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Selective logging is the most widespread use of tropical forests. Building logging roads facilitates access to
previously remote rainforests, and so proper management is essential for ensuring biodiversity retention in
logged landscapes. Terrestrial mammals often directly use logging roads (via movement corridors, hunting or
foraging), making them vulnerable to poorly managed roads. Here we explore how the presence, arrangement
and use of logging roads influence terrestrial mammal occupancy and detection within a Forest Stewardship
Council (FSC) certified logged forest in Guyana. We compared camera trap data from20 natural ‘game’ trails in
an unlogged area, with camera trap data from 23 sites set near to or on logging roads within the Iwokrama forest.
Our findings showed high occupancy within logged areas with no statistically significant difference to unlogged
areas. Higher detections were noted along secondary and feeder roads compared to skid trails and the natural
trails in control areas. Additionally, our data showed a negative correlation between occupancy and distance to
village for a scatter hoarding rodent, most likely driven by subsistence hunting by local communities. Our results
indicate that proper road management geared towards the monitoring and guarded access of logging roads, can
have a positive effect on terrestrial mammal occurrence within responsibly managed rainforests.

1. Introduction large mammal predators help maintain populations of prey species by

mitigating their herbivory pressure on seedlings, further helping to

Logging is one of the most widespread drivers of land-use change in
biodiverse and carbon- rich tropical forests such as South American
rainforests (Asner et al., 2004; Wright, 2010). To reduce potential
negative impacts, the promotion of sustainable logging has resulted in
improved logging practices that can minimize rainforest damage and
wildlife loss (Boltz et al., 2003; Medjibe & Putz, 2012). Terrestrial
mammals play an essential role in maintaining mammal communities in
selective logged and natural rainforests, with critical ecosystem services
provided through species-specific seed dispersal (Carvalho Jr et al.,
2021; Gardner et al., 2019; Stoner et al., 2007) and therefore the
recruitment of some important timber trees (Brewer & Rejmanek, 1999;
Camargo-Sanabria et al., 2015) as well as rich and diverse understory
vegetation (Forget et al., 2001). Additionally, through acts of predation,

promote rainforest regeneration (Boltz et al., 2003; Medjibe & Putz,
2012). Among the issues inherent of all logging activities, is the preva-
lence of unguarded or poorly managed logging roads and their ability to
increase access to forest interiors to facilitate deforestation, and hunting
for wild meat (Bicknell et al., 2015; Corlett, 2007; Laurance et al., 2008;
Pangau-Adam et al., 2012; Rosin, 2014).

Wild meat accounts for over 50% of the protein source for tropical
rainforest inhabitants (Robinson & Bennett, 2004), with non-legalized
commercial hunting generating monthly incomes of approximately
US300 dollars in the Brazilian amazon region alone (Chaves Bafa Jtnior
et al., 2010). Further, in non-certified forestry concessions, wild meat
constitutes part of the diet of logging workers temporarily residing in the
area (Bennett & Robinson, 2000; Robinson et al., 1999), resulting in
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additional pressure on game species regardless of whether the logging is
sustainable or not. As a result of rising demand, wild meat hunting
compounds the effects of logging activities and often results in lower
densities, or local extinction of preferred species (Malhi et al., 2014). In
addition to hunting via logging roads, there is the issue of unregulated
management of logging roads whereby no clear guidelines exist to
reduce vehicular activity and habitat loss introduced through unsuper-
vised logging road use. The approach to construction and management
of logging roads in selectively logged rainforests is at the discretion of
the forest managers and governments in charge of the logging conces-
sions (Kleinschroth & Healey, 2017; Lindenmayer et al., 2006; Putz
et al., 2000). As such, each selectively logged rainforest may vary in
limitations placed on road length and level of activity as well as the
maximum number of logging roads allowed, crucially, whether they are
closed between logging cycles (Bicknell et al. 2015). Management of
logging roads impacts forest fragmentation, proliferation of swidden
agriculture and soil nutrient changes (Kleinschroth et al., 2017; Sidle
et al., 2004). These factors may work in conjunction with hunting to
deter terrestrial mammals from these logged habitats thus reducing
terrestrial mammal occurrence in selectively logged rainforests, thus
hindering regeneration.

