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Abstract. 1. Mega hydroelectric dams have become one of the main drivers of habitat
loss in tropical forests, converting large tracts of pristine forests into isolated forest islands.
Understanding how biodiversity cope with landscape modification in these archipelagic
landscapes is of paramount importance to assess the environmental consequences of dam
infrastructure and propose mitigation actions for biodiversity conservation. In this context,
harvestmen (Opiliones, Arachnida) comprise an excellent indicator taxon of habitat quality,
given their high sensitivity to desiccation and microclimatic change.

2. We investigate the effects of landscape change induced by a mega hydropower
dam on forest harvestmen species richness, abundance and composition within the Bal-
bina Hydroelectric Dam, Central Brazilian Amazon. We sampled 20 islands and 5 main-
land continuous forests, relating our biological response variables to local, patch and
landscape scale metrics.

3. Although unexpectedly species richness was unaffected by any local, patch and
landscape variables, species composition and abundance were differentially affected
by a set of predictor variables at different scales. Forest cover and fallen woody stems
were significant predictors of species composition, whereas vegetation density, forest
cover, island area, abundance of palm trees, and fallen woody stems best explained har-
vestmen abundance.

4. Our results indicate that both islands embedded within greater and lower amount of
forest cover are important to ensure high diversity of harvestmen. We recommend retain-
ing large forest habitat patches surrounded by a large amount of forest cover to minimise
forest disturbance effects and enhance long-term persistence of harvestmen sensitive spe-
cies in large hydroelectric dams.

Key words. Conservation biology, environmental quality, habitat fragmentation,
hydroelectric dams, indicator species, landscape ecology.
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Hydroelectric dams have been posed as a major new villain for
Amazonian rainforest and freshwater ecosystems, severely
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2017; Lees et al., 2016). The Amazon basin accounts for 18% of
global scale river discharge (Dai & Trenberth, 2002), so it is not
surprising that this region has rapidly become a major target for
hydropower development; in addition to 191 existing dams,
246 additional dams may be built across the whole Amazon
Basin in the next few decades (Lees et al., 2016). Indeed, more
than 130 000 ha of forest has already been flooded by opera-
tional dams in the Brazilian Amazon alone (ECOA, 2018).

Although mega-dam infrastructure projects have often been
referred to as green energy sources (renewable energy resources
that provide the highest environmental benefits) (Gibson et al.,
2017), several studies have shown the pervasive social and envi-
ronmental impacts of large dams. From local communities
(Esselman & Opperman, 2010; Fearnside, 2016) to fluvial
hydrology (Nilsson et al., 2005), large dams affect indigenous
communities by flooding their territories and increasing green-
house gas emissions (Almeida et al., 2010). They also drive local
extinctions of both aquatic (Alho, 2011; Liermann et al., 2012;
Palmeirim et al., 2014) and terrestrial fauna and flora
(Terborgh et al., 1997; Benchimol & Venticinque, 2014, Bench-
imol & Peres, 2015a,b,c). Yet, few studies have assessed the
effects of large dams on terrestrial invertebrates, despite their
immense importance for forest nutrient cycling and ecosystem
services (Carvalho et al., 2012; Storck-Tonon & Peres, 2017).
For instance, a study has shown that most orchid bee species
are driven to local extinction after 26 years of insularisation
within a mega dam in central Brazilian Amazonia, with potential
effects on pollination (Storck-Tonon & Peres, 2017).

Several groups of arthropods can be described as effective
bioindicators, providing valuable information on environmental
quality at both small and large scales on the basis of rapid sur-
veys, enabling their efficient inclusion in environmental licens-
ing studies prior to development projects (Maleque et al.,
2006; Melo et al., 2015). Additionally, arthropods play an
important role in many key processes influencing ecosystem
cycling of carbon and other nutrients and modulating the amount
and quality of resources entering the detrital food web (Yang &
Gratton, 2014). These processes may occur via direct or indirect
pathways mediated through species interactions via plants and
soil microbes, integrating community-level interactions with
ecosystem processes. Arachnids are mostly generalist predators
and are often more dependent on the physical structure of micro-
habitats than on prey availability (Villanueva-Bonilla er al.,
2017). Most harvestmen species (Opiliones, Arachnida) inhabit
humid habitats; indeed, they are physiologically dependent of
humid environments, due to their high susceptibility to desicca-
tion, nocturnal activity and low vagility (Pinto-da-Rocha
et al., 2007).

Despite the significant ecological importance of harvestmen
(Fig. 2), serving as excellent predictors of environmental quality
given their rapid responses to habitat change and fragmentation
(Bragagnolo ez al., 2007; Cerneckd et al., 2017), this charismatic
taxonomic group remains poorly investigated in tropical frag-
mented forest landscapes. Considering that fragmentation is a
landscape-scale process (Fahrig, 2003), studies assessing the
responses of harvestmen communities to forest fragmentation
should explicitly consider the influence of landscape variables.

