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Introduction country-wide logging regulations are typically based on
results from local plot-level studies. For example, mini-
By storing about 30% of the Ealtiterrestrial carbon mum cutting cyclegi.e. years between logging events
[1] and half of the worlts biodiversityf2], regulating are setat 20 years in Bolivia and Hég}, 25-35 yearsin
hydrological cycld8)], and furnishing a wide range ofBrazil[23)], and 65 years in French Guidizd]. There is
timber and non-timber goods, tropical forests arthus a need to provide policymakers with regional
critical for human welfare and climate-change mitigassessments of ES trade-offs in Amazonian production
tion. These bends notwithstanding, tropical forestsforests, to develop spatially-explicit forest management
are being converted into cropland at a higher-tharules that optimise multiple ESs based on local ecologi-
ever ratg1.1 Mkn? between 2000 and 2012)) and  cal specicities.
are facing increasing pressure from other human Here we explore optimal scenarios for ES provi-
activities[5]. One established way to counter tropicadion in Amazonian production forests in a spatially
forest loss is to create restricted access protected a®¢dicit framework. We analyse the effect of different
but this simple dichotomyprotected or not poorly loggingintensitie§.e. no logging and logging atinten-
re ects the wide gradient of forest uses and their effegiées of 10, 20, and 30Fha *) and cutting cyclegl 5,
(e.9[6,7]). 30, and 65 yearsn three ES, i.e. post-logging timber
In the tropics, nearly 40% of the sawn wood tradegcovery, carbon storage, and biodiversity conserva-
annually is harvested from natural forgétis Brazilis tion (as support of ecosystem functionifiy]). Our
among the largest producers of tropical round wood)ain research questions afi¢where, how much, and
with 14-28 million m® (25%-50% of its total log pro- how often should timber harvests occur to optimise ES
ductior) annually harvested from Amazonian natura?rovision in Amazonian production fores{s) how
forests, mainly for local markefg, 10]. Selective log- do ES prioritisation and availability of production for-
ging is the dominant harvesting system in the regiofiSt areas affect optimal logging cguaration and
consisting in felling only a few commercial treg€sulting ES provision, ar(di) how might projected
(1-5trees ha', around 5-30 n ha *oftimber)inthe changes in high-quality timber demand affect forest
forest. Because most of the forest cover remains affé@nagementand ES provision?
the harvest, selectively logged forests still maintain W& explore eight management strate¢iaisie )
most of their initial carbon stocks, biodiversity, an@nd identify the spatial logging caguration that
other conservation valugki]. Recovery of whatis lostOPtimises ES provision over thest cutting cycle,
depends on logging practices, intensity, and ti§&/€n a timber extraction objective of 30 Mg,
elapsed time before the next harnfést 13). For this €duivalenttotimber extraction rates in the regiaf.
reason, arguments are made for the integration sfrategies differ in terms ¢f) ES prioritisation(ii)

selectively logged forests into forest conservatifid! forestareaallocated to selective loggiipwhe-
schemegl4]. ther total timber stocks must fully recovére. sus-

Although recognition of the value of production@ined timber yieldeSTY) objectivg, and(iv) whether

forests in providing a diversity of ecosystem servickdnique cutting cycle length is appli@® years We
(ES is increasing, most conservation programs affgen compare the optimal spatial logging cgara-
payments for ES schemes focus on a sindle.E&ar- tions and ES provisions associated with each strategy.

bon in REDDY programg15]). Very few studies haveFi”a"y’ we an_alyse.the_ consequences .of changing the

addressed multi-criteria decision-making proce:&'é“ber extraction objective on ES provision.