Of the more benign methods of selective logging is Reduced-impact
logging (RIL) which is designed as a low-impact logging practice that
involves, among others, careful logging road planning that requires
logging roads of specified widths, minimized skidding distances and
avoidance of streams and rivers as well as mandatory road closure
following logging cessation. The overall objective of RIL is to minimize
disturbance from timber harvesting (Keller & Berry, 2007; Pinard et al.,
1995). Studies have reported little to no negative effects of harvesting
using RIL on terrestrial mammal diversity and richness (Alveira et al.,
2023; Azevedo-Ramos et al., 2006; Bicknell & Peres, 2010; Tobler et al.,
2018) due to post-harvest landscape recovery but few studies have tried
to understand the role that the management of logging roads plays in
this recovery (Griscom et al., 2019; Laufer et al., 2015; Scalbert et al.,
2023; Yamada et al., 2014), leaving a gap in the literature. Third-party
certification such as Forest Stewardship Council (FSC), give economic
incentives to forest managers to comply to its management measures
and regular audits encourage corrective action against unregulated road
use. Furthermore, continued unsupervised road use following audits can
result in the withdrawal of the FSC label. These measures can affect
forest wildlife, particularly terrestrial mammals which make up a
valuable portion of long distance seed dispersers, prey species and en-
dangered species in tropical rainforests (Sollmann et al., 2017; Tobler
et al., 2018). Regulated road use can include (but is not limited to) gated
entrances and exits in and out of logging concessions and an upper limit
on the number of permanent roads allowed. In most RIL rainforests,
logging roads either become permanent roads for transportation in and
out of logging concessions, are maintained for monitoring and research
for future harvesting, or they are abandoned after logging stops
(Kleinschroth & Healey, 2017). This contributes to the narrative of well
managed logged forests becoming important conservation sites for
mammals (Meijaard & Sheil, 2007; Struebig et al., 2013), though it’s
conservation value may not be similar to primary forests (Gibson et al.,
2011).

Contemporary research utilizing camera trapping has revealed that
medium-large mammal occupancy in low-impact, selectively logged
rainforests can be positively correlated with logging (Costa & Magnus-
son, 2003) if harvest intensity remains low and logging roads are closed
after harvesting stops. However, logging roads can make mammals
easier to detect, potentially inflating detectability and therefore some
estimates of occupancy. For example, detection probabilities of medium
to large mammals in RIL rainforests in Peru and Guatemala, were higher
on active roads compared to old roads, and were lower off road (Tobler
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et al., 2018). Although this indicates that standard spacing and place-
ment of camera traps in logged rainforests can offer better insight into
terrestrial mammal movements, camera trap placement has no effect on
occupancy (Fonteyn et al., 2021). Furthermore, studies from Guyana in
a forest that operates RIL, found that large mammal communities were
not greatly affected by logging operations (Bicknell & Peres, 2010),
however there did exist a negative correlation between mammal occu-
pancy and subsistence hunting within the same area (Roopsind et al.,
2017). Subsistence hunting by indigenous people is recognized as an
acceptable form of wildmeat consumption and is given socio-economic
distinctions and legal protection under the “Amerindian Act” of Guy-
ana (Van Vliet et al., 2019). Wildmeat/ traditional diets make up a small
but important aspect of indigenous culture and socio-economic systems
in Central and South America (Fragoso et al., 2016; Silvius et al., 2004).
The presence of possible anthropogenic pressures outside of hunting in
Iwokrama’s logged rainforest may imply that the persistence of hunting
(even in a certified RIL rainforest) still remains a concern for terrestrial
mammal conservation in logged rainforests.

The question of whether sampling along logging roads inflate de-
tections of mammals may, vary according to the type (i.e. primary log-
ging roads, secondary logging roads or ‘skid trails’) or level of activity
(closed or open roads) of logging roads, as well as how prevalent
anthropogenic disturbances outside of logging (i.e hunting) is within the
logged rainforest. Although logging road construction is a decision that
lies with forest managers, little is done in practice to ensure biodiversity
conservation of tropical, logged forest (Sheil & Van Heist, 2000). Thus,
certified RIL operations that place greater restrictions on logging roads
may positively influence how terrestrial mammals occupy rainforests by
controlling how often terrestrial mammals utilize logging roads during
and after logging, as well as ensuring medium-large mammal densities
remain stable by limiting the amount of hunting. This leaves RIL-forest
management in a stronger position to inform long-term sustainability
whilst also showing the efficacy of guarded, certified RIL rainforests
(Bicknell & Peres, 2010; Brodie et al., 2015; Keller & Berry, 2007;
Kleinschroth & Healey, 2017; Roopsind et al., 2017; Yamada et al.,
2014).

In this study, we assessed terrestrial mammal occupancy varies in
response to the effects of different types of logging roads (based on size/
frequency of use of roads), status (open vs. closed), their summed length
within a given buffer, as well as their proximity to an indigenous com-
munity in an FSC certified forestry concession located in the Iwokrama
rainforest in central Guyana, South America. This area operates a strict
system of closing logging roads after a management unit is harvested - a
recommendation of FSC certification that is not always implemented.
We applied hierarchical, multi-species occupancy models whilst ac-
counting for imperfect detection (Royle et al., 2009) to estimate richness
and community occupancy in response to logging roads. We report
findings at the community level which includes notable lowland,
neotropical mammal species found in logging areas such as peccaries
(Tayassidae), lowland tapir (Tapiris terrestris), and brocket deer
(Mazama sp.), as well as large predators such as the jaguar (Panthera
onca) and puma (Puma concolor).

2. Method and analysis
2.1. Study area

We conducted data collection on the terrestrial mammal community
within the Iwokrama Forest (4.5 N, 59 W), managed by the Iwokrama
International Centre for Rainforest Conservation & Development
(hereafter ‘Iwokrama’), in Region 8, central Guyana, South America.
Iwokrama is a 371,681 ha, primarily lowland terra firme tropical rain-
forest that is divided into a sustainable utilization area (SUA: 184,506
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ha) and a wilderness preserve (WP: 187,175 ha). Reduced-Impact log-
ging (RIL) and ecotourism are allowed in the SUA, whereas only scien-
tific research and biodiversity conservation are allowed in the WP.
Hunting using traditional methods exclusively for subsistence purposes
is allowed throughout the reserve only for residents of indigenous
Makushi communities within and neighboring Iwokrama.

