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Old-growth tropical forests are widely recognized as being immensely important for
their biodiversity and high biomass'. Conversely, logged tropical forests are usually
characterized as degraded ecosystems?. However, whether logging results in a

degradationin ecosystem functions is less clear: shifts in the strength and resilience
of key ecosystem processes in large suites of species have rarely been assessed in an
ecologically integrated and quantitative framework. Here we adopt an ecosystem
energetics lens to gain new insight into the impacts of tropical forest disturbance on a
key integrative aspect of ecological function: food pathways and community
structure of birds and mammals. We focus on a gradient spanning old-growth and
logged forests and oil palm plantations in Borneo. Inlogged forest there is a 2.5-fold
increasein total resource consumption by both birds and mammals compared to that
inold-growth forests, probably driven by greater resource accessibility and
vegetation palatability. Most principal energetic pathways maintain high species
diversity and redundancy, implying maintained resilience. Conversion of logged
forest into oil palm plantation results in the collapse of most energetic pathways. Far
from being degraded ecosystems, even heavily logged forests can be vibrant and
diverse ecosystems with enhanced levels of ecological function.

Human-modified forests, such as selectively logged forests, are often
characterized as degraded ecosystems because of their altered struc-
ture and low biomass. The concept of ecosystem degradation can be
adouble-edged sword. It rightly draws attention to the conservation
value of old-growth systems and the importance of ecosystem restora-
tion. However, it can also suggest that human-modified ecosystems are
oflow ecological value and therefore, in some cases, suitable for conver-
sionto agriculture (such as oil palm plantations) and other land uses®>.

Selectively logged and other forms of structurally altered forests
are becoming the prevailing vegetation cover in much of the tropical
forest biome? Such disturbance frequently leads to a decline in old-
growth specialist species’, and also in non-specialist species in some
contexts® 8, However, species-focused biodiversity metrics are only one
measure of ecosystem vitality and functionality, and rarely consider
the collectiverole that suites of species play in maintaining ecological
functions®.

An alternative approach is to focus on the energetics of key taxo-
nomic groups, and the number and relative dominance of species
contributing to each energetic pathway. Energetic approaches to
examining ecosystem structure and function have a long history in
ecosystem ecology™. Virtually all ecosystems are powered by a cas-
cade of captured sunlight through an array of autotroph tissues and
into hierarchical assemblages of herbivores, carnivores and detriti-
vores. Energetic approaches shinelight on the relative significance of

energy flows amongkey taxa and provide insightinto the processes that
shape biodiversity and ecosystem function. The common currency of
energy enables diverse guilds and taxa to be comparedin a unified and
physically meaningful manner: dominant energetic pathways can be
identified, and the resilience of each pathway to the loss of individual
species canbe assessed. Quantitative links can then be made between
animal communities and the plant-based ecosystem productivity on
whichthey depend. The magnitude of energetic pathways in particular
animal groups can often be indicators of key associated ecosystem
processes, such as nutrient cycling, seed dispersal and pollination, or
trophicfactorssuchasintensity of predation pressure or availability of
resource supply, allunified under the common metric of energy flux™*.

Energetics approacheshaverarely been applied inbiodiverse tropical
ecosystems because of the range of observations they require . Such
analyses rely on: population density estimates for avery large number
of species; understanding of the diet and feeding behaviour of the
species; and reliable estimation of net primary productivity (NPP). Here
we take advantage of uniquely rich datasets to apply an energetics lens
to examine and quantify aspects of the ecological function and vital-
ity of habitats in Sabah, Malaysia, that comprise old-growth forests,
logged forest and oil palm plantation (Fig.1and Extended Data Fig.1).
Our approach is to calculate the short-term equilibrium production
or consumption rates of food energy by specific species, guilds or
taxonomicgroups. We focus on three taxonomic groups (plants, birds
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' Camera and trap grid

© Bird point count
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Fig.1|Maps of the study sites in Sabah, Borneo. a-d, Maps showinglocations
of NPP plots and biodiversity surveysinold-growth forest, logged forest and
oil palm plantations in the Stability of Altered Forest Ecosystems Project
landscape (a), Maliau Basin (b), Danum Valley (c) and Sepilok (d). The insetin

and mammals) that are frequently used indicators of biodiversity and
are relatively well understood ecologically.

Weareinterested in the fraction of primary productivity consumed
by birds and mammals, and how it varies along the disturbance gradi-
ent, and how and why various food energetic pathways in mammals and
birds, and the diversity of species contributing to those pathways, vary
alongthedisturbance gradient. To estimate the density of 104 mammal
and 144 bird species in each of the three habitat types, we aggregated
datafrom 882 camerasamplinglocations (atotal of42,877 cameratrap
nights), 508 bird point count locations, 1,488 small terrestrial mammal
trap locations (34,058 live-trap nights) and 336 bat trap locations (Fig.1
and Extended DataFig.1). We then calculated daily energetic expendi-
ture for each species based on their body mass, assigned each species
to adietary group and calculated total food consumption in energy
units. For primary productivity, we relied on 34 plot-years (summation
of plots multiplied by the number of years each plot is monitored) of
measurements of the key components of NPP (canopy litterfall, woody
growth, fineroot production) using the protocols of the Global Ecosys-
tem Monitoring Network™ ¢ across old-growth (n =4), logged (n=5)
and oil palm (n =1) plots. This dataset encompasses more than 14,000
measurements of litterfall, 20,000 tree diameter measurements and
2,700 fine root samples.

