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Abstract: The ongoing decline of insect populations highlight the need for long-term ecological
monitoring. As part of the “SLAM—Long Term Ecological Study of the Impacts of Climate Change
on the Natural Forests of Azores” project, we investigated changes in arthropod diversity and
community structure over a ten-year period (2012-2022) in the native forest of the island of Terceira
(Azores). Focused on two arthropod assemblages (indigenous and non-indigenous species) monitored
with SLAM traps, we asked if there was a distinguishable pattern in the diversity and structure of
the studied arthropod subsets in a pristine island native forest. Species richness remained relatively
constant. Endemic arthropods dominated and remained stable over time, indicating the forest’s
ecological stability. In contrast, the assemblage of native non-endemic arthropods underwent changes,
including increased hyperdominance and decreased biomass. The introduced arthropod assemblage
showed more erratic dynamics driven by species turnover. Results suggested that temporal variation
in each subset may be due to different ecological processes and that niche filtering may limit the
establishment and spread of introduced arthropods. This research contributes to our understanding
of the temporal dynamics of arthropods in native island forests and highlights the need for ongoing
conservation efforts to protect these fragile ecosystems.

Keywords: time series; long-term ecological monitoring; arthropod diversity; community structure

1. Introduction

Insect decline is currently well-recognized as a key challenge for both scientists and
managers [1-3]. There is mounting scientific evidence that suggests that this decline in
insect populations is caused by a combination of anthropogenic factors such as habitat loss,
pesticide use, invasive species, climate change, and other human activities. Particularly
relevant is the impact of exotic, potentially invasive species on islands where there is often
a high degree of species endemism [4-7]. Indeed, the spread of species outside their native
environment as a result of human activity is one of the major issues facing ecologists
around the world [5,8,9]. The introduction of such species can have a negative impact on
the existing indigenous species communities [10-12]. Among these alien species, some
can become established, eventually causing severe and permanent changes to the newly
occupied habitat [13,14].

Arthropods are the most diverse group of animals on Earth. They are also one of the
most impacted groups. Given their diversity, arthropods are also responsible for providing
the majority of ecosystem services to humankind [15-17]. Burns [18] developed a theoret-
ical framework that adapts MacArthur and Wilson's theory of island biogeography [19]
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to account for the distinctions between native and introduced species on islands. This
framework was successfully tested on the Azorean islands [20]. Hence, monitoring arthro-
pods on islands is crucial not only for detecting potential new invasive species but also
for assessing habitat quality, evaluating the effectiveness of conservation efforts, gauging
the impact of factors such as climate change and habitat loss, and assessing changes in
ecosystem services [5,21].

Arthropods are known to have complex natural dynamics [22], with most species
exhibiting irregular fluctuations. These temporal changes, resulting from the complex
relationship between the effects of biotic and abiotic conditions on communities, are called
“noise” [23]. While seasonal variation in community structure and composition is a complex
area of research, several studies worldwide have examined seasonal patterns in arthropod
taxa, with a predominant focus on arthropod conservation (see, e.g., [24-26]).

Long-term monitoring projects (LTER) are preferable for studying seasonal trends
since biodiversity monitoring requires more than one-off surveys [3,27-29]. They also
usually serve as useful tools for inferring the rate at which change occurs and for modeling
predictions [30,31]. However, such projects can be difficult to implement in terms of cost,
local political engagement, and human resources [32-34]. Moreover, standardizing the
methodology is a crucial factor to consider while establishing LTERs, as it enables us to
compare results across various habitats or regions, both locally and on a larger scale [21].

In the Azores, one of the most remote archipelagos [35], a long-term monitoring project
focusing on arthropods has been ongoing since 2012 “SLAM—Long Term Ecological Study
of the Impacts of Climate Change on the Natural Forests of Azores” [5,36-39]. Given
the worldwide reports of a decline in insect populations [1-3], the primary objective of
this project is to evaluate this phenomenon, investigate potential causes, and determine
its consequences.

The archipelago is indeed experiencing the effects of global change, such as climate
change [40], but also the spread of alien species [41], especially in the arthropod taxa.