RIL in Iwokrama’s SUA employs 60-year polycyclic, silvicultural
harvesting of approximately 20 Neotropical tree species. Iwokrama’s
RIL operation involves, directional felling of target trees (minimum >
40 cm diameter) and removal of linked vines to avoid connected trees
being pulled down along with harvested trees. Mean logging intensity in
the Iwokrama rainforest is 3.2 trees ha™!, representing 6.3% of trees
above 40 cm diameter harvested on average (Bicknell et al., 2014).
Timber operations are certified under the Forest Stewardship Council
(FSC). Forest management includes a comprehensive pre-harvest in-
ventory, planning, and pre-determination of logging road and skid trail
length and width to allow access to harvest blocks while reducing the
impact on the forest. “Logging roads” in this study were defined as any
road constructed, used and maintained by the logging operators within
Iwokrama and further categorized as either secondary roads, feeder
roads, or skid trails. Secondary roads are connective, dirt roads built for
logging equipment and vehicle access to harvest blocks from a primary
road (Fig. 1). Feeder roads are extensions of secondary roads that “feed”
extracted logs to loggers for transport out of the harvest blocks. Skid
trails are narrow trails that connect to feeder roads and are used by
skidders to retrieve felled logs from the felling site. The Georgetown-
Lethem highway also passes through the study area but was not
included in the study as logging is not the main purpose of the highway
(Fig. 1). Feeder road and skid trails in Iwokrama remain open until
logging in the harvest block they access has been completed. The
duration of time these roads are left open is dependent on the logging
duration, which is typically between a few weeks to one year (pers.
comm, Iwokrama International Centre). Secondary roads in Iwokrama
remain open for several years as they are designed to access multiple
harvest blocks and connect to the primary road for travel and shipment

Forest Ecology and Management 548 (2023) 121401

(pers. comm, Iwokrama International Centre). All logging roads in
Iwokrama are carefully planned to not dissect any creeks or streams and
secondary roads end at the Burro-Burro river (Fig. 2). As such, road
structuring in Iwokrama follows this hierarchy of activity: Primary >
Secondary > Feeder > Skid trail.

2.2. Camera-trap surveys

Camera-trap surveys were conducted from June 2015 - June 2017. A
total of 43 camera traps (Bushnell Trophy Cam #119447C, #119734C,
#119736C, and #119837C; Bushnell®, KS, USA) were set within
Iwokrama’s SUA and WP zones to allow for comparisons between logged
and unlogged areas (Fig. 1). Camera-trap locations outside of the SUA’s
logged area served as our control for the impact of RIL logging roads on
terrestrial mammals. Control sites were chosen based on whether they
were unlogged and had no existing logging roads. In these control sites,
ten (10) camera traps were set at each location (20 total), predominantly
along trails that appeared to be used by medium-large mammals
(hereafter ‘natural trails’). Within the SUA, 23 camera traps were set and
periodically removed due to logging activity in nearby harvest blocks.
To reduce possible disruptions from logging road activities in neigh-
boring harvest blocks, cameras in the SUA did not follow a uniform
placement and were set 2-3 km apart when possible, along, skid trails,
secondary roads, and feeder logging roads. To maintain consistency,
cameras in the control sites were set the same distance apart along game
trails (Fig. 2). Cameras were not baited and were positioned at points of
observed animal activity in an effort to increase likelihood of detection
(Hallett et al, 2019). Each camera was fastened and stabilized to trees at
a height of 40 cm and oriented to maximize capture range. Cameras used
were equipped with passive infrared flash with a 1 s delay between
photos and stored images in a 3-image sequence. Mammals captured
between 30 min durations were deemed independent events (Burton
et al., 2015).

® Camera trap
E Active logging area
_J Wilderness preserve
7 sustainabile use area
Protected area
@ Vilage
"7 Village titled land
Highway
- River / creek
Habitat
- Flooded savanna
I Forest
Savanna
- Flooded forest |
s = n- %'

A B = T

;

Rupununi R

Fig. 1. Camera trap locations in Iwokrama’s Sustainable Use Area (SUA) and Wilderness Preserve (WP). “Surama”, “Wowetta” and “Apoteri” represent villages
located outside of the Iwokrama protected area. “Fairview” represents the only indigenous village located within the Iwokrama protected area.
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@ Cameratrap
Skid trail
Secondary / feeder road
Georgetown-Lethem Hwy
. Lumber mill

D Active logging area
@ Village
A Tourism lodge

""" Village titled land

- River / creek

HABITAT
B Flooded savanna
I Forest
Savanna
[ Flooded forest

Fig. 2. Location of camera traps along logging road network within Iwokrama’s active logging area. "Millsite’ represents the central logging mill. 'Fairview’ rep-

resents the only indigenous village located within the Iwokrama protected area.

