res ars SE
1638 1| 353 1| 0,37| 0,583| 0,638 | 0,597 | 0,0198697
1639 1| 353 2| 0,38| 0,554| 0,62| 0,559 | 0,71721841
1640 1| 353 3| 0,38| 0,516| 0,468 | 0,514 | 0,05041671
1641 1| 353 4 1,3| 1,653 | 1,526 | 1,643| 0,02588011
1642 1| 353 5| 0,74| 0,889| 0,672| 0,875| 0,19565645
1643 1| 353 6 1,6 1,83 | 1,829 1,818 1,4521852
1644 1| 353 7| 06| 0659| 0,615| 0,661| 0,13823938
1645 1| 353 8| 0,74| 0,785| 1,003 | 0,806 | 0,49419693
1646 1| 353 9| 1,21| 1,247| 1,347| 1,281 | 0,28248916
1647 1| 353 10| 1,05| 1,059| 1,057 | 1,076| 0,02998133
1648 1| 353 11| 09| 0,893| 0,984 | 0,914| 0,8125364
1649 1| 353 12| 1,28 | 1,257| 1,261| 1,255| 0,66227621
1650 1| 353 13| 1,68 | 1,642 1,65| 1,652| 0,25936677
1651 1| 353 14 1,4| 1,369| 1,457| 1,392 | 0,30426805
1652 1| 353 15| 1,16 | 1,139| 1,331 | 1,164| 0,03408255
1653 1| 353 16| 0,15| 0,148| 0,362| 0,18| 0,6873785
1654 1| 353 17| 1,01| 1,003| 1,222 1,04 | 1,45720565
1655 1| 353 18| 1,15| 1,146| 1,099 | 1,172| 0,61023315
1656 1| 353 19| 0,96 | 0,958 | 0,917 | 0,963 | 0,22273864
1657 1| 353 20| 0,64| 0,636| 0,604| 0,628 | 0,1509673
1658 1| 353 21 1| 0,986| 0,929 | 0,972| 0,24084057
1659 1| 353 22| 0,47 | 0,458 | 0,397 | 0,464 | 0,11709688
1660 1| 353 23| 0,75| 0,717| 0,685| 0,718 | 0,12204663
1661 1| 353 24| 1,57 | 1,467 | 1,297| 1,454| 0,05437651
1662 1| 353 25| 0,81| 0,737| 0,555| 0,723 | 0,23900209
1663 1| 353 26| 0,58 | 0,513| 0,524 | 0,507 | 0,21312198
1664 1| 353 27 1| 0,859| 0,779 | 0,848 | 0,37059466
1665 1| 353 28| 0,95| 0,792 | 0,673 | 0,792| 0,57975685
1666 1| 353 29| 2,94| 2,386| 2,306| 2,387| 0,2721654
1667 1| 353 30| 0,75| 0,594 | 0,426| 0,585| 0,87957013
1668 1| 353 31| 0,85| 0,66| 0,902| 0,666| 0,33516861
1669 1| 353 32| 1,57| 1,199 1,268 | 1,218| 0,6688523
1670 1| 353 33 3,3| 2,489| 2,507 | 2,516 | 0,02305168
1671 1| 353 34| 091| 0,681| 0,773| 0,722 | 0,08414571
1672 1| 353 35| 0,99| 0,736| 1,051| 0,748 | 0,18455487
1673 1| 353 36| 0,85| 0,629 | 0,778 | 0,656| 0,00417193
1674 1| 353 37| 0,74| 0,544 | 0,667 | 0,585| 0,38346401
1675 1| 353 38| 1,98| 1,447 | 1,468 | 1,474| 0,43529493
1676 1| 353 39| 1,32| 0,958| 0,749| 0,938 | 0,11511698
1677 1| 353| 40| 1,48| 1,065| 1,056| 1,054 | 0,19530289
1678 1| 353| 41| 1,78| 1,269 1,24 | 1,265| 0,31777379
1679 1| 353| 42| 0,86| 0,607| 0,63| 0,616| 0,21778889
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1680 1| 353 43| 0,98| 0,682| 0,809| 0,705| 0,03181981
1681 1| 353 441 1,05| 0,719| 0,678 | 0,726| 0,38417111
1682 1| 353 45| 0,45| 0,303 | 0,228 | 0,306 | 0,27202398
1683 1| 353 46| 3,49| 2,306| 2,195| 2,297| 0,18285781
1684 1| 353 47| 1,83| 1,188| 0,899 | 1,169| 0,23082384
1685 1| 353 48| 0,52| 0,332| 0,482 | 0,331| 0,22627858
1686 1| 353 49| 1,49| 0,936 1,06 | 0,943 | 0,22173333
1687 1| 353 50| 2,84| 1,756| 1,718 | 1,773 | 0,21718807
1688 1| 353 51| 1,81 | 1,104| 1,156| 1,143 | 0,21264282
1689 1| 353 52| 1,08 0,65| 0,767 | 0,656 | 0,20809756
1690 1| 353 53| 1,83| 1,087| 1,163| 1,089 | 0,20355231
1691 1| 353 54| 1,33| 0,779| 0,814| 0,803 | 0,19900705
1692 1| 353 55| 1,44| 0,832| 0,914| 0,857 0,1944618
1693 1| 353 56| 2,07| 1,179| 1,126| 1,179| 0,18991654
1694 1| 353 57| 2,04| 1,146| 1,063 | 1,141| 0,18537128
1695 1| 353 58| 1,35| 0,747 0,76 | 0,753 | 0,18082603
1696 1| 353 59| 1,15| 0,627 | 0,657 0,63 | 0,17628077
1697 1| 353 60| 1,75| 0,941| 0,921| 0,947 | 0,17173552
1698 1| 353 61| 1,35| 0,716| 0,639| 0,723 | 0,16719026