Overall bird species diversity is maintained across the disturbance
gradient and peaks in the logged forest; for mammals, there is also a
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ashowsthelocation of the foursitesin Sabah. The shade of greenindicates
old-growth (dark green), twice-logged (intermediate green) or heavily logged
(lightgreen) forests. The cameraand trap grid includes cameras and small
mammal traps. White areas indicate oil palm plantations.

slightincreaseinthelogged forest, followed by rapid declinein the oil
palm (Fig. 2b,c). Strikingly, both bird and mammal biomass increases
substantially (144% and 231%, respectively) in the logged forest com-
pared to the old-growth forest, with mammals contributing about 75%
of total (bird plus mammal) biomass in both habitat types (Fig. 2b,c).

The total flow of energy through consumption is amplified across
all energetic pathways by a factor of 2.5 (2.2-3.0; all ranges reported
are 95% confidence intervals) in logged forest relative to old-growth
forest. In all three habitat types, total energy intake by birds is much
greater than by mammals (Fig. 2d,e and Extended Data Table 1). Birds
accountfor 67%,68% and 90% of the total direct consumption by birds
and mammals combined in old-growth forests, logged forests and oil
palm, respectively. Although mammal biomass is higher than bird
biomassintheold-growth and logged forests, the metabolism per unit
mass ismuch higherinbirds because of their small body size; hence, in
terms of the energetics and consumption rates, the bird community
dominates. The total energy intake by birds alone increases by a fac-
tor of 2.6 (2.1-3.2) in the logged forest relative to old-growth forest.
Thisis mainly driven by a2.5-fold (1.7-2.8) increase in foliage-gleaning
insectivory (the dominant energetic pathway), and most other feeding
guildsalsoshowanevenlargerincrease (Figs. 2d and 3). However, total
bird energy intake in the oil palm drops back to levels similar to those
in the old-growth forest, with a collapse in multiple guilds. For mam-
mals, thereis asimilar 2.4-fold (1.9-3.2) increase in total consumption
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Fig.2|Variation of ecosystem energetics along the disturbance gradient
fromold-growthforest throughlogged forest to oil palm. a, Total NPP along
thegradient (mean of intensive 1-ha plots; n = 4 for old growth (OG), n = 5 for
logged and n=1for oil palm (OP); error bars are 95% confidence intervals
derived from propagated uncertainty in the individually measured NPP
components), with individual plot data points overlaid. b,c, Total body mass
(bars, leftaxis) and number of species counted (blue dots and line, right axis)
of birds (b) and mammals (c). d,e, Total direct energetic food intake by birds

(d) and mammals (e). f,g, Percentage of NPP directly consumed by birds (f) and
mammals (g). Inb-e, body mass and energetics were estimated for individual

when going from old-growth to logged forest, but this declines sharply
in oil palm plantation. Most notable is the 5.7-fold (3.2-10.2) increase
intheimportance of terrestrialmammal herbivoresinthe logged rela-
tive to old-growth forests. All four individual old-growth forest sites
show consistently lower bird and mammal energetics than the logged
forests (Extended Data Fig. 5).

The fraction of NPP flowing through the bird and mammal com-
munities increases by a factor of 2.1 (1.5-3.0) in logged forest relative
toold-growthforest. Thereis verylittleincrease in NPPinlogged rela-
tive to old-growth forests (Fig. 2a) because increased NPP in patches
of relatively intact logged forest is offset by very low productivity in
morestructurally degraded areas such as former logging platforms'*,
Inoil palm plantations, oil palm fruits account for alarge proportion of
NPP, although alarge fraction of these is harvested and removed from
the ecosystem". As a proportion of NPP, 1.62% (1.35-2.13%) is directly
consumed by birds and mammalsin the old-growth forest; this rises to

oG Logged OP

bird and mammal species, with the bars showing the sum. Error bars denote
95% confidenceintervals derived from 10,000 Monte Carlo simulation
estimates incorporating uncertainty inbody mass, population density, the
daily energy expenditure equation, assimilation efficiency of the different
foodtypes, compositionof the diet of each speciesand NPP.Inf,g, the grey bars
indicate direct consumption of NPP, white bars denote the percentage of NPP
indirectly supporting bird and mammal food intake when the mean trophic
level of consumed invertebratesisassumedtobe2.5, with theerrorbars
denoting assumed mean trophiclevels of2.4 and 2.6. Note the log scale of the y
axisinf,g.Numbersford,e providedin Supplementary Data Tables1, 2.

3.36% (2.57-5.07%) in the logged forest but drops to 0.89% (0.57-1.44%)
in oil palm (Fig. 2f,g and Extended Data Table 2).

If all invertebrates consumed are herbivores or detritivores (that
is, at a trophic level of 2.0), and trophic efficiency is 10% (ref.°), the
totalamount of NPP supporting the combined bird and mammal food
intake would be 9%, 16% and 5% for old-growth forest, logged forest
and oil palm, respectively. However, if the mean trophic level of con-
sumedinvertebratesis 2.5 (thatis,amix of herbivores and predators),
the corresponding proportions would be 27%, 51% and 17% (Fig. 2f,g).
Asinsectivory is the dominant feeding mode for the avian community,
these numbers are dominated by bird diets. For birds inthe old-growth
forests, 0.35% of NPP supports direct herbivory and frugivory, but
around 22% of NPP (assumed invertebrate trophiclevel 2.5) isindirectly
required to support insectivory. The equivalent numbers for birds
in logged forest are 0.83% and 46%. Hence, birds account for amuch
larger indirect consumption of NPP. Bird diet studies in old-growth and
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Fig.3|Magnitude and species diversity of energetic pathwaysin
old-growthforest, logged forest and oil palm. The size of the circles
indicates the magnitude of energy flow, and the colour indicates birds or
mammals. S, number of species; £, ESWI, anindex of species redundancy and,

logged forest in the region suggest that consumed invertebrates have
amean trophic level of 2.5 (ref. '3; K. Sam, personal communication),
indicating that the higher-end estimates of indirect NPP consumption
(thatis, around 50% in logged forests) are plausible.