regarding the optimisation of ES provision in tropical

forests, even though some trade-offs might exisiaterials and methods

between ESs, e.g. timber production, carbon retention

[16] or biodiversity conservatidi 7]. Integrating sev- Study region

eral ESs in one unique framework is thus essentialthe study region is the Amazon region, located in

account for the multi-functionality and complexity oftropical South America and straddling nine countries

forestg418]. (Brazil, Bolivia, Colombia, Equator, French Guiana,
Plot-level studies provide useful insights for loc@uyana, Peru, Suriname, and Veneuélanazonia

forest managers, but conservation-related policigshe most diverse and carbon-rich tropical biome on

need to be informed by broader-scale assessments thatth [2, 20] with around 600Mha of tropical rain-

account for infrastructure planning, location of proforest of which 400ha is consideretintact (i.e. no

tected areas, and logging regulatigr$$. In addition, detectable human impact§27]). To date, 33% of

since ES provisioning varies across sfege carbon Amazonian forests are under legal protect{@s)

stocks[20]), logging rules should also vary spatially gurel). However, since the 1970s and the opening

to optimise ES provisioning, and complex spatialf the Trans-Amazonian highwaythe rst highway

patterns are expected to emerge when plot-lev®lilt deep inside the forest20% of the original forest

information is scaled up21]. Nevertheless, currentextent has been replaced mainly by pastures and, more
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B Access. unprot. forest (33%)

3

Figure 1 Availability of Amazonian forests for loggifiorest cover-909%9. Strictly protected areéght grey; does notinclude
category VI of the IUCNare notincluded in our analysis. Fores25 km and>25 km from any roadaccessible and remote
unprotected foresjare depicted in dark and medium grey, respectively. Some roads are only accessible by the river network, which
results in some isolated AUFs surrounded by RUFs. Strictly protected forests cover 191 Mha, remote unprotected forests 195 Mha
(RUF3 and accessible unprotected for¢atsF9 190 Mha.

Table 1 Strategies tested in this study. ES prioritisation refers to the weights given to ES in the optimisation process: either only one ES
(timber, carbon or biodiversi}ys optimised, or weights are balanced between timber recovery, carbon retention and biodiversity
conservation. Potential production fore@®F}are areas that can be logged in a given strategy: accessible unprotectéA g ste

areas that have90% forest cover, are not protected and are withik2Eof an existing roafl gurel); remote unprotected foreRUF$

are areas with-90% forest cover outside protected areasa®Blkm from aroad. Two optional constraints can be added: Siistained

timber yield$requires that the total timber stocks are recovered in all logged grid cells whereas the 30 year cycle constraint allows only
30 year cutting cycl¢sICC strategy

Acronym Strategy ES prioritisation PPF STY
1 Timber Maximise timber recovery Timber AUF No
2 Carbon Climate change mitigation Carbon AUF No
3 Biodiversity Biodiversity conservation Biodiversity AUF No
4 Balanced Multi-functionality Balanced AUF No
5 MCC Only Medium(30 yeayCutting Cycles allowed Balanced AUF No
6 STY Sustained timber yields Balanced AUF Yes
7 Increased accessibility Building roads to access remote areas Balanced +RWRUF No
8 STY+ Increased accessibility Sustained timber yields with increased accessibility Balanced + RURUF Yes

recently, soybean cropg9, 30]. Despite the recent government ght against deforestatigf2] and the
roads, a large portion of the forest biome is at a grgaogressive substitution of tropical timber with other
distance from any road and thus inaccessible to mesteaper materials in constructifsi.
commercial activities gurel).

Timber extraction through selective logging is the
dominant forest use in the regid3]. About 14% of Optimisation framework
Amazonian forests are designated for timber produ&he optimisation procedurends the best spatial cog-
tion [31]. Estimates of annual sawlog extraction iHration of selective logging in Amazonia, which we
these forests are around 30 Mf#6], but some results divided into 556 1 cells(i.e. the coarsest resolution of
suggest that timber extraction in the Brazilian Amazdnput map3. In each grid cell, the potential production
has decreased during the last de¢afie his decrease forest(PPF area(i.e. the area used in the optimisation
is likely due to a combination of the BraziliarframeworR is de ned either as the area of accessible