1699 1| 353 62| 2,48 | 1,301| 1,231| 1,297 | 0,16264501
1700 1| 353 63| 1,39| 0,723| 0,582| 0,711| 0,15809975
1701 1| 353 64| 4,16 | 2,157| 2,153 | 2,151 0,1535545
1702 1| 353 65| 2,23| 1,158| 1,087 | 1,167 | 0,14900924
1703 1| 353 66| 1,84| 0,962 | 1,209| 0,984 | 0,14446399
1704 1| 353 67| 1,39| 0,735| 0,943 0,77 | 0,13991873
1705 1| 353 68| 1,69| 0,907 1,05| 0,939| 0,13537348
1706 1| 353 69| 2,49| 1,361| 1,455 1,4| 0,13082822
1707 1| 353 70 32| 1,785| 1,755| 1,792 | 0,12628297
1708 1| 353 71| 2,51| 1,432 | 1,485 1,44| 0,12173771
1709 1| 353 72| 0,77| 0,449| 0,662| 0,469 | 0,11719245
1710 1| 353 73| 0,43| 0,255| 0,528 0,29 0,1126472
1711 1| 353 74| 0,68| 0,409| 0,501| 0,444| 0,10810194
1712 1| 353 75| 1,29| 0,778 | 0,687 | 0,794 | 0,10355669
1713 1| 353 76| 0,63| 0,379| 0,135| 0,359| 0,09901143
1714 1| 353 77| 1,21| 0,719| 0,459| 0,674| 0,09446618
1715 1| 353 78| 2,77| 1,619| 1,304| 1,577 | 0,08992092
1716 1| 353 79| 2,06| 1,181 0,93 | 1,155| 0,08537567
1717 1| 353 80| 1,34| 0,752 0,75| 0,743 | 0,08083041
1718 1| 353 81| 2,58| 1,416 1,44 1,414| 0,07628516
1719 1| 353 82| 2,17| 1,164| 1,169| 1,184 0,0717399
1720 1| 353 83| 1,85| 0,971 1,122| 1,003 | 0,06719465
1721 1| 353 84| 1,09 0,56| 0,655| 0,577 | 0,06264939
1722 1| 353 85| 1,42| 0,714| 0,777 | 0,726 | 0,05810414
1723 1| 353 86| 3,02| 1,488 | 1,465| 1,503 | 0,05355888
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1724 1| 353 87| 2,79 1,35| 1,246| 1,352 | 0,04901362
1725 1| 353 88| 1,61| 0,768 | 0,799| 0,767 | 0,04446837
1726 1| 353 89| 3,33| 1,567 | 1,653 1,57| 0,03992311
1727 1| 353 90| 1,94| 0,904| 0,933| 0,924| 0,03537786
1728 1| 353 91| 1,99| 0,919| 1,128 | 0,953 0,0308326
1729 1| 353 92| 1,82| 0,834| 0,913| 0,855| 0,02628735
1730 1| 353 93| 2,47| 1,123| 1,156| 1,135| 0,02174209
1731 1| 353 94| 1,37| 0,618| 0,634| 0,636| 0,01719684
1732 1| 353 95 1,8| 0,806| 0,814| 0,806 | 0,01265158
1733 1| 353 96| 3,78| 1,679| 1,598 | 1,677 | 0,00810633
1734 1| 353 97| 2,03| 0,895| 0,799| 0,896 | 0,00356107
1735 1| 353 98 1,1, 0,481| 0,593| 0,489| -0,0009842
1736 1| 353 99| 3,95| 1,716| 1,737| 1,717| -0,0055294
1737 1| 353| 100| 1,97| 0,849| 0,777 | 0,864 | -0,0100747
1738 1| 353| 101 2,78| 1,188| 1,355| 1,212 -0,01462
1739 1| 353] 102 1,83| 0,774| 0,774| 0,779| -0,0191652
1740 1| 353| 103| 0,77| 0,322| 0,397 | 0,333| -0,0237105
1741 1| 353| 104| 2,43| 1,002| 1,054| 1,023| -0,0282557
1742 1| 353| 105 3,4 1,38 1,209| 1,375 -0,032801
1743 1| 353| 106 19| 0,759| 0,668 | 0,756 | -0,0373462
1744 1| 353| 107| 1,93| 0,759| 0,755| 0,747| -0,0418915
1745 1| 353| 108| 3,21 | 1,241| 1,179 | 1,234| -0,0464367
1746 1| 353] 109 2,21| 0,842| 0,802 | 0,854 -0,050982
1747 1| 353| 110| 2,76 | 1,038| 1,078 | 1,048 | -0,0555272
1748 1| 353| 111 4,11 | 1,528 | 1,477 | 1,526| -0,0600725
1749 1| 353| 112| 1,88| 0,694| 0,689 | 0,702| -0,0646178
1750 1| 353| 113 1,3| 0,477| 0,627 | 0,495 -0,069163
1751 1| 353| 114| 3,93| 1,439| 1,447 | 1,447| -0,0737083
1752 1| 353| 115| 3,27| 1,201| 1,112 | 1,213| -0,0782535
1753 1| 353] 116 2,75| 1,017| 1,076 | 1,029| -0,0827988
1754 1| 353| 117| 2,72| 1,018| 1,044 | 1,016 -0,087344
1755 1| 353| 118 2,38| 0,907| 0,952 | 0,917| -0,0918893
1756 1| 353| 119| 3,86| 1,505| 1,596 | 1,531| -0,0964345
1757 1| 353| 120| 2,52 | 1,012| 1,022 | 1,028| -0,1009798
1758 1| 353| 121 3,53| 1,468| 1,595| 1,483 | -0,1055251
1759 1| 353| 122 3,28| 1,422| 1,497 | 1,441| -0,1100703