Itisinteresting to compare such high fractions of NPP to direct esti-
mates of invertebrate herbivory. Scans of tree leaf litter from these
forests suggest that just 7.0% of tree canopy leaf area (1-3% of total NPP)
isremoved by tree leafherbivory™'¢, but such estimates do notinclude
other pathways available to invertebrates, including herbivory of the
understorey, aboveground and belowground sap-sucking, leaf-mining,
fruit- and wood-feeding, and canopy, litter and ground-layer detri-
tivory. Anincrease in invertebrate biomass and herbivory in logged
forest compared to old-growth forest has previously beenreportedin
fogging studies in this landscape?. Such highlevels of consumption of
NPP by invertebrates could have implications on ecosystem vegetation
biomass production, suggesting, first, thatinvertebrate herbivory has
asubstantial influence on recovery from logging and, second, that
insectivorous bird densities may exert substantial indirect controls
on ecosystem recovery.

Thedistributions of energy flows among feeding guilds are remark-
ably stable among habitat types (Fig. 3), indicating that the amplified
energy flows in the logged forests do not distort the overall trophic
structure of vertebrate communities. Overall bird diet energetics are
dominated by insectivory, which accounts for a strikingly invariant
66%,63% and 66% of bird energetic consumptionin old-growth forest,
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logged forest and oil palm, respectively. Foliage-gleaning dominates
asamode ofinvertebrate consumptionin all three habitat types, with
frugivory being the second most energetically important feeding
mode (26%, 27% and 19%, respectively). Mammal diet is more evenly
distributed across feeding guilds, but frugivory (31%, 30%, 30%) and
folivory (24%, 38%, 26%) dominate. Small mammal insectivores are
probably under-sampled (see Methods) so the contribution of mam-
malinsectivory may be slightly greater than that estimated here. The
apparent constancy of relative magnitude of feeding pathways across
theintactand disturbed ecosystems is noteworthy and not sensitive to
plausible shifts in feeding behaviour between habitat types (see Sup-
plementary Discussion). There is no evidence of a substantial shift in
dominant feeding guild: the principal feeding pathways presentin the
old-growth forest are maintained in the logged forest.

When examining change at species level in the logged forests, the
largest absolute increases in bird food consumption were in arboreal
insectivores and omnivores (Fig. 4a and Extended Data Fig.2a). In par-
ticular, this change was characterized by large increases in the abun-
dance of bulbul species (Pycnonotus spp.). No bird species showed a
significant or substantial reduction in overall energy consumption. In
the oil palm plantation, total food consumption by birds was less than
in logged forests, but similar to that in old-growth forests. However,
this was driven by very high abundance of ahandful of species, notably
asingle arboreal omnivore (yellow-vented bulbul Pycnonotus goiavier)
andthreearborealinsectivores (Mixornis bornensis, Rhipidurajavanica,
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Fig.4|Changesinenergy consumptionby speciesinlogged forest and
oil palmrelative to old-growth forest. a,b, Changes in energy consumption
byspeciesinlogged forest relative to old-growth forest (a) and in oil palm
relative to old-growth forest (b). The 20 species experiencing the largest
increase (red) and decrease (blue) inboth habitat types are shown. Bird
species areshowninalighter toneand mammalspecies are showninadarker

Copsychus saularis), whereas energy flows through most other bird
species were greatly reduced (Fig. 4b and Extended Data Fig. 2b).

Formammals, theincreasein consumptioninlogged forestsis domi-
nated by consumption by large terrestrial herbivores increasing by a
factor of 5.7 (3.2-10.2), particularly sambar deer (Rusa unicolor) and
Asian elephant (Elephas maximus; Fig. 4a and Extended Data Figs. 2b
and 3), along with that by small omnivores, predominantly rodents
(native spiny rats, non-native black rat; Fig. 4). A few rainforest species
showastrong decline (for example, greater mouse-deer Tragulus napu
and brown spiny rat Maxomysrajah). In the oil palm, most mammal spe-
cies collapse (Fig. 4b) and the limited consumption is dominated by a
few disturbance-tolerant habitat generalists (for example, red muntjac
Muntiacus muntjak, black rat Rattus rattus, civets), albeit these species
are at lower densities than observed in old-growth forest (Extended
DataFig.2).

With very few exceptions, the amplified energy flows in logged for-
est seem to retain the same level of resilience as in old-growth forest.
The diversity and dominance of species within any pathway can be a
measure of the resilience of that pathway to loss of species. We assessed
energetic dominance withinindividual pathways by defining anener-
geticShannon-Wiener index (ESWI) to examine distribution of energy
flow across species; low ESWlindicates a pathway with high depend-
ence on afew species and hence potential vulnerability (Fig. 3). The
overall ESWlacross guilds does not differ between the old-growth and
logged forest (¢, 3, =—0.363, P= 0.930), but does decline substantially
fromold-growth forest to oil palm (¢, 3, = -3.826, P= 0.0015), and from
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tone. The error bars denote 95% confidence intervals, derived from 10,000
Monte Carlo simulation estimates incorporating uncertainty inbody mass,
population density, the daily energy expenditure equation, assimilation
efficiency of the different food types and composition of the diet of each
species.

logged forest to oil palm (¢, 3, = —3.639, P= 0.0025; linear mixed-effects
models, with habitat type as fixed effect and guild as random effect;
for model coefficients see Supplementary Table 3).