Under the island biogeography paradigm (MacArthur & Wilson,
1967), fragment size and isolation are frequently hailed as pri-
mary determinants of species richness in remaining habitat
patches. Yet, several studies have clearly emphasised the impor-
tance of also considering the spatial arrangement of forest frag-
ments and habitat quality. For instance, the percentage of
surrounding habitat within the landscape has been widely con-
sidered as a good predictor of species diversity for several verte-
brate and floristic groups (Andrén, 1994; Morante-Filho et al.,
2015; Benchimol et al., 2017), and the dominant role of habitat
amount has been suggested when species richness is measured
at sample sites (Fahrig, 2013; but see Bueno & Peres 2019).
Thus, combining different patch and landscape metrics are likely
to provide a better understanding on the effects of habitat frag-
mentation on the diversity patterns of harvestmen assemblages.

Additionally, patterns of diversity in harvestmen assemblages
are highly correlated with vegetation structure at meso and local
scales and are especially responsive to the presence of large old
trees and palms in Amazonian forests (Tourinho et al., 2014,
2018; Colmenares et al., 2016; Porto et al., 2016). This occurs
because palms increase habitat complexity at ground level, as a
consequence of the fallen litter trapped within their leaves
(Vasconcelos, 1990; Franken et al., 2013). Therefore, both palm
and non-palm trees are directly responsible for the quality, depth
and decomposition of the soil leaf-litter layer, which are a key
microhabitat components affecting assemblages of small-bodied
harvestmen species and other invertebrates (Tarli et al., 2014;
Colmenares et al., 2016; Porto et al., 2016).

Although few studies have shown the negative impacts of
fragmented forest habitats on harvestmen assemblages in tem-
perate forests (Cernecké et al., 2017; Mihdl & Cerneckd,
2017), only one study to date — conducted in forest patches
embedded within heterogeneous vegetation matrices in the
Brazilian Atlantic forest — has assessed the effects of forest
fragmentation on harvestmen within a tropical forest land-
scape (Bragagnolo et al., 2007). In this study, harvestmen
assemblages were more clearly structured by forest quality
and size than other arthropod taxa, suggesting that they are
good community-wide indicators of intermediate-level distur-
bances and can be used as a robust model to monitor tropical
forest disturbance. Nevertheless, we still lack information on
how this key taxonomic group is affected by habitat insularisa-
tion, with archipelagic ecosystems formed in the aftermath of
rising floodwaters induced by large dams providing a unique
natural experiment in this context.

Here, we assessed the degree to which forest fragmentation
induced by a mega hydroelectric dam affects harvestmen assem-
blages in the Brazilian Amazon. We conducted sampling sur-
veys at five mainland continuous forest sites and 20 widely
distributed forest islands differing in size, shape and degree of
isolation within the ~443 772-ha Balbina Hydroelectric Dam.
Specifically, we investigate (i) the overall patterns of harvestmen
structure in insular forest environments and (ii) the potential
effect of landscape features and habitat structure on harvestmen
assemblages. For this, we firstly investigated the area and isola-
tion effects following the equilibrium theory of island biogeogra-
phy and then examined the degree to which patch and landscape
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metrics and local habitat variables can predict harvestmen spe-
cies richness, abundance and composition across forest islands.

Materials and Methods
Study site

We conducted this research at the Balbina Hydroelectric Reser-
voir landscape — BHR (1°48°S; 59°29°W), located in the state of
Amazonas, central Brazilian Amazonia (Fig.1). The Balbina
Dam is a large man-made reservoir that was formed in 1987 by
the damming of the Uatuma river, aiming to supply power to the
growing capital city of Manaus. An area of 312 900 ha was inun-
dated, resulting in the creation of 3546 islands ranging in size from
<1 to 4878 ha. Most islands are covered by primary sub-montane
dense forests, and are surrounded by open-water and dead trees that
rise above the water level; the mean water column depth range
from 7.4 m (in most of the reservoir) to 30 m (in the former river
channel; Eletronorte, 1997). Mean annual temperature is 28 °C
and the mean annual precipitation is 2376 mm. A large tract of
pristine continuous forest sites surrounds the Balbina archipelagic
landscape and shares similar floristic composition, fauna, climate
and topography (Benchimol & Peres, 2015a,c). In 1990, part of
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the archipelago and an extensive tract of neighbouring pristine for-
est became protected by the creation of the ~940 358-ha Uatuma
Biological Reserve, the largest Biological Reserve in Brazil.
Although islands are unaffected by logging and hunting pressure,
several islands experienced ephemeral understorey fires during
the El Nifio drought of late-1997 (Benchimol & Peres, 2015a).

Study design

We selected 20 islands using two cloudless georeferenced Land-
sat ETM+ scenes. Additionally, we surveyed five continuous
(pseudo-control) forest sites located in the southernmost part of
the Uatuma Reserve, within a permanent study grid of the PPBio
(Brazilian Biodiversity Research Program; Fig. 1). Islands were
selected on the basis of their size, shape, isolation and spatial distri-
bution, keeping a minimum distance of 1 km from one another
(Fig. 1). Likewise, each continuous forest site in the mainland
was also spaced by 1 km from each other. Island area ranged from
11.8 to 218.5ha (mean + SD = 91.5 + 69.7 ha) and ranged
widely in isolation distances (to the nearest mainland continuous
forest) from 10 m to 9000 m (mean + SD = 3220 + 2648 m).