1760 1| 353| 123| 1,51| 0,685| 0,863 | 0,714| -0,1146156
1761 1| 353| 124| 1,71| 0,814| 1,057 0,85| -0,1191608
1762 1| 353| 125| 0,93 | 0,464 0,53| 0,488| -0,1237061
1763 1| 353] 126 2,34| 1,224| 1,267 | 1,244| -0,1282513
1764 1| 353| 127| 0,99| 0,541| 0,413 | 0,542| -0,1327966
1765 1| 353| 128| 1,68| 0,953 0,9| 0,938| -0,1373418
1766 1| 353] 129 1,6| 0,937 0,79| 0,923| -0,1418871
1767 1| 353| 130| 1,43| 0,857| 0,761 | 0,846| -0,1464324
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1768 1| 353| 131 0,97 0,59 | 0,542 0,59 | -0,1509776
1769 1| 353| 132| 1,08 0,66 0,57 | 0,649| -0,1555229
1770 1| 353| 133| 1,73| 1,053| 0,931| 1,048| -0,1600681
1771 1| 353| 134| 2,03| 1,221| 1,061 | 1,211| -0,1646134
1772 1| 353| 135| 1,81 1,07 0,971| 1,059| -0,1691586
1773 1| 353] 136 1,8 1,04 1,018| 1,033| -0,1737039
1774 1| 353| 137| 1,47| 0,827| 0,848 | 0,833 | -0,1782491
1775 1| 353| 138| 1,49| 0,813| 0,872 0,83 | -0,1827944
1776 1| 353| 139| 2,13| 1,125 1,13] 1,138 | -0,1873397
1777 1| 353| 140| 1,37| 0,699| 0,653 | 0,705| -0,1918849
1778 1| 353| 141 1,36| 0,671| 0,674| 0,673| -0,1964302
1779 1| 353| 142 2,71 | 1,296| 1,217 | 1,291| -0,2009754
1780 1| 353| 143| 2,56| 1,189| 1,073 | 1,187| -0,2055207
1781 1| 353| 144| 4,05| 1,836| 1,842 | 1,839| -0,2100659
1782 1| 353| 145| 1,76| 0,782| 0,794 | 0,787 | -0,2146112
1783 1| 353| 146| 0,97 | 0,424| 0,662 | 0,446| -0,2191564
1784 1| 353| 147| 3,46| 1,495| 1,632 | 1,526| -0,2237017
1785 1| 353| 148 2,1 09| 0,865| 0,926 -0,228247
1786 1| 353| 149| 2,31| 0,987| 1,104| 1,008| -0,2327922
1787 1| 353| 150| 2,45| 1,047| 1,019| 1,043 | -0,2373375
1788 1| 353| 151| 2,67 | 1,148| 1,151| 1,151| -0,2418827
1789 1| 353| 152| 4,16| 1,806| 1,869 | 1,827 -0,246428
1790 1| 353] 153 2,17| 0,956| 0,988 | 0,969| -0,2509732
1791 1| 353| 154| 1,54 0,69| 0,922| 0,714| -0,2555185
1792 1| 353| 155| 1,71 0,78| 0,924| 0,808 | -0,2600637
1793 1| 353| 156| 2,38| 1,107| 1,162 | 1,133 -0,264609
1794 1| 353| 157 1,1| 0,521| 0,524 | 0,542 | -0,2691543
1795 1| 353| 158| 2,43 1,17| 1,147| 1,163| -0,2736995
1796 1| 353| 159| 2,56 | 1,251 | 1,111 | 1,241 | -0,2782448
1797 1| 353] 160 0,7| 0,347| 0,321| 0,346 -0,28279
1798 1| 353| 161| 1,05| 0,525| 0,578 | 0,527| -0,2873353
1799 1| 353| 162| 2,09| 1,052| 0,916| 1,044| -0,2918805
1800 1| 353| 163| 4,65| 2,352| 2,203 | 2,352| -0,2964258
1801 1| 353| 164| 0,91 | 0,462 | 0,344 0,46 -0,300971
1802 1| 353| 165| 0,57 0,29| 0,503| 0,286| -0,3055163
1803 1| 353| 166| 3,36| 1,711| 1,746 | 1,723 | -0,3100615
1804 1| 353| 167| 2,39| 1,216| 1,144 | 1,244| -0,3146068
1805 1| 353| 168| 1,34 0,68| 0,833| 0,709| -0,3191521
1806 1| 353| 169| 1,49| 0,752| 0,776 | 0,742| -0,3236973
1807 1| 353] 170| 2,08 | 1,042| 1,031 | 1,047| -0,3282426
1808 1| 353| 171| 1,72| 0,853| 0,865| 0,877 | -0,3327878
1809 1| 353| 172 2,6| 1,274 1,247| 1,275| -0,3373331
1810 1| 353 173| 1,25| 0,604| 0,523 | 0,598 | -0,3418783
1811 1| 353| 174| 1,39| 0,662| 0,701 | 0,664 | -0,3464236
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1812 1| 353| 175| 1,54| 0,723 | 0,668 | 0,726 | -0,3509688
1813 1| 353| 176| 3,42 | 1,583 | 1,478 1,58 | -0,3555141
1814 1| 353| 177| 1,39| 0,636| 0,505| 0,634| -0,3600594
1815 1| 353| 178| 3,63| 1,648| 1,675| 1,638| -0,3646046
1816 1| 353| 179| 3,09| 1,397 | 1,324 1,4| -0,3691499
1817 1| 353| 180 3,26| 1,476| 1,622 | 1,497| -0,3736951