Hence, for birds, the diversity of species contributing to dominant
energetic pathways is maintained in the transition from old-growth
to logged forests but declines substantially in oil palm. Mammals
generally show lower diversity and ESWI than birds, but six out of
ten feeding guilds maintain or increase ESWIin logged forest relative
to the old-growth forests but collapse in oil palm (Fig. 3). Terrestrial
herbivory is the largest mammal pathway in the logged forest but is
dependent on only four species and is probably the most vulnerable
of'thelarger pathways: afew large mammals (especially sambar deer)
play adominant terrestrial herbivory rolein the logged forest. In par-
allel, bearded pigs (Sus barbatus), the only wild suid in Borneo, form
an important and functionally unique component of the terrestrial
omnivory pathway. These larger animals are particularly sensitive to
anthropogenic pressures such as hunting, or associated pathogenic
pressures as evidenced by the recent precipitous decline of the bearded
pig in Sabah due to an outbreak of Asian swine fever (after our data
were collected)®.

Vertebrate populations across the tropics are particularly sensitive to
hunting pressure®. Our study site has little hunting, but as a sensitivity
analysis we explored the energetic consequences of 50% reductionin
population density of those species potentially affected by targeted
and/orindiscriminate hunting (Extended Data Fig. 4). Targeted hunted
speciesinclude commercially valuable birds, and gun-hunted mammals
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(bearded pig, ungulates, banteng and mammals with medicinal value).
Indiscriminately hunted species include birds and mammals likely to
be trapped with nets and snares. Hunting in the logged forests lowers
both bird and mammal energy flows but still leaves them at levels higher
than in faunally intact old-growth forests. Such hunting brings bird
energeticslevels close to (butstillabove) those of old-growth forests.
For mammals, however, even intensively hunted logged forests seem
to maintain higher energetic flows thanthe old-growth forests. Hence,
only very heavy hunting is likely to ‘offset’ the amplified energetics in
thelogged forest.

The amplified energetic pathways in our logged forest probably
arise as a result of bottom-up trophic factors including increased
resource supply, palatability and accessibility. The more open forest
structureinlogged forest results in more vegetation being near ground
level???* and hence more accessible to large generalist mammal herbi-
vores, which show the most striking increase of the mammal guilds.
The increased prioritization by plants of competition for light and
therefore rapid vegetation growth strategiesinlogged forestsresults
in higher leaf nutrient content and reduced leaf chemical defences
against herbivory?*%, along with higher fruiting and flowering rates”
and greater clumping in resource supply®. This increased resource
availability and palatability probably supports high invertebrate and
vertebrate herbivore densities®. The act of disturbance displaces the
ecosystem from a conservative chemically defended state to a more
dynamic state with amplified energy and nutrient flow, but not to an
extent that causes heavy disruption in animal community composi-
tion. Top-down trophic factors might also play arole in amplifying the
energy flowsinintermediate trophiclevels, through mechanisms such
asincreased protection of ground-dwelling or nesting mammals and
birds from aerial predatorsin the dense vegetation ground layer. This
might partially explain the increased abundance of rodents, but there
is little evidence of trophic release at this site because of the persist-
ing high density of mammal carnivores?. Overall, the larger number
of bottom-up mechanisms and surge in invertebrate consumption
suggest thatincreased resource supply and palatability largely explains
the amplification of consumption pathways in the logged forest.
An alternative possibility is that the amplified vertebrate energetics
do notindicate amplified overall animal energetics but rather alarge
diversion of energy from unmeasured invertebrate predation pathways
(for example, parasitoids); this seems unlikely but warrants further
exploration.

Oil palm plantations show a large decline in the proportion of NPP
consumed by mammals and birds compared to logged forests'>. Mam-
mal populations collapse because they are more vulnerable and avoid
humans, and there is no suite of mammal generalists that can step in?*%,
Birds show amore modest decline, to levels similar to those observed
inold-growth forests, as thereis abroad suite of generalist species that
areabletoadapttoand exploit the habitat types across the disturbance
gradient, and because their small size and mobility render them less
sensitive to humanactivity”. Thereis a consistent decline in the oil palm
in ESWIfor birds and especially for mammals, indicating a substantial
increase in ecosystem vulnerability in many pathways.

Inconclusion, our analysis demonstrates the tremendously dynamic
and ecologically vibrant nature of the studied logged forests, even
heavily and repeatedly logged forests such as those found across Bor-
neo. It is likely that the patterns, mechanisms and basic ecological
energetics we describe are general to most tropical forests; amplifi-
cation of multiple ecosystem processes after logging has also been
reported for logged forests in Kenya®, but similar detailed analyses
areneeded for arange of tropical forests to elucidate the importance
of biogeographic, climatic or other factors. We stress that our find-
ings do not diminish theimportance of protecting structurally intact
old-growth forests, but rather question the meaning of degradation
by shining a new light on the ecological value of logged and other
structurally ‘degraded’ forests, reinforcing their significance to
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the conservation agenda*’. We have shown that a wide diversity of
species not only persist but thrive in the logged forest environment.
Moreover, such ecological vibrancy probably enhances the prospects
for ecosystem structural recovery. In terms of faunal intactness, our
study landscape s close to abest-case scenario because hunting pres-
sureswere low. Iflogged forests can be protected from heavy defauna-
tion, our analysis demonstrates that they can be vibrant ecosystems,
providing many key ecosystem functions at levels much higher than
in old-growth forests. Conservation of logged forest landscapes has
anessential role to play in the in the protection of global biodiversity
and biosphere function.
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Methods