In several studies, different aspects of indigenous and non-indigenous assemblages
have been explored, resulting in a better understanding of the differences in their dynamics
as well as some insights into the underlying process. A recent study by Borges and
colleagues in 2020 [5] revealed that the arthropod communities on the island of Terceira had
undergone a temporal change in composition. Although overall arthropod diversity did not
decrease during the six-year monitoring period in the core native forest, significant changes
were observed in the communities, largely driven by an increase in the beta diversity of
exotic species (see also [20]). Prior research also focused on seasonal arthropod dynamics
in the same forest [42]. Although it provided the first comprehensive analysis of the
sampled results, this first publication on the SLAM project only offered a broad overview
of the communities rather than conducting an extensive analysis of the differences between
communities and their potential causes. Finally, before the start of the LTER program with
which we are concerned, the team found that the richness of endemic species was mainly
determined by abiotic factors (temperature, precipitation, and location) and that introduced
species were more dependent on disturbance-related factors [43]. The study, however, did
not account for spatial and temporal changes, including seasonal variations over multiple
years, as it only focused on a single time period.

Therefore, the aim of the present study is to investigate differences in yearly trends
and seasonality in diversity and community structure between indigenous (endemic and
native non-endemic) and non-indigenous arthropods assemblages over a long time period
(2012-2022). In addition, we are investigating for the first time the variability of biomass
over time.

Based on a unique LTER dataset available for the island of Terceira for a ten-year
period (“SLAM—Long Term Ecological Study of the Impacts of Climate Change on the
Natural Forests of Azores”), consisting of arthropods collected seasonally in the core
native forests [36,38,39], we assess two questions: (i) are there any discernible patterns in
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the diversity and structure of arthropod assemblages in native forests and (ii) are there
differences between non-indigenous and indigenous subsets?

We predict that no trends will be observed in the native arthropod subsets due to the
remarkable conservation status of Terceira Island’s native core forest. We also predict that
the subsets of introduced arthropod species will show a more chaotic pattern as a result
of the harsh conditions within the forest (environmental filtering). Finally, we expect that
even if the overall species richness remained constant, the temporal variation differences
between each assemblage would be based on different processes, and in particular, we
expect a higher turnover in the introduced arthropod subset (see [5,20]).

2. Materials and Methods
2.1. Study Sites and Data Collection

The Azores are located in the North Atlantic, between 37°—40° latitude and 25°-32°
longitude. The archipelago consists of 9 islands distributed along a 600 km stretch between
Santa Maria (the easternmost island) and Flores (the westernmost).

The island of Terceira is the third largest of the Azores, with an area of 402 km?2, and
contains the largest area of pristine forest in the archipelago. These remnants of forest cover
only 5.8% of the island [44].

The study was carried out in the framework of the EU-NETBIOME-ISLANDBIODIV
project [45]. Since July 2012, ten plots (50 m x 50 m) have been established in the native
forest. Each plot contains a SLAM (Sea, Land, and Air Malaise) trap, which is used for
long-term monitoring. These traps are passive flight-intercept traps that can capture
arthropods from all directions, measuring 110 x 110 x 110 cm [36]. The use of this type
of trap is a suitable technique for long-term monitoring. However, previous studies have
concluded that they capture only the most mobile part of the invertebrate fauna (see, for
example, [5,20]). In addition, although SLAM traps are interception traps, they have also
captured several taxa of flightless arthropods. This extension of their usual sampling
range is a consequence of their installation. The positioning on the ground, the high
structural complexity of the native forest, and the mounting system (with ropes) allow
the usual ground-dwelling arthropods to be caught while using the trap to extend their
dispersal capabilities (Figure 1). Within the monitoring framework of this study, this issue
is considered a constant bias in the sampling. In fact, the SLAM traps were set in the same
consistent conditions over the entire sampling period considered, so we assumed that the
catch probability of the different taxa was also consistent over time. Each sample covers
one season of the year as collection bottles were collected and changed every three months
(March, June, September, and December).

The arthropods were first sorted into morphospecies by students working as para tax-
onomists, followed by identification to species level by one of the authors (P.A.V.B.). To re-
duce the time spent on this part, we focused our identification on target groups: Diplopoda
(Chordeumatida, Julida), Chilopoda (Geophilomorpha, Lithobiomorpha, Scolopendromor-
pha), Arachnida (Araneae, Opiliones, Pseudoscorpiones), and Insecta (Blattaria, Coleoptera,
Hemiptera, Microcoryphia, Neuroptera, Psocodea, Thysanoptera, Trichoptera, Hymenoptera
Formicidae). We then classified them according to their biogeographical origin: endemic
(restricted to the Azores), native non-endemic (species that arrived naturally and have a dis-
tribution wider than the archipelago), and introduced (species with an original distribution
that did not include the Azores before human settlement in the 15th century) based on the
last checklist of Azorean arthropods [46]. The first two categories will be grouped together
in the following as indigenous, while the latter will also be referred to as non-indigenous.
We considered total abundance by species (sum of adult and juvenile abundance), except
for the biomass trend where only adults were considered, as allometric equations only exist
for adults.
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Figure 1. A SLAM (Sea Land and Air Malaise) trap set at ground level in a patch of native forest. The
ropes used to maintain the structure can be easily used by flightless arthropods as extensions of tree
branches to navigate within the complex structure of the forest. Ground-dwelling arthropods can
also reach the sample bottle by climbing along the SLAM structure. Credit: Sébastien Lhoumeau.