2.3. Data analysis

We employed Bayesian, multi-species, hierarchical occupancy ana-
lyses to model the relationship of occupancy against parameters of in-
terest (Dorazio et al, 2006; Hallett et al., 2019). Multi-species
occupancy modelling or community occupancy modelling, can be
defined as studies focusing on state variable species richness in response
to an environmental disturbance (MacKenzie et al., 2018). State variable
species richness is defined as the sum of species found within a given
area(MacKenzie et al., 2018). Due to camera failures, removal of cam-
eras from active logging areas, and extended sampling at some sites,
each camera had different start and end times over the 2-year period. To
address this, we first categorized survey dates according to Guyana’s wet
(May-June, November- January) and dry seasons (February — April,
October- November). Trapping effort was then standardized to 40 trap
nights per season, thus fulfilling the closed season assumption (MacK-
enzie et al., 2002). Detection probability was then calculated based on
consistent detection per species across all survey sites. Both species-level
and community-level detection probability followed a Bernoulli distri-
bution and were recorded as a binary response variable (1 = observed, 0
= not observed) per camera trap location. Independent events were
calculated on binary detection of a species following a 30-60-minute
interval. Number of images representing independent events of capture
per species was compiled using r package CamTrap R (Niedballa et al.,
2016)in R studio (R version 4.1.3, RStudio Team, 2020).

We removed all reptile and bird species to allow for analysis on
mainly terrestrial mammal species, but also included one semi-arboreal
and two arboreal mammals as well. Models were run using Markov
chain Monte Carlo estimations in the r package JAGS (Just Another
Gibbs Sampler; Kellner, 2019) in R studio (R version 4.1.3, RStudio
Team, 2020). We used uniform, uninformative priors and ran each
model in four chains of 6,000 iterations with a burn in of 1,000 samples.

Categorical variables used in this study were logged vs. control sites
as well as two logging road status variables (open vs closed) and four
road/trail types (secondary, feeder, skid trail, or natural trail). For
analysis, buffers were placed around each camera trap at four levels to

represent local (100 m and 200 m) and landscape (500 m and 1000 m)
impacts of total road length in order to assess predictors of large
mammal community occupancy. Our trial models found that 200 m local
and 500 m landscape level buffers were zero at the community occu-
pancy level, with non-overlapping, null credibility intervals. Therefore,
we report findings utilizing 100 m and 1000 m buffers only. To assess
community response to logging road presence, we measured the total
length (in meters), of all roads within a given buffer and named this
variable “total road length”.

Lastly, to account for the effect of anthropogenic pressures on oc-
cupancy that are outside of logging and inclusive of hunting pressure, we
modelled the Euclidean distance of each camera trap in both logged and
control sites to the nearest village and named it “distance to village”. All
variables used in this study were spatially estimated in QGIS (QGIS
version 3.24.3), with Iwokrama providing information on logging road
type and status. Model checking and interpretation was done through
the posterior distribution via visual checks of convergence from trace
plots. Model covariates that lie within the 95% Bayesian credibility in-
tervals (Crl) are considered statistically relevant explanations of com-
munity occupancy and detection (Dorazio, 2016). In an effort to
standardize sampling effort across all sites and land use types, we
analyzed data for 40 trap nights per location, keeping sampling season
consistent.

We undertook two models (‘Modell’ & ‘Model2"). Modell assessed
community level occupancy against potential covariates (logging road
status, logging road type, total road length and distance to village).
Model2 also assessed community level occupancy against all covariates,
but additionally detection probability at the community and species
levels against road type and road status. We undertook Model2 to
explore the potential effect of detection probability being higher in
logged sites due to the logging roads - as literature has shown that
terrestrial mammals do not avoid logging roads and may be more easily
detected as such (Scalbert et al. 2023). Effort was accounted for in all
models. Final model equations are provided below whereby y = occu-
pancy probability and « ; ; = detection probability of i species at ] site.
Detection probability and occupancy in control sites are represented as
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ap and By respectively:

Modell : logit( ) = ao+ By + B, * LOGGING STATUS + g, *

I//communily
DISTANCETOVILLAGE + $;* TOTALROADLENGTH + $,*ROADTYPE
+ Bs*ROADSTATUS + a;*effort

Model2 : logit( = ay+ fy + f, *LOGGING STATUS + 3, *

V/communilerspecies )

DISTANCETOVILLAGE + ;* TOTALROADLENGTH + 4*ROADTYPE
+ f5*ROADSTATUS + a,;;*ROADTYPE + ;;*ROADSTATUS
+ a;;*effort

3. Results

A total of 9,456 images were recorded between 2015 and 2017
across 27,477 trap nights. Of the total images, 5,699 were mammals,
3,726 were birds and 31 were reptiles. Once birds and reptiles were
removed and trap nights were standardized to 40 nights, 2,589 inde-
pendent events representing 27 mammal species (24 terrestrial, 1 semi-
arboreal and 2 arboreal) belonging to eight orders, were recorded over
1,720 trap nights (Table S1). Twenty-three species occurred in both
logged and unlogged sites, with the brown capuchin (Sapajus apella) and
long-nosed armadillo (Dasypus kappleri) recorded only in unlogged sites
and the bush dog (Speothos venaticus) and mouse opossum (Marmosa
murina) only recorded in logged sites. Species richness in the logged sites

Table 1
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was highest for omnivores, frugivores, and carnivores whereas herbi-
vore richness was higher in the control sites (Table 1).