1818 1| 353| 181| 1,88| 0,855 1,06 | 0,892 | -0,3782404
1819 1| 353| 182 2,31| 1,059| 1,283 | 1,088| -0,3827856
1820 1| 353| 183 2,3| 1,064| 1,233| 1,108 | -0,3873309
1821 1| 353| 184| 1,43| 0,668| 0,783 | 0,697| -0,3918761
1822 1| 353| 185| 0,59| 0,278 | 0,364 | 0,295| -0,3964214
1823 1| 353| 186| 1,69 0,8| 0,756 | 0,798 | -0,4009667
1824 1| 353| 187 3,1 1,473 | 1,294| 1,466| -0,4055119
1825 1| 353| 188| 2,32| 1,106| 0,933 | 1,093| -0,4100572
1826 1| 353| 189| 0,73| 0,349| 0,317 | 0,333| -0,4146024
1827 1| 353] 190| 2,08| 0,995| 0,999 | 0,986| 0,03662813
1828 1| 353| 191| 3,12 | 1,494| 1,395| 1,502| 0,02884996
1829 1| 353| 192| 2,36| 1,133 1,1| 1,147 | 0,26134667
1830 1| 353| 193| 2,64 | 1,271| 1,323 | 1,273 | 0,24593174
1831 1| 353| 194| 2,66| 1,286| 1,324| 1,289| 0,05487149
1832 1| 353| 195| 1,48 | 0,718 0,87 | 0,748 | 0,21107137
1833 1| 353| 196| 1,26| 0,614| 0,804 | 0,647 | 0,51208673
1834 1| 353] 197| 1,18| 0,576| 0,618 | 0,594 | 0,27287251
1835 1| 353| 198| 3,07| 1,498| 1,456 | 1,508 | 0,63682037
1836 1| 353| 199| 2,05 1| 0,854 | 0,998 | 0,42631468
1837 1| 353| 200| 2,27| 1,106| 1,105| 1,096| 0,08768124
1838 1| 353| 201 3,35| 1,629| 1,618 | 1,626 0,1357645
1839 1| 353| 202| 2,09| 1,013| 1,056 | 1,028 | 0,00360624
1840 1| 353| 203| 1,38| 0,665| 0,889 | 0,699| 0,20852579
1841 1| 353| 204| 1,16| 0,553| 0,672 | 0,575| 0,64954829
1842 1| 353| 205| 1,56| 0,733| 0,766 | 0,753 | 0,17309974
1843 1| 353| 206| 1,76 | 0,812| 0,748 | 0,823 | 0,03401184
1844 1| 353| 207 | 2,77 | 1,248 | 1,103 | 1,234| 0,45283118
1845 1| 353| 208| 1,94| 0,852| 0,694 | 0,833 | 0,65400306
1846 1| 353| 209| 2,22| 0,949| 0,912 | 0,937 | 0,78064589
1847 1| 353| 210| 2,23| 0,925 0,88 | 0,924 0,5250975
1848 1| 353| 211| 1,08| 0,435| 0,417 | 0,441| 0,05932626
1849 1| 353| 212| 2,63| 1,029| 1,023 | 1,035 0,1840599
1850 1| 353] 213 3,3| 1,257| 1,097 1,25| 0,01159655
1851 1| 353| 214 4,87 1,813| 1,732 | 1,809 0,6688523
1852 1| 353| 215| 3,64 1,33| 1,316| 1,331| 0,67224642
1853 1| 353| 216 2,3 0,828| 1,005| 0,841 | 0,20654589
1854 1| 353| 217| 1,08| 0,384| 0,623 | 0,421 0,3085814
1855 1| 353| 218| 4,81 | 1,696| 1,847 | 1,733 | 0,67104434
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1856 1| 353| 219| 3,49| 1,223| 1,189 | 1,253 0,565544
1857 1| 353| 220 2,7| 0,942| 1,053| 0,954 | 0,28659038
1858 1| 353| 221| 1,07| 0,372| 0,453 | 0,376| 0,27789297
1859 1| 353| 222| 3,28| 1,135| 1,202 | 1,145| 0,31692526
1860 1| 353| 223| 0,89| 0,307| 0,267 | 0,331| 0,64919474
1861 1| 353| 224 3,7 1,27| 1,252 | 1,268 | 0,31006632
1862 1| 353| 225| 3,08| 1,054| 0,837 | 1,038| 0,26672068
1863 1| 353| 226| 1,62| 0,553| 0,481 | 0,539| 0,31084414
1864 1| 353| 227| 3,72 | 1,272 | 1,264 1,27 0,4337393
1865 1| 353| 228| 3,41| 1,171| 1,034| 1,163 | 0,77124137
1866 1| 353| 229| 4,73| 1,639| 1,679| 1,653 | 0,08421642
1867 1| 353| 230| 3,99| 1,402| 1,428 | 1,412| 0,58916137
1868 1| 353| 231| 3,49 1,25| 1,416 | 1,268| 0,56978664
1869 1| 353| 232| 2,07| 0,758 | 1,003 | 0,799| 0,17168553
1870 1| 353| 233 16| 0,601| 0,831| 0,641| 0,20675802
1871 1| 353| 234| 4,11 1,583| 1,705| 1,619| 0,22945615
1872 1| 353| 235 2,6 1,027 0,99 | 1,045| 0,07269058
1873 1| 353| 236| 1,64| 0,663| 0,767 | 0,672 1,0648321
1874 1| 353| 237| 1,22| 0,502| 0,543 | 0,504 | 0,25554839
1875 1| 353| 238| 1,32 0,55| 0,529 | 0,555| 0,42094067
1876 1| 353| 239 1,2| 0,503| 0,422 | 0,511 0,369534
1877 1| 353| 240 2,5| 1,046| 0,847 | 1,027 | 0,48153972