Fieldsites

Datafromlogged forests were collected across the Stability of Altered
Forest Ecosystems (SAFE) Project landscape (4° 43’ N, 117° 35’ E) in
Sabah, Malaysia®, alowland mosaic landscape of logged forest and oil
palm plantation (Fig.1). Thelogged forest had been through one round
of selective logging (removing 113 m* ha™) in the 1970s and an additional
cumulative volume of 37-66 m* ha™ during the subsequent rotations
up untilthe early2000s, whichis similar to the mean extracted volume
of 152 m* ha™ within a larger, 220,000 ha area in Sabah**3, The most
heavily logged plots have been logged more than four times, whereas
thelesslogged plots have beenlogged only twice; hence, logging inten-
sity was high throughout the landscape. Data for oil palm plantations
were collected from adjoining oil palm estates. Data for the old-growth
forests (Fig.1) were collected from the Brantian-Tantulit VirginJungle
Reserve (alarge fragment adjoining the logged forest landscape), and
alsoin three other old-growth forest reserves in Sabah: the Maliau
Basin Conservation Area (vegetation, birds and mammals), the Danum
Valley Conservation Area (vegetation and birds) and Sepilok Forest
Reserve (birds alone). Data collection took place between 2010 and
2017. The sample sites spanned the gradient of logging intensity and
biomass observed across the landscape (Extended Data Fig. 1). The
study sites have experienced very low hunting pressure compared to
otherareas of Borneo owing to difficult access from nearby towns and
culturalfactors, including the relatively limited forest use among local
populations?. Data on every species surveyed or estimated are given
inSupplementary Data 1.

Vegetation and NPP surveys

NPP was measured in five logged 1-ha plots in the SAFE Project area
with varying intensity of logging (5 years of data), in four old-growth
forest 1-ha plots in the Maliau Basin Conservation Area (two plots, 4
years of data) and Danum Valley Conservation Area (two plots, 2 years
of data)'*'®, and one 0.36-ha mature oil palm plot (2 years of data), fol-
lowing the standardized protocols of the Global Ecosystems Monitoring
network® (Fig.1, Extended Data Fig.1and Supplementary Data 3). We
quantified the following NPP components: woody NPP (stems, coarse
roots and branches), canopy NPP (leaves, twigs and reproductive parts)
and fine root NPP. All plots had at least two tree censuses for quantify-
ing stem and coarse root NPP. Canopy NPP (litter traps) and fine root
NPP (root ingrowth cores) were monitored monthly and quarterly,
respectively. Oil palm plantation NPP estimates were based on palm
censuses and allometry with height, monthly counts of flower bunches,
fruitbunches and attached and pruned fronds combined with a one-off
survey of their mass, and quarterly harvest of the rootingrowth cores.

Mammal surveys
To characterize the terrestrial mediumand large non-volant mammal
community, we obtained detection/non-detection data fromremotely
operated digital camera traps (Reconyx HC500) between May 2011
and December 2017734, Camera traps were deployed at 882 locations,
stratified across old-growth forest (n = 236), logged forest (n = 539) and
oil palm (n=107). Two survey designs were adopted. The first had a
hierarchical, clustered design whereby cameras were placed23-232 m
apartingrids (42,877 cameratrap nights, with cameras deployed on 49
consecutive nights on average®). The second had a systematic design
with pairs of cameras spaced more broadly over the landscape at sta-
tions >1 km apart (11,403 camera trap nights, with cameras deployed
on 47 consecutive nights on average®). In both cases, cameras were
deployed 20-50 cm off the ground, disturbance to vegetation was
kept to aminimum, and no baits or lures were used.

Terrestrial small mammals were surveyed between May 2011 and
July 2014 using locally made steel-mesh traps, deployed at 1,488 loca-
tions stratified across the habitat types (432, 768 and 288 in old-growth

forest, logged forest and oil palm, respectively®). Trap locations were
clusteredinto1.75-hatrappinggrids of12 x 4 locations with23-mspacing.
Each location was sampled using two traps (spaced 5-20 m apart)
placed ator near ground level (0-1.5 m) and baited with oil palm fruit.
Traps were checked for seven consecutive mornings, and captured
individuals were marked using a subcutaneous passive inductive tran-
sponder tag before being released at the capture location* . Some
trapping grids were sampled more than once (14 of 31 grids), and the
total sampling effort was 34,058 trap nights.

For volant mammals, we used bat capture data from harp traps set
in forests between April 2011 and June 2012, Bats were captured at
42 sampling points in each of 12 sites (3 old-growth forests, 9 logged
forests), intraps set 50-150 mapart. Up to seven traps were set across
forest trails and logging skids each night and then moved to anew posi-
tion the following day. Bats were marked with unique forearm bands
or wing biopsies before release so that recaptured individuals could
be identified and removed from analyses. No comparable data were
available for oil palm as harp traps are ineffective in open habitats.

Bird surveys

Avian point counts were conducted across 356 locations spanning
forests and surrounding oil palm estates, with sites separated by
180-220 m (ref. **). Each count involved a single experienced observer
(S.L.M.) recording all species seen and heard within an unlimited
distance over a15-min period, including birds flying over. Four counts
were conducted at each site between 05:00 and 11:00 on mornings
without rain between 2014 and 2016. Sites were sampled at mean
intervals of 72 days between first and last visits. Three species of swift
(Aerodramus maximus, A. salangana and A. fuciphagus) that cannot be
reliably separated in most field conditions were collectively considered
as Aerodramus spp.