® Mainland sites
[ Surveyed islands
[ J Unsurveyed islands
I Mainland

59°20'0"W 59°10'0"W

Fig. 1. Spatial distribution of the 20 sampled islands (red) and 5 continuous forest sites (black circles) within the Balbina Hydroelectric Reservoir of cen-
tral Brazilian Amazonia. [Color figure can be viewed at wileyonlinelibrary.com]
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Fig. 2. Some of the harvestmen species occurring in the Balbina Hydroelectric Reservoir — BHR and mainland: (a) Male of Protimesius longipalpis
(Stygnidae); (b) female of Amazochroma carvalhoi (Gonyleptidae), (c) male of Saramacia lucaseae (Manaosbiidae); (d) female of Stygnus pectinipes
(Stygnidae); (e) male of Eucynortella aff. duapunctata (Cosmetidae); (f) male of Avima matintaperera (Agoristenidaae); (g) male of Fissiphallius mar-
tensi (Fissiphalliidae). [Color figure can be viewed at wileyonlinelibrary.com]

Harvestmen sampling

Between 2006 and 2008, we systematically sampled harvestmen
assemblages (Fig. 2) using four 300-m? transects (30 m X 10 m) at
each forest site, separated by 30 m, totalling 1200 m?> of tran-
sect area per site (see Tourinho er al., 2014; 2018; Porto
et al., 2016). To avoid edge effects on islands, transects were
established at least 250 m from the nearest forest edge. Each
plot was surveyed using both an active nocturnal search
method (Sgrensen er al., 2002; Pinto-da-Rocha & Bonaldo,
2006; Resende et al., 2012; Porto et al., 2016) and diurnal
beating tray surveys. Nocturnal searchers were performed by
one collector for 1 h, during which all harvestmen (and other
arachnids) encountered on the forest floor to a height of 2 m,
on tree trunks and other vegetation were captured. Beating tray
surveys were conducted during daylight hours, by one collec-
tor for 1 h, during which shrubs up to 3 m in height were struck
20 times with a wooden stick. We used a 1-m* white fabric
wooden frame positioned underneath the shrubs to capture
any fallen harvestmen.

All individuals collected were subsequently identified at the
lowest taxonomic level by experts on harvestmen taxonomy
(Ana Lucia Tourinho, Pio Colmenares & Willians Porto). For

this, we examined the external morphology of individual spec-
imens under a stereomicroscope, which were compared with
original descriptions provided in the literature (Pinto-da-
Rocha, 1994; 1996; 1997; 2004; Kury, 2003), type specimens,
and photographs of type specimens. We excluded from the
data set nymphs and females, which have ambiguous morphol-
ogy, because they cannot be assigned to any genus or species
level. In the case of species groups with a very conservative
external morphology and/or poorly understood taxonomy
(e.g. Cosmetidae, Sclerosomatidae, Zalmoxidae), we also
examined their male genitalia to improve species delimitation,
following Acosta et al. (2007). All specimens collected were
preserved in 70% ethanol and deposited in the Invertebrate
Collection of the Instituto Nacional de Pesquisas da Amazo-
nia, Manaus, Amazonas, Brazil, under curator, Dr Célio
Magalhaes.

Landscape and habitat variables
We used RapidEye® high-resolution (5-m pixel) imagery for

the entire Balbina archipelago to quantify landscape structure
variables at the patch and landscape scales, associated with each
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of surveyed forest site. At the patch scale, we obtained the total
island area in hectares (log;( X; area); the isolation distance from
each island to the nearest mainland (D,,ain1ang); and the island
shape (shape) by dividing the total island area by the total island
perimeter using ArcMap (ESRI, 2016). At the landscape scale,
we estimated the total amount of forest cover (cover) within a
specified radius, and modified the proximity index of McGarigal
et al. (2012) by considering the total size of any land mass within
the buffer, rather than excluding land areas outside the buffer
within patches encompassed by the buffer (prox). We considered
multiple buffers (250 m, 500 m and 1000 m) outside the perim-
eter of each focal island and mainland forest sites for landscape-
scale analyses.

We selected variables at local scale that were previously docu-
mented and/or tested to influence harvestmen assemblages. In
this regard, it was demonstrated that harvestmen assemblages
use trees as refuges when disturbed, but only in sites with higher
harvestmen diversity in the ground/litter microhabitat (Proud
etal.,2012). Recent research also offered evidence for a relation-
ship between number of palm trees and harvestmen assemblage
composition in upland Amazonian forest (Tourinho et al.,
2014; Colmenares et al., 2016; Porto et al., 2016). In previous
studies in Amazon upland forests, most abundant harvestmen
species were found mostly in trees (Tourinho et al., 2014; Porto
et al., 2016), being especially common in the accumulated litter
at the base of the fronds in stemless and arborescent palms.
Fallen logs, roots, termite nests, and suspended litter at the base
of trees and palm leaves are the habitats favoured by harvestmen,
providing ideal microclimatic conditions of humidity and tem-
perature for their development (Mestre & Pinto-da-Rocha,
2004; Curtis & Machado, 2007; Curtis & Machado, 2007; Proud
et al., 2012). We also obtained the following variables at local
scale: litter depth (litdepth), the number of trees (trees), the total
number of palm trees (palms) and the number of fallen woody
stems (fallen). Fallen considered down wood and does not
include arborescent palm left bracts all of which were used here
as proxies of vegetation habitat structure available to harvestmen
(Colmenares et al., 2016). For this, we mapped all non-palm and
palm trees with a diameter at breast height (DBH) > 30 cm
within each 300-m? transect (Table 1). We also mapped all fallen
stems within each plot. At every 5 m along the long axis of the
transects, a measurement of litter depth was taken. These mea-
surements consisted of forcing a wooden stick 0.5 cm in diame-
ter into the litter until it reached the soil and noting the height
(in cm) above ground to the top layer of litter.