Finally, for each species, we used previously collected adult body size data (see,
e.g., [47,48]).

All materials are kept at EDTP—Entomoteca Dalberto Teixeira Pombo, University of
the Azores, Angra do Heroismo, Portugal. See [36,38,39] for all data collected with this
sampling protocol and a more detailed sampling methodology (including maps).

2.2. Data Analysis

Statistical analyses were performed in the R programming environment [49] using the
packages openair [50], Kendall [51], sads [52], gambin [53], and BAT [54]. The calculation
of alpha diversity indices was performed in the JULIA programming environment [55],
based on the formulas in [56].

2.2.1. Data Selection

This study uses long-term arthropod data sampled between July 2012 (summer season)
and June 2022 (spring season) on the island of Terceira (Azores archipelago, Portugal).
All data are available in the following publications [36,38,39]. Prior to the analysis, we
needed to perform a data curation because not all of the available data corresponded to our
research questions. For technical reasons, some sampling events represented a larger time
frame than the originally designed 90 days. Therefore, all sampling events less than 70 days
or greater than 110 days were discarded from the study. Arthropod species abundances
were normalized to 90 days using the following Equation (1). This data set is referred to
hereafter as the raw data set.

Realabundancesampled

Normalisedabundance = Numberofdayssampled x

90 )

Finally, not all seasons had the same number of sampling events, i.e., not all of the ten
sites were available for each season, with a minimum of three sites being sampled in autumn
2020. For a more balanced sampling design, we randomly selected three sites for each of
the 35 seasons. For each season, we averaged the normalized abundances by repeating
this process 1000 times. We then split the data set according to species” colonization status
origin. This data set is referred to hereafter as randomized data set.
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2.2.2. Alpha and Beta Diversity

We used this dataset to calculate time series of a-diversity according to the Hill series
(HO, H1, and H2) [56] and pairwise partition (3-diversity according to the partitioning of 3 cc
(dissimilarity in terms of the Serensen index) into two additive fractions, 3-3 (dissimilarity
due to species replacement) plus f3 rich (dissimilarity due to richness differences) [54,57]
between successive years and between successive seasons within years. In the case of the
between-year analysis, we removed the two extreme years of the time interval (i.e., 2012
and 2022) because not all seasons were sampled. Therefore, we only considered years for
which at least three seasons were available.

Analysis of the trend in o diversity was performed with Theil-Sen slope estimates and
uncertainties corrected for seasonal data and autocorrelation. We used the TheilSen function
in the openair R package. The p-value and all uncertainties are calculated automatically
from bootstrap simulations.

We calculated the absolute deviation from the mean of a given Hill number within
a given arthropod subset in order to examine the temporal change in the seasonality of
the Hill series. Therefore, for a given value, we calculated the absolute deviation from the
mean using Formula (2). The statistical significance of the trends was computed using
Mann-Kendall tests. This is a test for a monotonic trend in a time series z(t) that is based
on the Kendall rank correlation of z(t) and t. We use the function cor.test from the stats
package in R [49].

Deviation = |Meanvalue — Observedvalue| ()

Differences in 3 diversity between all eight years were tested using the Kruskall-Wallis
test and between consecutive seasons using the Wilcoxon rank sum test. We also tested
the seasonal differences within assemblages using Wilcoxon ran sum test. These tests were
performed for the total 3-diversity and within the two parts of its decomposition. p-values
were adjusted using the Bonferonni method.

2.2.3. GamBin Time Series

We considered the normalized data set between 2013 and 2021, grouped by year.
Using fit_abundances from the gambin R package, we then fitted a GamBin model for
each of the subsets (endemic, native non-endemic, and introduced) and for the whole
community. [53,58].

The GamBin model is a statistical approach aimed at characterizing the geometry of
the species abundance distribution curve. The justification for its use lies in its simplicity
of parameterization, requiring only a single alpha parameter to describe the curvature of
the distribution.

The significance of the trend in the time series was tested using Mann—Kendall tests.
We used the Mann-Kendall function from the Kendall R package. The differences within
all subsets were tested using a Kruskall-Wallis rank sum test, and comparisons between
subsets were performed using a Wilcoxon rank sum exact test.