1878 1| 353] 241 16| 0,665| 0,397| 0,635| 0,20301036
1879 1| 353| 242 2,22| 0,914| 0,755| 0,886| 0,24883088
1880 1| 353| 243| 3,71| 1,509| 1,328 | 1,488 | 0,01697056
1881 1| 353| 244 2,94| 1,181 | 1,058 | 1,172 0,6470027
1882 1| 353| 245 2| 0,795| 0,861 | 0,803 | 0,37236243
1883 1| 353| 246| 2,51| 0,988| 1,057 | 0,996 | 0,33835059
1884 1| 353| 247| 2,82| 1,102| 1,138| 1,122| 0,41790011
1885 1| 353| 248 3,7| 1,441 | 1,494 | 1,465| 0,12593572
1886 1| 353| 249| 2,13| 0,831| 0,856 | 0,843 | 0,36097801
1887 1| 353| 250| 3,51 | 1,377| 1,492 | 1,387 | 0,18759543
1888 1| 353| 251 34| 1,348| 1,394| 1,368 | 0,29656058
1889 1| 353| 252 0,7| 0,282| 0,425| 0,309 | 0,48033764
1890 1| 353| 253| 4,06| 1,667| 1,854| 1,692| 0,88041865
1891 1| 353| 254| 3,41| 1,434| 1,352 | 1,447| 0,08683271
1892 1| 353| 255| 1,92 0,83 | 0,985| 0,856 | 0,25010367
1893 1| 353| 256| 1,99| 0,885| 1,051| 0,903 | 0,02595082
1894 1| 353| 257| 1,76| 0,807| 0,855| 0,818 | 0,04970961
1895 1| 353| 258 1,7| 0,803| 0,898 | 0,835| 0,59488894
1896 1| 353| 259 1,4| 0,679| 0,661| 0,689| 0,71509709
1897 1| 353| 260| 2,27 | 1,129| 1,046 | 1,121 | 0,03726453
1898 1| 353| 261| 2,66| 1,351| 1,226 | 1,343| 0,51724861
1899 1| 353| 262| 1,96| 1,013| 0,961 | 1,009| 0,49886383
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1900 1| 353| 263| 1,01| 0,528| 0,578 | 0,531 | 0,36981685
1901 1| 353| 264| 1,04| 0,547| 0,593 | 0,555| 0,42617326
1902 1| 353| 265| 1,34| 0,705| 0,664 | 0,716 | 0,50070231
1903 1| 353| 266 1,8 0,94| 0,817| 0,941 0,0258094
1904 1| 353| 267| 1,51 0,78| 0,601| 0,762 | 0,21347554
1905 1| 353] 268| 0,86| 0,438| 0,289 | 0,413 | 0,26127596
1906 1| 353| 269| 0,99| 0,496 | 0,364 | 0,477 | 0,07650895
1907 1| 353| 270| 5,74| 2,838 | 2,643 | 2,822 | 1,12528973
1908 1| 353| 271| 4,19| 2,053| 1,799 | 2,046| 0,62133473
1909 1| 353| 272| 1,46| 0,712| 0,971 | 0,724 0,6145465
1910 1| 353| 273| 1,04| 0,507| 0,899 | 0,538 | 0,16935207
1911 1| 353| 274| 0,84 0,41| 0,677| 0,466 | 0,23765859
1912 1| 353| 275| 0,73| 0,357| 0,547 | 0,427 | 0,92821907
1913 1| 353| 276| 2,56| 1,259| 1,157 | 1,266| 0,30087394
1914 1| 353| 277| 1,55 0,77| 0,473 | 0,737 | 0,55734156
1915 1| 353| 278| 2,04 1,03]| 0,904 | 0,999 | 0,43557778
1916 1| 353| 279| 8,47 | 4,385| 4,238 | 4,363 | 2,47734861
1917 1| 353| 280 1,59| 0,853| 0,758 | 0,866| 0,03889087
1918 1| 353| 281| 0,72| 0,403 | 1,209 | 0,464 | 0,27923647
1919 1| 353| 282| 0,49 | 0,287 0,72 | 0,352| 0,17465537
1920 1| 353| 283| 0,93| 0,572| 0,859 | 0,654 | 0,15839192
1921 1| 353| 284| 1,24| 0,799| 0,922 | 0,871 | 0,11886465
1922 1| 353] 285| 2,15| 1,445| 1,193 1,41| 0,81465772
1923 1| 353| 286| 0,75| 0,523 | 0,303 | 0,487 | 0,93408806
1924 1| 353| 287| 0,87| 0,624| 0,601 | 0,602 1,4250323
1925 1| 353| 288| 0,65| 0,474| 0,368 | 0,466 | 0,12544074
1926 1| 353| 289 0,6 0,44| 0,325| 0,437| 0,17295832
1927 1| 353| 290| 1,34| 0,979| 0,793 | 0,968 | 0,11858181
1928 1| 353|] 291, 0,83| 0,597 | 0,294 | 0,563 0,2032932
1929 1| 353] 292 1,31| 0,921| 0,739| 0,891 | 0,26566002
1930 1| 353| 293| 1,39 0,95| 0,726 | 0,923 | 0,22295077
1931 1| 353| 294| 1,55| 1,028| 0,887 | 1,011| 0,37335238
1932 1| 353| 295| 3,04| 1,956| 1,875| 1,952 | 0,96739279
1933 1| 353| 296| 2,02| 1,264| 1,195| 1,264 | 0,62472884
1934 1| 353| 297 | 2,34| 1,427 1,64| 1,448 0,1973535
1935 1| 353| 298| 0,68| 0,405 0,6 0,438 | 0,44406306
1936 1| 353| 299 0,5| 0,291| 0,569| 0,334| 0,42893097