Density estimation

For the terrestrial medium and large mammals, we estimated density at
each cameratrap point using the random encounter model (REM)*"8,
This approach usesinformation about the size of the camera trap detec-
tion zone, and the movement speeds of animals, to correct the trap-
ping rate data (number of animal passes per unit time) and estimate
density. Specifically, the parameters required for REM include, for
each species: the activity level (that is, proportion of 24-h diel cycle
spentactive and available for detection); movement speed when active;
effective detection angle of cameratraps; effective detection distance
of cameratraps; and the trapping rate. Activity levels were estimated
on the basis of the timestamps of the camera trap detections®, and
movement speeds and the detection zone parameters were estimated
on the basis of animal location data recovered from the camera trap
image sequences. This was possible because we ‘calibrated’ both cam-
eratrap locations (using an object of known size, a1-m pole) and the
specific camera trap model that we used (by taking pictures of objects
of known size at known distances from the camera). This allowed us
to recover the distance and angle of animals in image sequences and
thereby estimate animal speed when active*. The effective detection
angle and distance were estimated using an adapted distance sampling
approach®. We implemented the REM using multi-species Bayesian
approaches, in which species are treated as random effects and esti-
mates for rare species, with only sparse data available, become possible
by ‘borrowing’ information from the more common species*. Separate
multi-species models (with land-use type included as a covariate) for
activity levels, speeds and the detection zone parameters were used to
estimate the posterior distributions for each speciesin each land use.
These posterior distributions were then combined with the trapping
rate datato estimate density, with bootstrapping of the data providing
the uncertainty estimates (Supplementary Data 2). The final density
estimates are broadly comparable with published estimates for other
sitesin the region.



To estimate terrestrial small mammal densities*?, we used spatially
explicit capture-recapture modelling®. This modelling framework
explicitly accounts for the fact that some individuals withhome ranges
atthe edge of atrapping grid may not always be available for capture.
The spatially explicit capture-recapture modelling approach there-
fore controls for variationin the effective sampling area of a trapping
grid that might occur (for example, across the disturbance gradient).
Separate models for each land-use type were fitted in the R package
secr** using default parameters (that is, a Poisson distribution of ani-
mal home-range centres and a half-normal detection function) and
no covariates. A buffer of 100 maround the trap locations defined the
region of modelintegration. Sufficient datawere available to estimate
density for 14 species of smallmammalin old-growth and logged forest.
There were too few captures in oil palm to allow for model fitting.

Unlike those for the terrestrial mammals, bat data were not acquired
through a repeated survey design. Therefore, densities were derived
on the basis of a20-m detection radius (thatis, 0.126 ha) around each
trap, and estimates were calculated as the total counts of each species
per cumulative detection areain each habitat type.

We estimated mean local abundance of birds as a function of per
capita detection using the Royle-Nichols model®. Before analysis,
species-specific detection histories were constructed by pooling detec-
tion and non-detectiondatainto discrete sampling occasionsaccording
tosite visit. Our modelling framework described abundance and detec-
tion using categorical habitat-specific intercepts (old-growth forest,
logged forest and oil palm), incorporating species-specific slopes and
intercepts, drawn as random effects froma common community-level
distribution. Model specification and checking procedures followed
established protocols®. We scaled modelled bird abundance (number
ofindividuals within the effective sampling area: 7,854 m?buffer around
each point count) to density per square kilometre post hoc using a
conversion factor of 0.785.

Expertjudgment and independent estimates

For some other mammal species that could not be reliably sampled by
camera traps or small animal traps—for example, owing to obligately
arboreal habitat use (some primate and squirrel species) or migra-
tory behaviour (for example, Asian elephant E. maximus)—we relied
on estimates based on encounter rates with these species during the
course of fieldwork, or onindependent studiesin the same study area
(Supplementary Data 1), for example, for Bornean orangutan (Pongo
pygmaeus)*®. Asian elephant densities in logged forest and oil palm
were estimated on the basis of the observed behaviour of the single
15-elephantherdin the SAFE landscape, and for old-growth forestas an
average of the low densities reported in Maliau and the higher densities
in other Sabah old-growth forests*. Owing to bias introduced by the
life histories of highly mobile birds, modelled densities of five species
of hornbill (Anthracoceros malayanus, Anorrhinus galeritus, Buceros
rhinoceros, Rhinoplaxvigil, Rhyticeros undulatus) as well as great argus
(Argusianus argus) and crested serpent-eagle (Spilornis cheela) were
corrected using available information fromthe literature. Home-range
estimates of each hornbill species in each habitat type were centred
around themean value and scaled to one-unit standard deviation. This
was multiplied by a conversion factor of 465.3 ha based on the mean
home-range reported across the seven species (radio telemetry stud-
ies; Supplementary Data1) to calculate scaled home-range estimates
for each species. Per hectare density estimates were inferred as the
inverse of scaled home range. These large bird species contributed
avery small part to total ecosystem energetics and hence our overall
results are very insensitive to these assumptions.

Aggregation to habitat type

Aswe combined dataacross taxa for which we needed the largest sam-
pling effort and ‘best’ description of the community possible, we aggre-
gated species abundance estimates to a single value per habitat type.

For the REM modelling, datafor agiven habitat were used in the model
to estimate asingle value of each of the required REM parameters (for
example, speed, detection angle/distance, activity level, trap rate and
density) in each habitat. Hence, our unit of replication is guild, which
has no spatial component within habitat type and hence no spatial
autocorrelation variable that can be explored.