3.1. Logging status and distance to nearest village

Logging status appeared to have no impact on occupancy.
Community-level occupancy in logged sites was higher than in the
control sites, with estimates varying between 1.3 and 2.6 individuals per
species occurring within logged sites (Modell: Piogged = 2.603, Crl:
—3.90, 7.53; Model2: Bioggeq = 1.377, Crl: —0.68, 3.42; Table S2 & S3),
but there was not a statistically significant difference (Modell: po: 0.895,
Crl: —1.12, 3.03; Model2: By: 0.696, Crl: —1.36, 2.60). Notable species
that increased in occupancy in logged areas were the red-rumped agouti
(Dasyprocta leporina) (Biogged = 2.607, Crl: —0.91, 6.35), the lowland
Paca (Cuniculus paca) (Blogged = 2.347, Crl: —0.80, 5.76), lowland tapir
(Tapirus terrestris) (Plogged = 2.011, Crl: —0.92, 4.93) and red-brocket
deer (Mazama americana) (Plogged = 1.244, Crl: —1.11, 3.67), as well
as all four carnivorous cats - Jaguar (Panthera onca): Plogged = 3.109, Crl:
—0.30, 6.64; Puma (Puma concolor): Pogged = 2.461, Crl: —0.94, 6.15;
Ocelot (Leopardus pardalis): Plogged = 2.203, Crl: —1.16, 5.79; Margay
(Leopardus wiedii): logged = 2.092, Crl: —1.35, 5.77). No species showed
a statistically significant increase in occupancy in logged areas
compared to the control (Table S6).

When testing the relationship with distance to village, there was a
non-significant (Model1l: Byjiage: 0.013, Crl: —0.08, 0.11; Model2: Byijage
= 0.016, Crl: —0.07, 0.11; Fig. 3) increase in community-level occu-
pancy as distance to village increased (Table S2 & S3). At the species

Species recorded during the survey period 2015-2017 within the Iwokrama logged and unlogged zones *- Homo sapiens represent loggers, tour guides/tourists and

hunters recorded during the survey period.

Scientific name Order Common name Feeding Guild TUCN status Detection probability ~ Naive Occupancy Naive
(«0) SE (p0) SE2
Mazama americana Artiodactyla Red-brocket deer Herbivore Data Deficient —1.757 (£0.17) 0.002 1.146 (£1.29) 0.017
Pecari tajacu Artiodactyla Collared peccary Herbivore Least Concern —2.931 (£0.37) 0.005 0.119 (£+1.27) 0.016
Mazama nemorivaga Artiodactyla Brown-brocket deer Herbivore Least Concern —2.349 (£0.37) 0.005 0.894 (+1.35) 0.017
Puma concolor Carnivora Puma Carnivore Least Concern —2.517 (£0.27) 0.003 1.058 (£1.67) 0.022
Eira barbara Carnivora Tayra Omnivore Least Concern —3.319 (+£0.37) 0.005 0.631 (+1.49) 0.019
Leopardus pardalis Carnivora Ocelot Carnivore Least Concern —3.221 (4+0.32) 0.004 1.298 (£1.50) 0.019
Herpailurus Carnivora Jaguarundi Carnivore Least Concern —4.85 (+0.68) 0.009 0.953 (£+1.59) 0.02
yagouaroundi
Nasua nasua Carnivora Coati Omnivore Least Concern —4.39 (£1.023) 0.013 0.826 (+1.59) 0.021
Leopardus wiedii Carnivora Margay Carnivore Near —4.461 (£0.73) 0.009 1.001 (£1.52) 0.02
threatened
Speothos venaticus Carnivora Bush dog Carnivore Near —4.712 (£1.38) 0.018 0.575 (£1.51) 0.02
threatened
Panthera onca Carnivora Jaguar Carnivore Vulnerable —2.123 (+0.39) 0.005 0.723 (£1.51) 0.019
Dasypus sp. Cingulata Long-nosed armadillo - - —2.481 (£0.30) 0.004 0.471 (£1.17) 0.015
sp.
Priodontes maximus Cingulata Giant armadillo Insectivore Vulnerable —3.083 (0.72) 0.009 —0.006 0.017
(£1.33)
Dasypus novemcinctus Cingulata Nine-banded armadillo Insectivore Least Concern —3.44 (£0.37) 0.005 0.322 (£1.39) 0.018
Dasypus kappleri Cingulata Greater long-nosed Frugivore/ Least Concern —5.01 (£1.14) 0.015 0.408 (+1.71) 0.022
armadillo Insectivore
Didelphis marsupialis Didelphimorphia ~ Common opossum Omnivore Least Concern —2.205 (£0.21) 0.003 0.596 (+1.39) 0.018
Philander opossum Didelphimorphia  Grey-four eyed Omnivore Least Concern —2.854 (+0.42) 0.005 0.127 (+1.26) 0.016
opossum
Marmosa murina Didelphimorphia  Mouse opossum Insectivore Least Concern —3.944 (+1.077) 0.014 0.637 (+1.44) 0.019
Tapirus terrestris Perissodactyla Lowland tapir Herbivore Vulnerable —1.644 (+0.23) 0.003 0.307 (£1.27) 0.016
Myrmecophaga Pilosa Giant anteater Insectivore Vulnerable —2.673 (£0.41) 0.005 0.883 (+1.35) 0.018
tridactyla
Tamandua Pilosa Tamandua Insectivore Least Concern —4.44 (+£0.59) 0.008 0.598 (+1.49) 0.019
tetradactyla
Cebus olivaceus Primates Wedge-capped Omnivore Least Concern —4.924 (+0.97) 0.013 0.697 (+1.60) 0.021
capuchin
Sapajus apella Primates Brown capuchin Omnivore Least Concern —4.686 (+1.24) 0.016 0.532 (+1.49) 0.019
Homo sapien* Primates Human Omnivore Least Concern —3.885 (+0.78) 0.01 1.063 (£1.61) 0.021
Cuniculus paca Rodentia Lowland paca Frugivore Least Concern —1.214 (£0.15) 0.002 1.47 (£1.55) 0.02
Rattus sp. Rodentia Spiny rat sp. Herbivore - —1.608 (+0.19) 0.002 0.045 (+1.22) 0.016
Dasyprocta leporina Rodentia Red-rumped agouti Frugivore/ Least Concern —0.325 (+0.11) 0.001 1.464 (£1.69) 0.022