1937 1| 353| 300| 2,29| 1,307| 1,386 | 1,344| 0,36267507
1938 1| 353 301 1,05| 0,589| 0,437 | 0,594 | 0,23051681
1939 1| 353] 302 2,7] 1,493 | 1,469| 1,486| 0,19791919
1940 1| 353| 303 4| 2,193| 2,003 | 2,169 | 0,81960747
1941 1| 353| 304 19| 1,039| 1,062 | 1,042| 0,08032733
1942 1| 353| 305| 0,82| 0,449| 0,789 | 0,483 | 0,58124177
1943 1| 353| 306 1,7| 0,934| 1,141 | 0,965 0,4622357
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1944 1| 353| 307| 2,06| 1,139| 1,229 | 1,185| 0,26191235
1945 1| 353| 308| 1,26| 0,703 | 0,757 | 0,734 0,0198697
1946 1| 353| 309| 1,17| 0,659| 0,647 | 0,652| 0,71721841
1947 1| 353| 310| 1,12| 0,638 0,55| 0,626| 0,05041671
1948 1| 353| 311 | 1,04 0,6 0,509| 0,597 | 0,02588011
1949 1| 353] 312 1,78| 1,044| 0,904 | 1,034| 0,19565645
1950 1| 353| 313| 5,29| 3,169| 2,956 | 3,147 1,4521852
1951 1| 353| 314| 1,63| 1,005| 0,857 1| 0,13823938
1952 1| 353| 315| 0,64 | 0,409 | 0,843 0,43 | 0,49419693
1953 1| 353| 316| 1,13| 0,751| 1,031 | 0,789 | 0,28248916
1954 1| 353| 317 1,1| 0,763| 0,909 | 0,819| 0,02998133
1955 1| 353| 318| 2,02| 1,468| 1,577 1,52 0,8125364
1956 1| 353| 319| 1,71| 1,307| 1,162 | 1,293 | 0,66227621
1957 1| 353| 320| 0,97| 0,781| 0,793 | 0,771| 0,25936677
1958 1| 353| 321 0,48| 0,408| 0,514 | 0,416| 0,30426805
1959 1| 353| 322| 0,45| 0,403| 0,448 | 0,417| 0,03408255
1960 1| 353| 323| 1,84| 1,732| 1,667 | 1,745 0,6873785
1961 1| 353| 324| 0,62| 0,613| 0,394| 0,607 | 1,45720565
1962 1| 353| 325| 1,59| 1,645| 1,654| 1,629| 0,61023315
1963 1| 353| 326| 0,54| 0,583| 0,461 | 0,572 | 0,22273864
1964 1| 353| 327| 0,85| 0,952| 1,089 | 0,963 0,1509673
1965 1| 353| 328| 0,88| 1,015| 1,043 | 1,041 | 0,24084057
1966 1| 353| 329| 0,72 0,85| 0,824| 0,855| 0,11709688
1967 1| 353| 330| 0,42| 0,502| 0,531| 0,516| 0,12204663
1968 1| 353| 331 0,61| 0,732| 0,666 | 0,723 | 0,05437651
1969 1| 353| 332| 0,71| 0,849| 0,725| 0,844 | 0,23900209
1970 1| 353| 333| 0,87| 1,027| 0,888 | 1,017| 0,21312198
1971 1| 353| 334| 0,34| 0,394 0,25| 0,378 | 0,37059466
1972 1| 353| 335| 0,75| 0,851| 0,762 | 0,832| 0,57975685
1973 1| 353] 336| 0,59| 0,654| 0,471 | 0,642 0,2721654
1974 1| 353| 337| 1,89 2,05| 1,921| 2,039| 0,87957013
1975 1| 353| 338| 1,22| 1,301| 1,115| 1,292| 0,33516861
1976 1| 353| 339| 1,65| 1,739| 1,854 | 1,737 0,6688523
1977 1| 353| 340| 0,95| 0,996| 1,151 | 1,021 | 0,02305168
1978 1| 353| 341| 1,06| 1,111| 1,427 | 1,154| 0,08414571
1979 1| 353| 342 0,86| 0,906| 1,169 | 0,966 | 0,18455487
1980 1| 353| 343| 0,78| 0,829| 0,998 | 0,865| 0,00417193
1981 1| 353| 344| 1,23| 1,323| 1,425| 1,351 | 0,38346401
1982 1| 353| 345| 0,67| 0,732| 0,717 0,74 | 0,43529493
1983 1| 353] 346| 1,07| 1,189| 1,273 | 1,198 | 0,11511698
1984 1| 353| 347 1,1| 1,246| 1,217 | 1,251| 0,19530289
1985 1| 353| 348| 0,52| 0,601| 0,644| 0,612| 0,31777379
1986 1| 353| 349| 0,26| 0,307| 0,411| 0,322 | 0,21778889
1987 1| 353| 350| 0,74| 0,889| 0,844 | 0,889| 0,03181981
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1988 1| 353| 351 1,01| 1,235| 1,081 | 1,237| 0,38417111
1989 1| 353| 352| 1,22 1,52 1,382| 1,511 | 0,27202398
1990 1| 353| 353| 0,57| 0,724| 0,641 | 0,708 | 0,18285781
8,0504107
7,80886303
7,53712189
7,83410674
7,42009572
7,75222377
7,72570727
8,18419531
7,73935443
8,06356289
7,73023275
7,49794818
7,52962656
7,37413378
7,58732647
8,04489527
7,56003215
7,72436377
8,22202552
7,81282283