Data analysis

We pooled data from the four sampled transects on each island
and each mainland site, each of which were used as a sampling unit.
We firstly compared the coefficient of determination (R*) from
regression analysis of each community attribute investigated
(i.e. species richness, overall abundance and species composition)
for each forest cover radius (i.e. 250 m, 500 m, and 1000 m) to deter-
mine which radial buffer best explained diversity patterns. The high-
est R* values were obtained at 1000 m radius (see Supporting
Information Table S1), so we used this buffer size for all
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Table 1. Description of the explanatory variables used in the analyses.

Variable

name Codenames  Scale Description

Litterdepth  litdepth Local Litter depth measured
every 5 m along the long
by each transect

Number of  Dpaintand Local Total number of non-palm

trees trees (DBH) > 30 cm
within each 300-m”
transect

Number of  palms Local Total number of palm trees

palm trees (DBH) > 30 cm within
each 300-m” transect

Number of  fallen Local Total number of fallen

fallen stems within each
woody transect
stems

Island size area Patch Total island area of each
focal island ( log;o X
hectares)

Isolation D naintand Patch Shortest linear distance
from each island to the
nearest mainland
(meters)

Forest cover Landscape  Forest cover amount

cover within a buffer. Buffer
considered in the final
analysis: 1000 m
(percentage)
Proximity prox. Landscape  Represents the sum of all

island areas divided by
the squared edge-to-edge
distances from each
surveyed island to all
islands within a specified
buffer. Instead of
considering the area of
each island within the
buffer (as in the study by
McGarigal et al., 2012),
we considered the total
(true) area of each island.
We assigned arbitrary
area values of one order
of magnitude greater than
our largest island for
mainland continuous
forest sites. Buffer
threshold considered in
the final analysis:

1000 m.

subsequently analyses. We thus performed a Pearson correlation test
using all landscape and habitat variables, excluding variables that
were highly correlated (r > 0.50) from the analysis, resulting in five
habitat and landscape variables maintained in the global models:
area, litter depth, number of palm trees, number of fallen woody
stems, and forest cover. Among the correlated variables, we have
chosen the variables that were previously documented and/or tested
to have a strong influence in harvestmen assemblages.

© 2019 The Royal Entomological Society, Insect Conservation and Diversity, doi: 10.1111/icad.12398
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Table 2. Number of individuals of each harvestmen species recorded at
the Balbina Hydroelectric Reservoir.

Species Mainland  Island  Total

AGORISTENIDAE

Avima matintaperera 8 8
(Pinto-da-Rocha, 1996)

COSMETIDAE

Cosmetidael sp.1 42 42

Cosmetidael sp.2 13 13

Eucynortella aff. duapunctata 41 7 48
(Goodnight & Goodnight, 1943)

Eucynortella sp.1 44 44

FISSIPHALLIIDAE

Fissiphallius martensi (Pinto-da- 4 4
Rocha, 2004)

Fissiphallius sp.1 4 4

Fissiphallius sp.2 2 2

GONYLEPTIDAE

Amazochroma carvalhoi 5 2 7
(Mello-Leitao, 1941)

MANAOSBIIDAE

Manaosbia sp.1 17 120 137

Manaosbiidael sp.1 4 58 62

Manaosbiidae2 sp.1 2 2

Saramacia lucasae 1 1
(Jim & Soares, 1991)

SCLEROSOMATIDAE

Sclerosomatidael sp.1 48 48

Sclerosomatidael sp.2 58 58

Sclerosomatidae2 sp.1 79 79

Sclerosomatidae? sp.2 2 2

Sclerosomatidae3 sp.1 4 4

Sclerosomatidae4 sp.1 3 3

STYGNIDAE 3 3

Auranus sp.1

Auranus xerxes Colmenares & 1 16 17
Tourinho, 2016

Imeri sp.1 2 2

Protimesius longipalpis (Roewer, 23 23
1943)

Stygnidael sp.1 12 88 100

Stygnus armatus (Perty, 1833) 14 18 32

Stygnus pectinipes (Roewer, 1943) 3 3

Stygnus sp.1 9 20 29

STYGNOMMATIDAE

Stygnomma sp.1 1 1

ZALMOXIDAE

Zalmoxidael sp.1 1 1

Zalmoxidae2 sp.1 2 1 3

Zalmoxidae3 sp.1 1 1

Total 426 357 783

To assess differences in harvestmen assemblage structure among
the habitat types (islands and mainland), we performed permuta-
tional multivariate analysis of variance (PERMANOVA) using the
landscape and habitat variables. We used a multiple regression on
distance matrices analysis (MRM) to analyse changes in species
composition and test for spatial correlation between all surveyed
sites, this analysis is similar to partial Mantel tests and was used to
examine the levels of correlation and the spatial independence

between the dependent distance matrix and the independent explan-
atory distance matrices. For that, we used the abundance matrix of
each species obtained within the transects, then the longitude and lat-
itude matrix to create a geographic distance matrix and all the land-
scape and habitat variables cited above to create the explanatory
variables distance matrices that were used to perform the MRM.