Insectivore
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Fig. 3. MCMC intervals of parameter effects on community-level occupancy.
“p0” = Occupancy probability in control sites.

level (Table S6) only the red-rumped agouti showed a statistically sig-
nificant increase in occupancy further away from the nearest village
(Bvillage = 0.191, CrL: 0.00, 0.44). Referencing our posterior sample,
distance to the nearest village showed a lower probability of influence
on occupancy (61%) when compared to logging status (90%).

3.2. Logging road type, status, and summed length

Exploring associations with roads, community-level occupancy
showed a non-significant decline closer to skid trails and feeder roads
compared to secondary roads, with a further decline noted closer to
closed roads and open roads (Fig. 3). However, neither the effect of road
type nor road status was a statistically significant predictor of commu-
nity occupancy but it was a significant predictor for detection proba-
bility (Fig. 4).

Model2 (Table S3) revealed that community-level detection proba-
bility was highest closer to secondary roads, and feeder roads and lowest
along skid trails. At the species level (Table S4), both the red-brocket
deer and amazonian brown-brocket deer (Mazama nemorivaga) had
higher detection probabilities along secondary and feeder roads
compared to skid trails. The Jaguar, puma, and ocelot all showed higher
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detection probabilities closer to feeder roads only. Red-rumped agouti,
collared peccary (Pecari tajacu), gray four-eyed opossum (Philander
opossum), jaguarundi (Puma yagouaroundi), and Linnaeus’s mouse
opossum (Marmosa murina) showed higher detection probabilities closer
to secondary roads only (Fig. 5).

Road status appeared to impact occupancy, though these findings
were less conclusive. Community-level detection probability had a sta-
tistically significant decline closer to closed roads, but did not decrease
significantly along open roads (Fig. 4). Only the red-rumped agouti
(dtopen = -2.446, Crl: —4.33, —0.07) had a statistically significant
decrease in detection probability closer to open roads only whereas the
lowland tapir (0topen = -2.936, Crl: —4.33, —0.07; Qclosed = -2.808, Crl:
—4.55, —0.33), and lowland paca (®open = -3.523, Crl: —5.96, —0.89;
Oclosed = -2.682, Crl: —4.29, —0.17) showed statistically significant de-
creases along both open and closed logging roads (Table S5).

Further analysis of our road buffers in both models found that total
road length around the camera traps had no statistically significant ef-
fect on community level occupancy at the local (100 m buffer) or
landscape (1000 m buffer) scales (Fig. 3). Overall, there was a 72%
chance of a non-negligible effect of secondary roads on community-level
occupancy, when compared to skid trails and feeder roads.

4. Discussion

Our study revealed that terrestrial mammal occupancy was similar
between the logged and control sites, indicating a minimal impact of RIL
on mammals. We did however detect a small impact from anthropogenic
pressure (as measured by distance to village) on the red-rumped agouti,
consistent with previous research from the same area (Roopsind et al.
2017). Notably the amount of logging road available locally and in the
landscape had no effect on occupancy, however the type of logging road
did have an effect on detection probability. As such we found secondary
roads had higher detection probability compared with feeder (smaller)
roads, skid trails and the natural trails in the control areas. This suggests
that such secondary roads may have structural advantages in addition to
less human traffic, which contributed to less avoidance by terrestrial
mammals.