3
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The optimisation problem is deed as:
OBJECTIVES STRATEGY 556 9
Timber extraction ES prioritisation P
IFL preservation PPF area maXImlseZ areg Z Epz- ¥z (1
Additional constraints p=1 z=0
subjecttdi) atimber extraction objective
Optimisation 556 9
vext
\ S areg Y “Xpz =P )
OPTIMAL LOGGING p=1 7=0 IOty
CONFIGURATION ) o o
& associated ES costs and subjecttdii) an intact-forest-landscape objective:
Figure 2 Spatial optimisation steps. Depending on the VRe[l..4 'Z( IFLp )h& > 08 Z IFI'p (B
scenario, PPFs are either accessible unprotected forests PER PER
(AUF9, or all unprotected forests, i.e. AUFs and remote e . .
unprotected foresiRUFS$. IFLs are intact forest landscapes aj_'?d' if 'nCIUd?d II’.I the management strategy, subject to
[27]. The eight strategies tested are summarised intable (ii)aSTY objective:
556 9
Sareg > (Treg,— veRt- g =0, (9
p=1 z=0

unprotected fores{®\UFJ or as the area of all AUFs and
remote unprotected fore@UF$ ( gurel), depending whereareg is the PPF area in grid celleither AUFs
on the management strate@@gble1); further informa- or AUFs and RUFgtable 1), further described in
tionis provided in sectiofPPF aréaand gure S3. section'PPF ar€aES,; is the ES provision change
To re ect the range of logging practices currentblyhen allocating celp to logging typez, relative to
used in the region, grid cells can be allocated to onetbe ES provision when allocating cplito logging
the following logging types: a logging intensity of gpe z=0 (i.e. no logginy the calculation of
(Low), 20(Medium) or 30(High) m3ha *, and a cut- this ES provision function is further described in
ting cycle length of 1%Shor), 30 (Medium) or 65 paragraphES pri(_)ritisatioh Xpz = 1 when celb_ is
(Long years, or no Logging. Medium intensity an@'located to logging type andx,, = O otherwise.

cutting cycle length correspond to current median Io%—eXE andtrot;are respectively the logging intenii,

ging practices in Amazon{23|]. The spatial optim- Oor30rﬁ’h.a*1) and cutt.ing cycle_leng(llS, 30 9r65
saton seskshe most eentsptl coruraton o Y2509 01000 YRSs 1 s

logging rgle;(cuttmg cycles a_”f’ Iogglngl |nten3|)|es|FLpiS the total area of IFLs in grid cp]based on data
_that mQX|m‘|ses ar_1 ES p.I‘OVISIOI’I functi¢gde ned from Potapoet al[27]. Treg,, is the amount of timber
in section 'ES prioritisatiof) under pre-dened 0.\ ered in grid cafiafter logging during the cutting

objectives. o . cycle duration under logging tygecalculated with a
The pre-dened objectives always inclu@® an  previously developed volume recovery model cali-
annual timber extraction objecti{egure2): the opti-  prated at the Amazonian scésf] (see paragrapkS
mal solution must include enough harvested areas ggioritisation).
meet the extraction objective; af&) an intact-forests The optimal spatial corguration for each strategy
objective that consists of conserving intact forest land- found with integer linear programming using a
scapedFL9, de ned as forests with no detectable sigmethodology adapted from the optimisation software
of human activity27]. IFLs are irreplaceable for biodi-Marxan with Zone$35, 36], using the packaggior-
versity conservatiofY], especially for species that argzr [37] developed in R programming langudgé].
highly sensitive to forest degradation. Because Amagades and data are availablelgtps// doi.org 10.
nian forests have high levels of endemism and alg4 m9. gshare.8153777
regions are not equivalent in terms of species compo- It should be noted that, contrary to many con-
sition, we dened the biodiversity conservation objecservation planning studies, we did notinclude the con-
tive as follows: in each of the six ecoregi@esording nectivity of protected areas in the optimisation
to ter Steeget al[33]), namely the Guiana Shield,process. In our case, the total area of one grid cell is
eastern Amazon, southeastern Amazon, centeabund 11 000 krh At this scale, the additional berie
Amazon, southwestern Amazon, and northwesteofconnected grid cells is difult to quantify and inter-
Amazon, at least 80% of IFLs are to remain unloggeckt, although connectivity also has implications at
(equation (3)). Those include forests in protectedarge landscape scales.
areas, inaccessible fore&t25 km from a road or
track), or forests inside grid cells allocated to tHe Strategy description
Loggingtype. We tested different strategies to meet future timber
In some cases, an additional STY objective candmemand in Amazonigablel): (1) Timber only timber
added, that consists of recovering as much timber @sovery is maximised to ensure long-term timber
was initially harvestd@quation(4)). stocks,(2) Carbon only carbon is maximised as a



https://doi.org/10.6084/m9.figshare.8153777
https://doi.org/10.6084/m9.figshare.8153777