Following the theory of island biogeography (MacArthur &
Wilson, 1967), we first examined the potential effects of island
size (log(x + 1)) and isolation (D yainiang) ON harvestmen species
richness, abundance and composition using linear regression.
For the latter, we reduced the data dimensionality using non-
metric multidimensional scaling (NMDS) ordinations based on
two axes, considering both the Jaccard (presence/absence) and
Bray-Curtis (abundance) similarity values and used the first axis
as a predictor of species composition.

We further performed generalised linear models (GLMs) to exam-
ine the relationship between harvestmen species richness, abundance
and composition (NMDS;) of islands and the explanatory variables.
Multicollinearity among these variables was tested using variation
inflation factors (VIF) (Domman e al., 2013) using the ‘HH’ pack-
age (Heiberger, 2016), deleting the least moderately redundant or col-
linear variables (VIF > 6). We used Poisson, Gaussian and quasi-
Poisson error structures for GLMs of species richness, composition,
and abundance, respectively. For all response variables, the global
model included all non-collinear environmental variables. We thus
ran all possible combinations of subsets in addition to the null model
using the MuMIn package (Barton, 2018) and retained all models that
differed by AAIC <2.00 (Burnham & Anderson, 2002). All analyses
were performed within the R 3.3.1 environment (R Core Team,
2016) and RStudio Team (2016).

@)

0.5- O © %
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©

©
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10 05 0.0 05 1.0
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Fig. 3. NMDS ordination using a Jaccard similarity matrix of harvest-
man composition on islands (gray circles) and mainland forest (green cir-
cles) sampled across the Balbina archipelago. Circles are sized in
proportion to the log area of sampled sites. [Color figure can be viewed
at wileyonlinelibrary.com]
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Table 3. Results of the GLMs for the effects of island area (log), litter depth, fallen woody stems, palm trees, forest cover (buffer 1000 m) and trees.

Only the best models are shown (AAICc <2).

Response Forest Fallen woody Palm Litter Akaike
variables Model Intercept  Area cover stems Trees trees depth AICc  AAICc  weights
Species 1 1.589 88.7 0.00 0.116
richness 17 1.155 0.171 89.4  0.77 0.070
Species 3 —-0.306 0.004 238 0.00 0.244
composition 35 —-0.524 0.004 254  1.60 0.109
Species 48 1.910 1.109  -0.014 —-0.090 —0.288 0.018 220.7  0.00 0.253
abundance 32 1.918 0.594 -0.01 —-0.281 0.017 0.209 220.8 0.10 0.241
Results on islands were Stygnidae (7) and Zalmoxidae (3), whereas the

A total of 783 harvestmen representing 31 species, 22 genera and
9 families were collected across all sampling sites throughout the
BHR (Table 2). These ranged along the size spectrum from the
small-bodied Fissiphalliidae, Zalmoxidae and Stygnomatidae
(2.00 £ 2.50 mm) to the large-bodied Stygnidae species of Pro-
timesius (4.95 £+ 10.85 mm) (Fig. 2). The number of species co-
occurring within any given island or continuous forest site
ranged from 1 to 20 (mean £ SD = 6.25 & 4.14) species. The
families containing the largest numbers of species recorded were
Stygnidae (9), Sclerosomatidae (6), Manaosbiidae (4), and Cos-
metidae (4) (Table 2), whereas the most abundant families were
Stygnidae (209) and Manaosbiidae (202). Nine species were col-
lected exclusively on islands, 14 were exclusively collected at
mainland sites, and 9 in both islands and mainland sites
(Fig. 5; Table 2). The families with largest number of species

O O

05{R%;:0.22; P<0.05

o @.9 @

-0.54 OO

0 10 20 30 40 50
Forest cover (%)

Fig. 4. Relationships between the first NMDS axis representing the har-
vestmen species composition and forest cover within a 1000 m buffer.
Circles proportional to the log area.

Sclerosomatidae (6) and Stygnidae (5) were the most speciouse
families in the mainland. All Sclerosomatidae (194 individuals,
6 species) were exclusively restricted to mainland sites (Fig. 5).
The number of species per island was much lower than recorded
at mainland forest sites. Indeed, 55% of the surveyed islands
exhibited only one to five species, 45% harboured more than five
species, and three islands contained only 7, 8 and 10 species; in
contrast, continuous forest sites in the mainland retained
between 11 and 20 species.

Considering only islands, there was no significant species-area
relationship (SAR) on the basis of a semi-log model (Rﬁdj =0.000,
P = 0.471). Island distance to the nearest mainland area also
failed to explain harvestmen species richness (Ridj = 0.000,
P =0.835). Similar patterns were also observed for species com-
position, with neither island size (R§dj =0.001, P = 0.326) nor
island isolation (R? i = 0.000, P = 0.422) significantly affecting
the first NMDS axis. Island size and isolation also failed to affect
patterns of overall harvestmen abundance within sites (Area -
R = 0.000, P = 0.423; Isolation - R, = 0.000, P = 0.363).
The species composition of harvestmen (Fig. 3) differed between
islands and mainland continuous forest sites (PERMANOVA:
F=4.76,P=0.01). None of compositional metrics were affected
by distance (MRM r = 0.24, P = 0.180).