2.2.4. Rare Species Accumulation and Hyper-Dominance

We used the raw data set to focus on species that are rarely found and those that are
among the most dominant in the samples between 2012 and 2022.

We classified species as ‘rare” if their total abundance was equal to or less than 40
individuals over the 10 years (i.e., the species was sampled at most once per season). We
computed the accumulation curves of such rare species over the ten years regarding their
colonization status.

Following similar studies focused on hyper-dominance analysis [59,60], we then
ranked the total abundance of species per year and classified them as ‘hyper-dominant’,
those species that accounted for at least 50% of the total abundance. For each of the hyper-
dominant species, we used the randomized data set and compiled their annual abundance,
and tested the trend of the time series using Mann-Kendall tests.
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2.2.5. Biomass

Adult biomass data were processed according to the allometric regression of weight
on body length for each species (see Equation (3) taken from [61]). The raw data set for
adult species was used for this analysis.

Weight = a x BodyLenght" (©)]

Estimates of parameters a and b were taken from [61] and varied according to the
lowest taxonomic information for which data were available. If no data were available for
a given taxon, the general estimation developed in [62] was used.

We then cumulated the total weight of a given subset (i.e., endemic, native non-
endemic, and introduced) according to the number of individuals to obtain a seasonal time
series of biomass between 2012 and 2022. In a similar way to the analysis of the x-diversity,
the slopes, and uncertainties were derived according to Theil-Sen with a correction for the
seasonality in the data.

3. Results

We sampled arthropods in the core native forest of Terceira Island from July 2012 to
June 2022 for a total of 38 sampled seasons. Even though we set ten SLAM traps, we did
not manage to collect them every season. On average, we collected 7.89 sites every season,
with a maximum of ten and a minimum of three in autumn 2020. The median number of
days per sampling period per site is 91 days.

Overall, 52,655 specimens from 187 morphospecies were sampled, representing 19
orders and 77 families. A total of 30 889 specimens (59%) of 35 (19%) morphospecies were
endemic. A total of 19 843 (38%) of 57 (30%) morphospecies were native non-endemic, and
a total of 1598 (3%) of 66 (35%) morphospecies were introduced. Moreover, 325 specimens
(0.6%) of 29 (15%) morphospecies could not be assigned to any group and were excluded
from the analysis.

3.1. Temporal Trend in Alpha and Beta Diversity
3.1.1. Alpha Diversity

All alpha diversity indices had seasonal variations between July 2012 and June 2022.

Species richness (H0) was higher within the indigenous arthropod assemblage than
for non-indigenous. In particular, endemic arthropod species richness is followed by native
non-endemic and introduced arthropods. Considering the global community, we observed
a peak of richness in the summer season, while the lowest species richness was sampled in
winter (Figure 2A). This temporal pattern was similar for all subsets, and no statistically
significant temporal trends were found (Figure 2B-D).

The exponential Shannon index (H1) showed a slightly significant decrease (Figure 2A)
with an estimated negative slope of —1.18 [—1.8; —0.12] species per year (p-value < 0.05).
As this index is given as the effective number of rare species within an assemblage, we then
found a decrease in rare species when all arthropod species were pooled. However, when
the global community was divided according to the biogeographical origin, no statistically
significant trend was found (Figure 2B-D). Interestingly, a different temporal pattern was
observed in the indigenous arthropod subsets between endemic and non-endemic subsets.
In particular, peaks of this index occur in two different seasons, with an earlier summer peak
in the native non-endemic assemblage (Figure 2C), followed by a later peak in the endemic
assemblage (Figure 2B). Therefore, the number of rare non-endemic species was higher
in summer, while autumn had more rare endemic species. Finally, the non-indigenous
assemblage had a peak of H1 in the autumn, which means that it was mainly during this
season that rare introduced species were sampled.
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Figure 2. Time series of alpha diversity (Hill numbers HO, H1, and H2) for the total community
(A), the endemic arthropod subset (B), the native non-endemic arthropod subset (C), and the non-
indigenous arthropod subset (D). Slope estimation (plain line) is displayed with a 95% confidence

interval and statistical significance (p < 0.05 = *). The confidence interval boundaries are shown as

dashed lines.