I0OP Publishing Environ. Res. Let#4(2019 124090 W Letters

climate change mitigation stratedi3) Biodiversity z = 0):
only biodiversity is maximised as a conservation

strategy(4) Balancedtimber recovery, carbon and ES:= T- ATpe +B ¢ - ACp: + B- ABp.z B
biodiversity conservation are balanced as a multi- Tp C.o B.o
functionality strategy(5) MCC: balanced ES prioriti- )

sation under Medium(30 yeay Cutting Cycles only,

.. . . T
smt1-|lar t(.) dcurre.nF manage{pent stralltegslessl;_antl)&r}’%rbon and biodiversity respectively. When a unique
nation-wide minimum cutting cycle,(6) * ES(timber, carbon or biodiversi}yis prioritised in a

balanced ES prioritisation with a STY objective, i'e'taﬁlen strategy, its weight is set to 1 and the other
volume of timber extracted must be recovered at t ights are s,et to 0. When ES prioritisation is

end of the rstcutting cycle. In scenari§—6), PPFS | 51anced ;=B c= g-BL. To andyse the effect
. age 1 3.
are restricted to AUFgtable 1). Two additional f g5 prioritisation on nal ES provision, we ran 66

scenarios also include RUFs in the PPF afBa: simulations with all combinations of weights from 0 to
Increased accessibibglanced ES prioritisationwhen  with 0.1 steps. Results are presented in the

all unprotected forestéAUFs and RUFsare made supplementary material which is availablestatks.
accessible, ang8) STY + Increased accessibilitjop.org ERL/ 14 124090mmedia( gure S}
balanced ES prioritisation with a STY objective when  T,,, C,,and B,, are respectively the net
all unprotected forestéAUFs and RUFsare made timber volume changén m®ha %), the net carbon
accessible. The annual timber extraction objectivestock changén Mg C ha %), and the potential rich-
rst set to 30Mm? ( gures3 and 4); the effects of ness los§mammals and amphibiahsn grid cellp
changing the timber extraction objective are themnder logging type (after one cutting cycleAddi-
tested with objectives between 10 andv8@°yr ' tional details are provided in equatiofs, (7) and(8)

c and g are the relative weights of timber,

( gureb). respectivelgsee beloyv
T. 0, C. 0, andB. g are respectively the mean timber
PPF area volume [34], mean carbon stockf20] and mean

In each grid cell, we only consider unprotected fores9tential richness of mammals and amphibiggin

i.e. areas having at least 90% of forest cpyleand Unlogged fores{g = 0) overall grid cells.

outside strictly protected are@e. all IUCN categories Tpzis calculated as:

except VI:‘Protected area with sustainable use of ATy, = —vext,+ Treg, (6)

natural resourceps [28]. Unprotected forests are

further divided into two groups, depending on theithere vex} is the logging intensity associated to

distance to any road, here deed as any motorable l0gging typeandTreg, s the timber recovery in grid

track registered in OpenStreetMgs]. Areas within Ccellpunder logging type calculated with a previously

25 km of an existing road are referred to as AUFs; arelgveloped volume recovery model calibrated at the

25 km from an existing road are referred to as RUF&Mazonian scalgs4], with all parameters set to their

In Peru, where an otial map of permanent produc- Maximum likelihood value.

tion forests was available onlip&)], we added these Cp.is calculated as:

permanent production forests to AUFs. ACp ;= —Cemj,,+ Creg; (7
Depending on the scenar(tablel), PPF area is

then calculated for each grid cell as either the area¥§iereCemyare the total carbon emissions caused by

AUFs(scenariofl)—(6)) or AUFs and RURscenarios logging(yarding skidding, road opening apd inciden-