When all explanatory variables were also incorporated into the
models, GLMs showed that landscape-scale forest cover alone
was included in the best model explaining patterns of local spe-
cies composition (Table 3; Fig. 4). Considering species richness,
however, neither of the local habitat nor landscape variables
were significant predictors in the best model. In contrast, number
of trees, forest cover, island size, abundance of palm trees, and
the amount of fallen woody stems were all significant predictors
of harvestmen abundance (Table 3).

Discussion

As far as we are aware, this is the first study to examine harvest-
men responses to habitat insularisation induced by a large dam
within tropical forests. Islands harboured fewer species than
mainland continuous forest sites, and exhibited a simplified spe-
cies composition. Contrary to our expectations, island area and
isolation did not predict patterns of species richness, as predicted
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Abundance
I
|
|
I

[ | mm Stvgnus pectinipes
mm __[__ Stygnidae 2 sp1
Stygnidae 1sp2
Sclerosomatidae1 sp1
Stygnomma sp1
[ ] Stygnidae 4 sp1
- Sclerosomatidae 4 sp1
- Stygnidae 3 sp1
Sclerosomatidae 3 sp1
| | | Sclerosomatidae 2 sp1
mmmmmm lmm Sclerosomatidae 1 sp2
Cosmetidae 1 sp2
Cosmetidae 1 sp1
Fissiphallius sp2
Eucynortella sp1
— s B e B . ELCYP10MTENlE . dUIPUNCEata
Amazochroma carvalhoi
[ ] | Zalmoxidae 2 sp1

o mm Styanus sp
Zalmoxidae 1 sp1

 mmmm__ .. Manaosbia sp1

Stygnus armatus

Stygnidae 1 sp1

- Auranus xerxes
Imeri sp1
Fissiphallius sp1

- Protimesius longipalpis

Zalmoxidae 3 sp1
Fissiphallius martensi
Manaosbiidae1 sp1
Saramacia lucasae
Avima matintaperera
Auranus sp1

Fig. 5. Site records of 31 harvestman species sampled across 25 trapping sites distributed throughout the Balbina Hydroelectric Reservoir. Species occu-
pancies within island and mainland forest sites are represented by gray and green rectangles, respectively. [Color figure can be viewed at

wileyonlinelibrary.com]

by the equilibrium theory of island biogeography (MacArthur &
Wilson, 1967). Yet, a set of local, patch and landscape variables
was included in the best models predicting species composition
and abundance. Due to the detrimental impacts of hydroelectric
dams on forest biota, we provide additional evidence that these
infrastructure projects are far from the green energy sources they
are often considered to be (Gibson et al., 2017) and propose con-
servation actions to enhance the long-term persistence of har-
vestmen assemblages and other arthropods within reservoir
areas.

Main drivers of harvestmen assemblage structure

Contrary to our expectations, none of the local, patch and
landscape variables were included in the best models explaining
harvestmen species richness on islands. In the Balbina archipe-
lagic landscape, island size was a strong positive predictor of
species richness in other taxonomic groups — including birds
(Aurélio-Silva et al., 2016), small mammals (Palmeirim et al.,
2018) and large mammals (Benchimol & Peres, 2015a).
Although SAR is one of the few ironclad rules in ecology
(Matthews et al., 2016), we found that area failed in explaining

richness patterns for harvestmen assemblages, the absence of
this relationship has been documented before for this group in
Amazonian upland forest sites where microhabitat structure
and availability per unit area also explained patterns of harvest-
men species composition but not species richness in harvestmen
assemblages (Colmenares et al., 2016). The same pattern was
also found for other arthropods, such as macro-moth communi-
ties in temperate woodland countryside landscapes, although in
that case habitat amount, rather than patch size and isolation
were the main drivers of species richness (Merckx et al.,
2019), both however have not explained it for harvestmen either.
Harvestmen species richness may not be responding to any of the
most common predictor variable collectively but individually
some severe richness reduction occurred in this fragmented
island mosaic in Balbina lake; on the other hand, there are some
species apparently benefiting of the fragmentation effects pro-
moted by the dam.

Although SAR is one of the most known and well documented
patterns in ecology our results shown that considering SAR as
more important or only considering SAR may possibly mislead
or obfuscate the main conclusions of the impacts of forest frag-
mented areas. There were marked shifts in species composition,
and we detected a significant species turnover between islands
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and continuous forest sites, indicating pervasive changes of har-
vestmen species assemblages on islands after 20 years of isola-
tion. Because the continuous forest sites are clustered far from
the islands (Fig. 4), it is possible that some differences in species
composition were simply caused by the geographical separation
of these areas. Nonetheless, it is unlikely that such a strong dif-
ference in species composition as shown (Fig. 5) could be
entirely caused by distance decay. Both forest cover and fallen
woody stems were the main joint drivers structuring the compo-
sition of harvestmen species on islands. Given that the presence
of large canopy trees and palm tree architecture provide more
available habitat, these variables have been considered as a good
proxy of harvestmen diversity in studies at upland Amazonian
forests (Colmenares et al., 2016; Porto et al., 2016; Tourinho
etal., 2014).