Table 2 Parameters calculated for the standardized dendnoclogy of Sapelli

Characteristics Ayous Sapelli
Mean age + SE 20010 350+20
Mean EPS (standard) 0.89 0.98
Mean R bar(standard) 0.427 0.675
Mean Sensitivity (standard) 0.375 0.51
Standard Deviation (standard) 0.355 0.497
First-order partial autocorrelation (standard) 0.142 0.126

Table 3 main characteristics of species chronologies

The detrended TRW chronologies (TRWstandard) df brate species were strongly correlated
with one another (r = 0.876; P < 0.01) during thi&rtrend. High EPS values (Table 3; greater
than 0.85) in both species indicate that constcuctaronologies from detrended individual
TRW series were representative of radial growthatians of the whole population of trees
(Wigley, Briffa & Jones 1984). There was also gaotierence among individual growth series
(high mean r-bar; Table 3). The r-bar and MS valvese higher in the Sapelli than in the

Ayous stands (Table 3), thus indicating that in éllastands there is a stronger common
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growth signal and greater year-to-year radial ghowariability associated to inter-annual
changes

in climatic conditions. Furthermore, the standas¥idtion of the chronology was larger in
Sapelli species than in Ayous stands (Table 1)gessting that radial growth responses to

extreme environmental events are stronger in thradn

Preliminary conclusion

We show, as preliminary results, that the Sapetk Ayous species increased their growth
trends during the last century (from 1900) possihlg to the effect of CQertilization coming
from anthropogenic sources. Of course, this hymhshould be verified on a significant
sample of the populations of the tree. Furtheryam®asl will clarify this preliminary conclusion
and move deeper inside in physiological explicatibinese first results suggest that it will be
crucial to increase researches to find answergh@rmain questions on greenhouse-gasses
emissions and the role of tropical forest dynamfcarbon intake/emissions/growth) in
adapting to climate change.The authors believe ghabmparison between pre- and post-
industrial growth rates will require younger andexl trees of the same species growing in the
environment exposed to different gf@vels. This will eliminate any rate of growthrnotluced

by the age of tree.
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Conclusions