Daily energetic expenditure and food uptake

Daily energetic expenditure for eachindividual species was calculated
from body mass using published multi-species allometric equations
for field metabolic rates for mammals and birds*® (see Supplementary
Table 1for the equations and parameter values). The fractions of diet
deriving from eachfood type were assigned to each species on the basis
of specialist expert judgment by three coauthors (O.R.W., N.J.D. and
S.L.M.), and food uptake rates were calculated on the basis of assimila-
tion efficiency for each feeding guild and food type***® (summarized
inSupplementary Table 2).

EWSI

We define and use ESWIto examine the partition of energy flow across
species by analogy to the Shannon-Wiener index of diversity thatisa
measure of how population abundance is spread across species

n
ESWI=-) ¢ln(e)
i=1

inwhich e;is the proportion of energy flow through speciesiin atotal
community of nspecies, relative to total energy flow through the com-
munity.

Comparison across guilds and habitat types

To test for a significant difference in ESWI across habitat types, we
applied linear mixed-effects models with ESWIlas aresponse variable,
habitat type (old-growth forest, logged forest, oil palm) as a fixed effect
and guild (n =18, see Supplementary Data 1) as arandom effect (ran-
domintercept), with variance structure to allow for unequal variances
among habitat types (varldent function, whichimplements a different
variance for each habitat; model with variance structure is better than
without, Akaike information criterion of 120.5 versus 128.3, respec-
tively), using the nlme package®'. Pairwise post hoc comparison of the
habitats, with Tukey adjustment, was carried out using the emmeans
package®.

Uncertainty calculation

We assumed that there was uncertainty in the following variables: body
mass of species, population density, daily energy expenditure (DEE)
equation, assimilation efficiency of the different food types, com-
position of the diet of each species and NPP. For body mass, we drew
fromatruncated normal distribution (lower bound =1g), inwhich the
meanwas the observed body mass and standard deviation was 15%. We
based this standard deviation for birds on a study of tropical birds** and
applied the same 15% for mammals for consistency, in the absence of
other data®. For population density, we used the 10,000 bootstrapped
estimates of the population density models. Inaddition, for birds and
bats (the population density estimates of which were based onadetec-
tion radius around the sampling point), we incorporated the uncer-
tainty in the radius by drawing from a truncated normal distribution
withstandard deviation of 20%, and lower and upper bounds of 50% and
150% of the estimated radius. We assigned 30% uncertainty for each of
the few ‘expert guess’species, which had a very minorinfluenceinthe
final results. For DEE, we estimated the 95% confidence intervals for
the predictions as described in ref. *. For assimilation efficiency, we
drew from a random beta distribution, using the mean and standard
deviation by food type and guild from the literature (Supplementary
Table 2). For fractional diet composition, we generated asymmetrical
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betadistribution, with the peak uncertainty of 20% when the food group
made up 50% of aspecies’ dietand no uncertainty when the food group
made up 0% or100% of the diet. It is possible that logging and conver-
sionto oil palmresults insystematic shifts indiet composition towards
arthropods. Therefore, we also carried out two additional analyses in
whichthe fractional consumption of arthropods (in one analysis) and
leaves (in the other analysis) was increased by 30% for species that had
amixed diet. Uncertainty in NPP was drawn from a truncated normal
distribution with the mean and standard deviation derived from the
field data'® and lower and upper bounds of the distribution set at
mean + 2 standard deviations.

To quantify the uncertainty in our estimates for energetic intake
and proportion of NPP consumed, we ran 10,000 simulations, replac-
ing the values in our original calculations with values drawn from the
random distributions. First, we estimated the total uncertainty by
assuming uncertainty in all components simultaneously and calcu-
lated the 2.5% and 97.5% percentiles of the simulations to derive 95%
confidenceintervals for our estimates. Second, to quantify how much
eachvariable contributed to the total uncertainty, we ran sets of 10,000
simulations in which only one variable at the time had uncertainty
while others were kept constant. We calculated the 5% to 95% percentile
range for the uncertainty-in-one-variable-at-the-time estimates and the
uncertainty-in-all-variables estimates, and the contribution of each
variable to the total uncertainty considered to be the ratio of the two*.

Uncertainty estimates of absolute consumption are dominated by
uncertainty in the population density and DEE allometry of the domi-
nant consumers (Extended Data Fig. 6). Uncertainties in diet fraction
allocation, assimilation efficiency or the consumption allometric equa-
tionmakerelatively modest contributions. Hence, further reductionin
uncertainty is best targeted inimproving estimates of the abundance
and producing better DEE allometries specific to the few dominant
consumers (Extended Data Fig. 7), as well as better assessing key
under-sampled groups such as small forest-floor and arboreal mam-
mals. When calculating the fraction of NPP consumed, the uncertainty
inNPP estimates dominates over the uncertainty in consumption esti-
mates, and particularly so in logged forest and oil palm.

Caveats

There areanumber of caveats in our analysis. Some taxa are probably
under-sampled. These include several small ground-layer insectivo-
rous mammals (in particular, shrews) that cannot be reliably detected
using either camera traps or fruit-baited live traps (pitfall traps with
drift fence would be required) and 16 frugivorous or nectivorous bat
species that are difficult to capture in the tropical forest understorey™®
and are likely to utilize the study area to some degree. Data for fully
arboreal mammal species such as primates and flying squirrels were
estimated from other studies in the same region (Supplementary
Datal). We did not measure NPP in old-growth forests within the same
landscape as the logged forests. However, the variation of measured
NPP across old-growth sites in northeast Borneo with very strongly
varying soil substrate is fairly small (range 12.03-15.53 Mg C ha yr™;
thatis, £9%)™, so we fully expect NPP in old-growth forestsin the SAFE
landscape to be within this range. Our analysis also assumes no dietary
shifts within species across the disturbance gradients (for example,
invertebrates make up the same fraction of diet of particular species
whether in old-growth or logged forest), but a sensitivity test shows
possible dietary shifts have negligible effect (Supplementary Discus-
sion). Finally, we assume a correlation between animal presence and
consumption of resources that may not hold inall cases. Asnoted above,
the animals observed inthe oil palm plantation may be passing between
fragments of logged and/or riparian forest, and hence our estimate of
consumption within oil palmislikely to be an overestimate. There are,
nonetheless, asmall number of animals such as bearded pig, macaques
and small carnivores that favour the oil palm as afeeding area, with its
abundance of palm fruitand rodents**¢. Our logged forest landscape s