Additionally, habitat quantity and quality have been equally
proposed as robust predictors of harvestmen species composi-
tion in a fragmented Atlantic forest landscape (Bragagnolo
et al., 2007), providing more evidence of the importance of
habitat quality in maintaining tropical harvestmen assem-
blages. Fallen woody stems are often considered as one of the
most likely microhabitats to contain harvestmen, especially
aggregations during diurnal periods (Pinto-da-Rocha et al.,
2007); yet; the associations between harvestmen assemblages
and this particular microhabitat have not been properly quanti-
fied in tropical forests. In fact, higher density of fallen woody
stems may increase habitats favoured by harvestmen, provid-
ing ideal microclimatic conditions of humidity and temperature
required for the development of some species (Mestre & Pinto-
da-Rocha, 2004; Curtis & Machado, 2007; Proud et al., 2012).
Notably, this was an important variable structuring both har-
vestmen species composition and abundance across the Bal-
bina islands. A positive association between harvestmen
assemblages and fallen logs has not always been detected in
undisturbed tropical forests, but this microhabitat type is often
associated with some specific harvestmen species in Amazo-
nian forests (Colmenares et al., 2016).

The amount of landscape-scale forest cover was another vari-
able retained in the best model influencing havestmen composi-
tion on Balbina islands. This variable was also included in the
best model affecting patterns of abundance. The role of total
amount of surrounding suitable habitat area is widely recognised
in determining local patterns of diversity (Andrén, 1994) and has
been considered as a good proxy of habitat loss (Fahrig, 2003;
2013). Indeed, several studies in the Atlantic forest has showed
the paramount importance of forest cover in predicting abun-
dance patterns of insects (Morante-Filho et al., 2016) and verte-
brates (Lira et al., 2012; Morante-Filho et al., 2015).

The amount of surrounding forest cover, number of palms and
number of trees, fallen woody stems and island size explained
harvestmen abundance patterns at the Balbina islands. Thus,
larger islands harbouring higher forest basal area, particularly
arborescent palms, are necessary to sustain larger populations
of harvestmen species on islands. In fact, tree microhabitats har-
boured the most diverse and abundant harvestmen assemblages
and was the only variable positively associated with harvestmen
abundances in a Central Amazonian forest site distant ~190 km
from Balbina (Colmenares et al., 2016).
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Overall harvestmen abundance declined in response to local,
patch and landscape-scale variables on surveyed islands. For
instance, number of trees was a strong predictor of harvestmen
abundance patterns. Arboreal trees are highly sensitive to forest
fragmentation, with many trees species becoming rapidly extir-
pated from small forest remnants (Silva & Tabarelli, 2000;
Laurance et al., 2006; Tabarelli, Peres & Melo, 2012). This
effect is potentially stronger on islands created by hydroelectric
dams, with a rapid decay in the floristic diversity detected on
small Balbina islands (Benchimol & Peres, 2015b). Fallen
woody stems on small Balbina islands — where tree habitat diver-
sity has been severely reduced — may therefore function as
important alternative microhabitats for harvestmen assemblages.
Therefore, most islands created by the Balbina dam are likely
unfavourable for the long-term persistence of viable harvestmen
populations, which may lead to local extinctions, creating a set of
species-poor islands. On the other hand, species associated with
fallen woody stems may benefit from tree mortality induced by
high rates of windfalls on small islands (Benchimol & Peres,
2015b), thereby becoming highly successful species in this
archipelago (two Manaosbiidae and two Stygnus-Stygnidae
species).

The depauperate tree species composition on most Balbina
islands has been detected in a previous study showing that the
rapid decay in tree diversity across the archipelago is promoted
by edge effects, including edge-related fires and wind-blown tree
falls (Benchimol & Peres, 2015b). Although the influence of
habitat quantity and structure over the abundance and spatial dis-
tribution of harvestmen has not been sufficiently explored, har-
vestmen have a close relationship with vegetation structure,
mostly trees and palms, and microclimate which create environ-
mental gradients affecting their species composition
(Colmenares et al., 2016). Islands containing higher densities
of mature trees and palms harbour distinct assemblages and pro-
vide the appropriate microclimatic conditions to retain harvest-
men species. Harvestmen and other arachnids, such as spiders,
are associated with tree bole surface area, particularly those pro-
viding the appropriate bark properties, which are important
niches for resting, foraging (Southwood, 1978; Pinzén &
Spence, 2010), and appropriate substrates for daytime camou-
flage and web attachment (Messas et al., 2014).

Species-specific responses to landscape insularisation

According to several other studies, the diversity of harvestmen
recorded on the islands was low (Pinto-da-Rocha & Bonaldo,
2006; Bonaldo et al., 2009; Tourinho et al., 2014; 2018; Colme-
nares et al., 2016; Porto et al., 2016). The small number of spe-
cies detected per island also reinforces diversity impoverishment
in forest fragments, as suggested for the Atlantic Forest
(Bragagnolo er al., 2007) and temperate forests (Cerneckd
et al., 2017; Mihél & Cerneckd, 2017). Indeed, more than half
of the sampled islands exhibited only one to five species,
whereas mainland sites retained 11-20 species, exhibiting a sim-
ilar pattern obtained in other Amazonian sites (; Bonaldo et al.,
2009; Tourinho et al., 2011; 2014; 2018; Porto et al., 2016).
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The intense sampling effort applied in this study — 20 islands
(four replicates each) — is also an indicative of islands impover-
ishment (160 h sampling). As an example, species richness
recovered in only six controls in mainland areas, with a much
inferior effort (48 h) rendered 22 species which may be consid-
ered comparable to other areas in the Amazon, and new additions
in numbers of sites sampled would certainly increase the number
of species sampled as well.