Limiting access to logging roads via security checkpoints or closing
roads after logging is complete, in addition to limited vehicular activity
during and after logging, is crucial to ensuring terrestrial mammals
remain in logged forests. Enforcing these policies at strategic points

a0 —
B0
Road length (100 m)
Road length (1000 m)
Logged sites
Distance to village
Closed logging road
Open logging road —
Skid trail
Secondary logging road
Feeder logging road

- =|- ===}

-6 4

O == mm|m | == =@ == -0~

2

Parameter estimate

Fig. 4. MCMC intervals of parameter effects on community-level detection probability (orange) and community- level occupancy (blue). “a0” = Detection proba-

bility in control sites and “B0” = Occupancy probability in control sites.
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within the road network, can limit interior rainforest access and acci-
dental killing via road traffic in addition to reducing hunter access
(Bicknell et al., 2015; Mason & Putz, 2001). Our findings support this
approach because most terrestrial mammal species were found within
the sampled logged areas, and both occupancy and detection probabil-
ities were influenced by some logging roads.

Detection probability at the community level was highest for cam-
eras set closer to secondary and feeder roads compared to skid trails in
the logged sites, and the natural ‘game’ trails in the control. These re-
lationships indicate that RIL-managed logging roads do not pose a long-
term negative affect on terrestrial mammal occurrence in logged habi-
tats and highlights that greater detection success in logged areas is
partially due to how often terrestrial mammals make use of logging
roads. Additionally, the statistically significant detections along sec-
ondary and feeder roads compared to skid trails may imply a possible
logging road preference, and warrants further in-depth testing (e.g.
comparison of widths and level of traffic).

Distribution and abundance of food resources are correlated to
foraging behaviours in all animal species (Leighton & Leighton, 1982)
and an increase in detection along specific logging roads reiterates that
carefully constructed road networks have the ability to support terres-
trial mammal community richness due to the resource blooms and
mobility benefits offered (Laurance et al., 2009). This becomes espe-
cially true in RIL rainforests where lesser disturbed rainforest bordering
logged areas are maintained. As such, the combination of improved
mobility via these logging roads and the presence of adjacent unlogged
forests may be beneficial to logged areas. Furthermore, RIL road net-
works create canopy openings that are small and confined to where
harvesting occurs due to careful road construction and pre-harvest vine
clearing. This leads to an increase in more palatable understory vege-
tation (i.e. grasses), enticing forest herbivores to remain within logged
zones (Tobler et al., 2018). Forest ungulates such as collared peccary,
red brocket deer, Amazonian brown brocket deer as well as the red-
rumped agouti showed higher detections closer to secondary roads.
These species exhibit herbivorous, frugivorous, granivorous and grazing
behaviours in the amazon regions (Barcelos et al., 2013; Prado, 2013;
Silvius & Fragoso, 2003). As such, they would typically feed on shrubby,
understory vegetation, or fleshy seeds/fruit. The correlation between
forest herbivore/frugivores and logging roads, suggests that succes-
sional growth along logging roads can increase herbivore density in

early regeneration stages. However, we found no statistically significant
effect on community level occupancy or detection in correlation to open
or closed logging roads. Alternatively, the statistically significant cor-
relation of detection to secondary and feeder roads, compared to skid
trails and the control’s natural trails highlights again, a road type
preference that may be indicative of how that logging road is managed.
Overall, this pattern of response is not uncommon in papers addressing
selective logging impacts and the changes in ungulate densities. The
persistence of herbivorous and frugivorous mammals in selectively
logged forests should be encouraged due to the ecological benefit of
efficient seed dispersal that contributes to the longevity and genetic
heterogeneity of forest plant communities (Houngbégnon et al., 2023).
Considering that selectively logged forests should be managed for long-
term sustainability, ungulate presence is an important aspect of suc-
cessful selective logging practices and shouldn’t be overlooked.

In Iwokrama’s RIL operations, secondary and feeder roads are closed
(by felling trees at the entrance to the road) once harvesting is complete.
Secondary roads however, can remain open for connecting to nearby
harvest blocks for future logging (pers. comm, Iwokrama International
Centre). Thus, increases in detection probability closer to secondary and
feeder roads in Iwokrama’s RIL rainforest can likely be attributed to
reduced road activity post-RIL. When compared to the non-significant
community-occupancy response to open and closed roads, this
community-level response may be indicative of how often these roads
are used and supervised by logging and forestry workers. The Iwokrama
logging concession maintains a network of roads that has only one exit
and entry point from the Highway. Access via this exit/entry point is
protected by a guarded gate that allows only logging operators or
Iwokrama research staff entry into the logged rainforest. Although we
did not estimate the number of vehicles that move in and out of Iwok-
rama’s SUA, traffic remains low in the Iwokrama RIL area. This case
therefore further highlights the benefits of carefully managed roads in
logged rainforests.

Arise in prey species along, or in proximity to, logging roads can also
correlate to increased animal predation due to the accessibility offered
by roads (Johns, 1985; Scalbert et al., 2023). Detection probabilities
were generally high for large predators such as jaguars, pumas and
ocelot within Iwokrama’s logged sites, with significantly higher de-
tections of jaguars and pumas, along feeder roads. Alterations to pred-
ator-prey dynamics caused by the presence of logging roads may push
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prey species to avoid logged habitats and opt for unlogged rainforest,
thus resulting in the non-significant difference in occupancy between
logged vs. control sites. These results may also indicate that predation is
higher in the logged sites due to it being easier to hunt for prey along
logging roads though we remain cautious with this interpretation. The
observation of a higher predator presence may be part of a natural cycle
whereby predator densities increase in response to higher prey densities
in logged areas. Furthermore, large cats possess large home ranges and
their preference for logging roads depends upon the level of access/
connectivity to rainforest interiors the road provides (Gordon & Stewart,
2007; Harmsen et al., 2010), which has also been found to explain their
higher detections within logged rainforests (Tobler et al., 2018).