adjacenttoalarger areaof more moderately logged forests to the north
(Fig.1). More isolated and fragmented logged forests might be more
defaunated than those studied here, even in the absence of hunting,
and would therefore show a smaller increase in energetics.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The per species energetics data and REM parameters (mammals) are
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species, which account for 17% of bird body mass and 14% of bird energy
consumption under the observed low hunting pressure. Targeted hunted
mammal species potentially include 10% of mammal species, whichaccount for
46% ofbody mass, 42% of mammal energy consumption under the observed
low hunting pressure. Indiscriminately hunted bird species potentially include
72% of bird species, which account for 78% of bird body mass and 82% of bird
energy consumption under the observed low hunting pressure. Indiscriminately
hunted mammal species potentially include 22% of mammal species, which
account for 2% of mammal body mass and 2% of mammal energy consumption.
Withboth hunting pressures applied simultaneously, hunted bird species
potentially include 86% of species, 95% of bird body mass and 96% of bird
energy consumption under the observed low hunting pressure, and hunted
mammal species potentially include 32% of mammal species, 48% of mammal
body mass and 44% of mammal energy consumption under the observed low
hunting pressure. Data provided in Supplementary Data 6.
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mammals across the habitat types of old growth forest (OG), logged forestand
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variable atatime. Data provided in Supplementary Data5.
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Extended Data Table 1| Energetic food intake (kJ m™2year™) of different food types by birds and mammals and 95%
confidence intervals of the estimates across the disturbance gradient from old growth forest through logged forest to oil
palm

Fruit Seeds/ nuts| Nectar Leaves |Invertebrates| Vertebrates Total
Old growth| Birds 165.4 19 21 0 416.9 13.9 [556.4. 7?8%268.;
Mammals 96.4 60.3 0.1 75.7 82.4% 1.3 [238.5, 45;156]
Total 261.8 79.3 21.1 75.5 499.3 15.2 [844.4. 11?225‘;
Logged Birds 445.6 47.3 103.4 0 1036.9 17.4 [1421.1, 211613046]
Mammals 2273 118.3 0.3 288.2 123.6%* 3.9 [500.5. 13261166]
Total 672.9 165.6 103.7 288.2 1160.5 21.2 [2076.8. 321-;13281]
Oil Palm Birds 116.8 57 11.4 0 399.4 17.4 [370.9. 92(;201]
Mammals 19.8 11.1 0 17.2 12 6.1 [39.9. 136168-;
Total 136.6 68.1 11.4 17.2 411.4 23.5 [438.6. 106663873

Numbers with an asterisk include estimates for some bats, values without the bat estimates are 47.7 k) m2 year™ in old growth and 99.3 k) m2 year™ in logged forest. The confidence intervals
are derived from 10,000 Monte Carlo simulation estimates incorporating uncertainty in body mass, population density, the daily energy expenditure equation, assimilation efficiency of the
different food types, and composition of the diet of each species.
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Extended Data Table 2 | Proportion of NPP (%), and 95% confidence intervals of the estimates, consumed by food type across
the disturbance gradient from old growth forest (OG) through logged forest to oil palm

Fruit Seeds/ nuts| Nectar Leaves |Invertebrates| Vertebrates Total
Old growth| Birds 0.282 0.032 0.036 0 0.711 0.024 [0.902. 114(;855]
Mammals 0.164 0.103 0.0002 0.129 0.141* 0.002 [0.389., 00851369]
Total 0.446 0.23 0.036 0.129 0.852 0.03 [1.354. 211?;;
Logged Birds 0.62 0.066 0.144 0 1.443 0.024 [1.764, 32425917]
Mammals 0.316 0.165 0.0004 0.401 0.172* 0.005 [0.663. 119%65(;
Total 0.936 0.23 0.144 0.401 1.615 0.03 [2.573. 53037517]
Oil Palm Birds 0.155 0.076 0.015 0 0.53 0.023 [0.404. 2012%3
Mammals 0.026 0.015 0 0.023 0.016 0.008 [0.045. 002(;878]
Total 0.181 0.09 0.015 0.023 0.546 0.032 [0.470, 20283866]

Numbers with an asterisk include estimates for some bats, values without the bat estimates are 0.081% in old growth and 0.138% in logged forest. The confidence intervals are derived from
10,000 Monte Carlo simulation estimates incorporating uncertainty in body mass, population density, the daily energy expenditure equation, assimilation efficiency of the different food types,
composition of the diet of each species, and NPP.
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collected from adjoining oil palm estates. Data for the old growth forests were collected from the Braintian-Tantulit Virgin Jungle
Reserve (VJR, a large fragment adjoining the logged forest landscape), and also in three other old growth forest reserves in Sabah,
the Maliau Basin Conservation Area (vegetation, birds and mammals), the Danum Valley Conservation Area (vegetation and birds)
and Sepilok Forest Reserve (birds only).
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
QO
L
c
)
e,
o)
=
o
=
—
@
S,
o)
=
>
Q
wv
C
3
3
QO
<

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXXNXXX s
ooodod