(7)<(8)). Because only 50980% of production forest @ damage4s]; see supplementary sectioh #sso-

area is considered suitable for logging due to sted ted to logging typein grid cellpandCreg, is the

slopes, riparian buffers and previous heavy degra(§0 rbon recovery in grid cefl under logging type

. . - ) ver one cutting cyc)ecalculated with a previously
tion [41, 42, the PPF area is multiplied by a cagént developed carbon recovery model calibrated at the

— 0, i
= 58%. This value corresponds to the mean ratl azonian scalglf], with all parameters set to their
between the area actually logged and the total arez?nzrg

. ) . o ximum likelihood value.
forest concessions in French Guigf4, and is simi-

: B, is calculated as:
lar to other pan-tropical data 3]. '
ABp,=(Rmy- m+ RaC h- vet (8 C

ES prioritisation where Rm, and Ra, are the pre-logging potential
The spatially explicit ES provision function is estjichness of mammals and amphibians respectively
mated as the relative difference between the ﬁ@f], m = —1.44 and a = —1.53are the estimated
provision(i.e. timber volumes, carbon sequestratiolopes of post-logging species loss in the Neotropics
and potential species richngsghen a grid celp is  for mammals and amphibians respectively, according
allocated to one logging tygeand the ES provision to Burivalovaet al[17]. vex} is the logging intensity in
when the same grid cell is not logg@ogging type loggingtype.
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Gathering more informatin on the effect of multiple Data availability

cutting cycles on forest dynamics is of utmost impor-

tance to glimpse at the future of production forests.  The data that support thendings of this study are
Another limitation is the small number of existingopenly available athttps// doi.org 10.6084m9.

studies on the effect of selective logging on biodigshare.8153777

versity, resulting in a high uncertainty on actual spe-

cies richness loss ratgk/]. Moreover, the use of Author contributions

species richness as a proxy of biodiversity overlooks

species char.acteristics angl spatial species turn@¥prand BH designed the study, CP performed simula-
[89]. Accounting for range siz80], IUCN conserva- tions and wrote the rst draft, CP, ER, FEP, TAPW
tion status[91], or habitat specialisatiofp2], could  and BH wrote the paper, all other authors contributed

help better depict the biodiversity cost of loggingiata, commented on and approved the manuscript.
However, to our knowledge, no studies have quanti-

ed the effect of logging on such biodiversity mea-
sures. More studies on the biodiversity impact o

logging would thus be key to optimise conservation i
gging y P Eamille Piponiot® https?/ orcid.org 0000-0002-

Amazonian production forests. Nevertheless, in tr}ﬁwg 1982
case of habitat specialisation, the focus on forest spe- =~ "~ "° . .
cialists is expected to increase the effect of Iogging%qriéazr_]él%lg'23haus€ hitpsi/ orcid.org 0000-0003-

the densely forested central Amazon and decreaseG'eraldine Derroire® httpsi/ orcid.org 0000-0001-
effect on the basin margins where landscapes are mores ~ag1
open and forest specialist species are less COMMQD s E Puts
[93]. Thus, an analysis focused on forest Speda"ﬁb%l-6675

should accentuate the pattern observedjare3(C).  pjinig Sists hitpsi/ orcid.org 0000-0002-4565-4417
Finally, even though oumdings provide an inter- Thales A P Wesb https/ orcid.org 0000-0003-
esting insight on potential trade-offs that future foresbtg%_6516

managers and decision-makers will face, a large pat,rent Descroix» hitps?/ orcid.org 0000-0001-
(20%-60%9 of logging is illegal in the Amazongsszg 3070

[94, 95]. Changing logging rules to maintain the envirg,5rcelino Carneiro Guedes https1/ orcid.org
onmental value of production forests can be jegyyn0.0003-2702-5614

pardised by a lack of control over their applicationzrigice N Honorio Coronade httpsi/ orcid.ord
Improving Amazonian forestgovernance will be key 0000-0003-2314-590X
tomaintain ES throughinformed management.  Marielos Pefia-Clarc® https// orcid.org 0000-
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