Rainforests provide important services, now we ‘absystem services”, including buffering
against flood and drought, storing carbon from aph@re, stabilizing soils, influencing
rainfall patterns and providing habitats to wildlénd indigenous people. While rainforests are
fundamental to human beings, they are rapidly beiesfroyed by activities of civilizations.
The first cause of deforestation is conversion are$t land for agriculture. If in the past
subsistence agriculture was the primary driver @hforest conversion, today industrial
agriculture — especially monoculture and livest@ekduction — is the dominant driver of
rainforest loss worldwide. As | show in the Chaptdogging, even if selective, represents the
biggest cause of forest degradation and usuallygeas deforestation for agriculture.

Findings in Chapter 1 suggests that selective fagpas several important negative effects on
forest structure, dynamics, biodiversity and ectsysservices and that these effects can be
truly evaluated only in the long term by analysthg evolving dynamics of repeated logging
and not the mean structural values but the norexdlizdices.

| suggest that the attention should be paid ndt fogotally destructive practices such as
deforestation (clearcutting) for alternative landes (crops or grazing, commonly in the
Amazon, or the palm oil plantations that are typioh South-east Asia), but also to the
selective logging of the last virgin forests of is&, which may be a more serious cause of
forest degradation than what has been thoughttt d@he question rose in these last years and
confirmed from the analyses of paper results sugges it will be crucial to increase research
about the key issues for forest management andepat®on and particularly if selective
logging is really sustainable for primary tropibaiests.

In the Chapter 2 | continued the researches oaltbeation of forest dynamics due to selective
logging and | proposed a model for localized distinces. From the data collected to validate
the equilibrium model of canopy height and plantedgsity, | found the evidences of a
decreasing of plants diversity in tropical foresbject to selective logging respect to the same
but untouched forest. This seems due to the lostiirthance which involve the invasion of
open space left by logged trees by weed, vines dcintbers at the expense of the late-
successional state cenosis. Although up to novetisenot a well defined correlation between
canopy height and biodiversity (which is discusgedChapter 3) it is clear that the highest
levels of biodiversity reside in the untouched $tse This finding calls for an urgent
adaptation and mitigation response aimed at piotgeind enhancing the forest conservation
through specific interventions, both in terms ofliggo and management and regulatory
mechanisms, to prevent human pressure on tropieasaMy work confirms the importance of
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using dynamic, deterministic models for identifyingllnerabilities and thresholds while
assessing the impacts of anthropogenic activities.

Moving forward, in Chapter 3, | combined data dedvirom the new global canopy map
developed by NASA through the LIDAR survey of Eaatid the global map of vascular plant
produced by the Nees-Institut fir Biodiversitat é&lanzen to show that there is a global
positive correlation between forest canopy heightl d&iodiversity and that it follows a
latitudinal gradient. The combination of stratiticen (height/biodiversity relation), climatic
factors (humidity and temperature) and productiaityl evolutionary history allows species to
fill the ecosystem niche in a fractal way and cduddthe key to understand why tropics are so
diverse as discussed in Chapter 4.

| combined the species pool size and the fractalraaf ecosystems to clarify some general
patterns of latitudinal gradient of biodiversityhd patterns described in this chapter, can be
synthesized as the “cauliflower hypothesis of lgadal diversity” and although they could
appear oversimplified, they can be also extendedtitodinal gradients and shed more light on
ecological and evolutionary processes which shaghversity on Earth.

Finally, looking behind in climatic history in Chiggp 5 | tried to understand the effects of
greenhouse-gasses (GHG) emissions after the lmmlustye and their effects on growth trends
of tropical trees born in the TZentury .

| show, as preliminary results, that the Sapele Aymlis species studied in tropical forests of
Africa increased their growth trends during the keentury (from 1900) possibly due to the
effect of CQ fertilization coming from anthropogenic sourcesrtiker analyses will clarify
this preliminary conclusion and move deeper insid@hysiological explication. These first
results suggest that it will be crucial to increassearches to find answers for the main
guestions on greenhouse-gasses emissions and l¢hefroopical forest dynamics (carbon
intake/emissions/growth) in adapting to climatergea

In conclusions, | need to say that forests are dvade often seen as resources providers and
even if it is true for an economical point of viethg science of ecology should move beyond
this mechanistic consideration and see them a®mgtecosystems but as fundamental and
indissoluble parts of the bigger system we calltitaAs organs of who the two science
outsider James Lovelock and Lynn Margulis calledaig® Being nominated Doctor in
Philosophy we have the moral imperative to be detsi and to merge science with ethical
issues, because one without the other is a meneligien on mechanical parts and ecology is
all but the study of distinct elements. Ecologythe study of life, nothing else that a long

evolution of associations.
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