Our results show that community occupancy increased as distance to
village increased, but was not significantly higher in unlogged areas
(control) compared to logged areas. This finding suggests that while
there may exist a small anthropogenic pressures such as hunting within
the area, this pressure did not lead to significant declines or the extir-
pation of the mammal species. Though increased levels of human
presence often coincide with easy access to forest interiors via logging
roads (Poulsen et al., 2011; Rist et al., 2012), distance to village showed
only a weak, positive effect on community-level occupancy, with a near
zero credibility interval (Figs. 2 & 3). These findings echo that of Brodie
et al, (2015) and Roopsind et al, (2017), whereby there was little
increased negative effect caused by the combination of logging and
subsistence hunting, however this may also be attributed to the low
intensity of timber harvesting and subsistence hunting combined with
reduced access from closing roads. Hunting pressure in the area is sub-
sistence only (Guyana Bill No.7, 1995) and these communities depend
more on freshwater fish than wild game species to meet their daily
protein requirements (Harris et al., 2022; Watkins et al., 2004). In
Iwokrama, Roopsind et al., (2017) recorded approximately 210 spatially
independent kill sites in the logged zones. Additionally, Iwokrama en-
forces wildlife monitoring at it’s ranger stations which requires village
hunters and fishermen to log all wildmeat and fish caught during their
time in the reserve. However, in their 2009 monitoring report, the
Iwokrama International Centre noted an increase in caught fish in the
Iwokrama reserve (About Us — Iwokrama International Centre, n.d.). As
such, medium and large mammal populations do not seem to be expe-
riencing further declines related to the allowance of wildmeat hunting in
Iwokrama’s RIL rainforest.

At the species-level, only the red-rumped agouti showed a statisti-
cally significant increase in occupancy further from the village
(Table S5), whereas no species showed a statistically significant pref-
erence for logging-disturbed habitat. Additionally, the red-rumped
agouti, lowland paca, collared peccary and lowland tapir all had sta-
tistically significant decreases in detection closer to open roads, where
there is an increased probability of encountering hunters and loggers.
This was similar to Roopsind et al (2017) in the same area, who found
that mean monthly hunting effects on species-level occupancy was
strongest for agoutis (2.38 individuals), lowland paca (2.24 individuals)
and peccary species (1.33 individuals). Red-rumped agoutis are
medium-sized, diurnal, terrestrial rodents (2-5 kg) with high population
densities between 1 and 63 individuals per km? (Silvius & Fragoso,
2003; Wright et al., 1999) in neotropical moist and dry habitats. Agoutis
interact via “scatter-hoarding” with a range of tropical tree families
including Leguminaceae, Palmae and Meliaceae (Brewer & Rejmanek,
1999; Silvius & Fragoso, 2003) with notable commercial trees from
these families including Greenheart (Chlorocardium rodei) and Crab-
wood (Carapa guianensis). Indeed, through these interactions, frugivores
including seed predators, and some herbivores, they play a key role in
primary and secondary dispersal of tree species which are important for
recruitment in tropical rainforests (Forget et al., 2001; Gardner et al.,
2019; Houngbégnon et al., 2023; Silvius & Fragoso, 2003). Hunting of
agoutis highlight their rise in preference as a protein source in addition
to traditionally hunted species such as peccaries and tapir (Iwamura
et al., 2014; Sousa & Srbek-Araujo, 2017). This rise in preference was
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explored by Iwamura et al (2014) as an interaction result between dis-
tance between animal-kill locations and average body mass of killed
animals which inferred that as subsistence hunting range decreased (due
to increase in farming range), hunters may opt for more abundant, easily
found, small-bodied prey. In their 2017 report, Iwokrama stated that
residents of their Makushi village list the red-rumped Agouti as one of
their preferred wild meat sources alongside brocket deer and lowland
paca (About Us — Iwokrama International Centre, n.d.). Overall, red-
rumped agouti occupancy still remained higher within the logged
areas compared to control sites, further demonstrating the minimal
impact of RIL.

5. Conclusion

Our findings highlight the conservation importance of properly
managed road networks and the low impact of RIL in tropical forests. As
such, the impact of Reduced-Impact logging on terrestrial mammal oc-
cupancy can be minimized, and this may be the result of limits on log-
ging road activity and guarded access to forest interiors. We recommend
continued monitoring of anthropogenic pressures, specifically from
subsistence hunting of hoarding rodents such as the red-rumped agouti,
which remains a principal seed disperser of hardwood species. Most of
all, our research concurs with the mounting literature showing the
relatively benign impact of RIL on biodiversity, further emphasizing the
positive effect that the wide adoption of RIL could have if implemented
across the 4 million km? of tropical production forests.
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