Interestingly, the number of exclusive species retained on
islands (9) was not as low as expected, but still lower than the
number of species exclusively recorded at mainland forest sites,
even if they had been allocated a lower sampling effort (13).
Although looking into these results, we note that exclusive spe-
cies sampled on islands are minute harvestmen species and/or
specimens, except one. They are members of Agoristenidae, tiny
Stygnidae genera, but mostly members of families of Zalmoxoi-
dea and Samooidea (Fig. 2) that inhabit leaf litter layers and other
cryptic environments in the Amazon forest, for which little col-
lecting effort had been invested in this study. Given that we sam-
pled few individuals occasionally, mostly singletons or
doubletons, the lack of records in mainland sites can also be an
artefact, so we would expect to enhance the records of these
specimens sifting leaf litter in mainland sites, as happened before
in other Amazonian sites (Bonaldo et al., 2009; Tourinho
etal., 2014).

Conversely, Cosmetidae and Sclerosomatidae species seem to
be highly responsive to forest alteration and fragmentation. We
did not record any of the six mainland Sclerosomatidae species
on islands, and from the four species of Cosmetidae, we sampled
just seven specimens of Eucynortella aff. duapunctata
(Goodnight & Goodnight, 1943) on only five islands (Fig. 2),
contrasting with 47 specimens sampled across all five mainland
sites. Those results are quite uncommon because E. aff. dua-
punctata followed by other species of the same genus and at least
one or two species of Gagrellinae (Sclerosomatidae) are the most
common, widespread and abundant species (Tourinho et al.,
2014, 2018; Porto et al., 2016). Additionally, Cosmetidae, Scler-
osomatidae are among the top most diverse and abundant spe-
cies/families in virtually all investigated sites in the Amazon
(Bonaldo et al., 2009; Tourinho et al., 2014, Porto et al., 2016;
Tourinho et al., 2018) and our results in mainland followed this
pattern as expected in undisturbed areas.

The majority of harvestmen species are highly endemic and
have poor disperser skills, tending to move a few dozen meters
during their lives (Mestre & Pinto-da-Rocha, 2004; Pinto-da-
Rocha et al., 2007). Exceptions are some Eupnoi species, such
as species of Sclerosomatidae, which exhibited higher vagility.
Species of harvestmen are generally predators, and most of the
species of Sclerosomatidae observed in the Amazon were predat-
ing on small insects (e.g. flies and beetles; Tourinho person.
comm.), being more susceptible to habitat and other environ-
mental structure and size than other trophic groups (Srivastava
et al., 2008; Villanueva-Bonilla et al., 2017). Possibly they pos-
sess a closer relationship with the structure and architecture of
some specific species of trees, palms and/or other plants in the
Amazon forests, and because of their physiology and strong
associations with plant microhabitat, it might be probably diffi-
cult for harvestmen species from forested environments in the

Amazon to succeed in colonising highly disturbed island areas
in Balbina lake.

Conclusions

Arthropods play vital roles in various ecosystem functions and
are widely considered as good indicators of overall biodiversity
and forest integrity (Maleque et al., 2006). Among the Ara-
chnida, harvestmen comprise the third most diverse order
(Shultz & Pinto-da-Rocha, 2007), exhibiting high sensitivity to
habitat reduction and edge effects (Bragagnolo et al., 2007).
Our study shows that forest loss significantly affected the species
composition of harvestmen assemblages across islands created
by a major hydroelectric dam, following 20 years of isolation.
Although total species richness did not respond to local, patch
and landscape variables, the assemblage structure of harvestmen
was severely affected by landscape-scale forest amount which
was probably affected by the rapid decay in tree diversity on
most small forest islands in this reservoir (Benchimol & Peres,
2015b). This result demonstrates that harvestmen species com-
position exhibits a turnover pattern among islands mostly driven
by landscape forest amount, therefore indicating that both
islands embedded within greater and lower amount of forest
cover are important to ensure high diversity of faunal groups.
Although we were unable to classify species as generalist and
specialist groups, it is expected that islands surrounded by large
amount of forest cover are harbouring more specialist groups
(see Morante-Filho et al., 2015). Thus, islands surrounded by
high amount of forest must be maintained to preserve sensitive
species. We also presume that the rapid decay in tree diversity
on most small forest islands in this reservoir (Benchimol &
Peres, 2015b), which in turn directly affects habitat quality, is
affecting harvestmen species composition. Given the pivotal
importance of microhabitat quality for harvestmen (Bragagnolo
etal., 2007), we expect that a reduction in environmental hetero-
geneity is directly impacting several harvestmen species.
Observed shifts in community structure can potentially lead to
an impoverished forest functioning and integrity, especially
because changes in tree diversity in insular forests at Balbina
are expected to be aggravated in the future (Benchimol & Peres,
2015b). We therefore provide additional evidence of the detri-
mental ecological consequences of dam impoundments on biodi-
versity, emphasising that dams are far from the often hailed
green sources of energy (Gibson et al., 2017). For existing dams,
we recommend that well-preserved and large forest islands, sur-
rounded by large amounts of forest cover, should be protected in
the long term. This can buffer the effects of natural forest distur-
bance and preclude rapid decay in tree communities, contribut-
ing therefore to maintain high diversity of several faunal
groups, including harvestmen and other arthropods.
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