The inverse Simpson index (H2) displayed the same global trend as H1, with an overall
decrease of —0.86 [—1.21; —0.17] species per year (p-value > 0.05). The construction of this
index reflects the effective number of abundant species. Therefore, an overall decrease
in this index could indicate either a decrease in the abundance of all species over time or
an increase in the abundance of some species while others decrease in abundance (i.e., an
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increase in hyperdominance over time). However, this temporal trend was only observed
when considering the entire arthropod community. When separated by colonization status
origin, no statistically significant temporal trend was found.

Therefore, the alpha diversity of arthropod assemblages in native forests varied sea-
sonally. No change in species richness was observed over the ten years of sampling, and a
slow, statistically significant decrease in total abundance was observed. Seasonal variation
appeared to occur at two different times for endemic and native non-endemic species.
Non-indigenous arthropod assemblage might show an increase in the seasonal variance of
the richness and abundance (Figure 2D), but we did not test this hypothesis.

Regarding the time series of the absolute deviation from the mean of Hill numbers
(Figure 3), we found that only the non-indigenous subset showed a consistent and statisti-
cally significant increasing trend for H1 (Kendall’s rank correlation, n = 38, T = 0.35, p-value
=0.0015) and H2 (Kendall’s rank correlation, n = 38, T = 0.36, p-value = 0.0013). No other
temporal trends were found to be statistically significant.

OH

Deviation from average value
4
1
H

¢H

T T T T T
2014 2016 2018 2020 2022

’Communily: =~ Endemic Native non-endemic =e= Introduced

Figure 3. Time series of the absolute deviation from mean values of alpha diversity (Hill numbers HO,
H1, and H2) for the endemic arthropod subset, the native non-endemic arthropod subset, and the
non-indigenous arthropod subset. The solid lines represent a significant temporal trend for a subset.
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3.1.2. Beta Diversity

The temporal beta diversity shows a similar pattern between 2012 and 2021 (Figure 4).
The global community had a low beta diversity, with a maximum value of 0.33 recorded
when comparing 2017 and 2018. The global mean beta diversity was found to be equal to
0.28, which is an indication of a relatively stable global community species composition.

2014/2015  2015/2016  2016/2017  2017/2018  2018/2019  2019/2020  2020/2021

Janowin| [e101 Alsianip Blag

ssauyoIY

Biogeographic origin: . Gilobal . Endemic Native non-endemic . Introduced

Figure 4. Temporal beta diversity between successive years (total value and its decomposition
between turnover contribution and richness contribution) according to the Sorensen index. Statistical
tests for significance (Wilcoxon pairwise tests) are available in Supplementary Material Table S1.

When the global community was split by colonization status origin, we found a
statistically highly significant greater beta diversity for the non-indigenous assemblage
compared to the indigenous subsets (statistics in Supplementary Material Table S1). Within
the indigenous assemblages, the endemic subset showed lower beta diversity compared
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to the native non-endemic subset (Wilcoxon rank sum test, U =7, d.f. =7, adj. p-value =
0.042). In both of these assemblages, beta diversity values were low, which means that
these assemblages are stable in terms of species composition between years.

Considering the decomposition of beta diversity, we found that most of the beta diversity
was related to species turnover, except for the comparison between 2014/2015 and 2017/2018,
where the richness difference component was higher. Comparisons between subsets and beta
decomposition showed no statistically significant difference in richness decomposition and a
statistically significantly higher proportion of species turnover for non-indigenous arthropod
assemblage. Within indigenous assemblages, we found no difference in species turnover
(Wilcoxon rank sum test, U = 18, d.f. =7, adj. p-value = 0.966).

Considering the temporal beta diversity between the following seasons (Figure 5), we
found an overall value greater than 0.58 with a mean of 0.65. Within the global community,
the differences in species richness were found to be higher comparing the following seasons,
except for the comparison between summer and autumn. For all the subsets, these values
are higher than the values of the comparisons between years, which showed that they had
more intra-annual (seasonal) diversity variations than inter-annual diversity variations.

Within the endemic arthropod subset, temporal beta diversity between seasons was
low (average value of 0.54) and, in particular, significantly lower between spring and
summer (0.45) compared to other subsets and between autumn and winter (0.44) compared
to the non-indigenous subset. This assemblage had two peaks in beta diversity (between
winter and spring and between summer and autumn), and these peaks were associated
with a similar increase in the richness component of the decomposition. The turnover
component did not show this seasonal variation. We also noticed that the variances of the
values (which can be approximated by the size of the box plots) are rather low, which is
an argument for the stability of the variations of the beta diversity within this assemblage
during the study.

In the decomposition of the value, the turnover part was found to have an average of
0.42, and the richness part had an average of 0.12. Species turnover was only significantly
lower than the non-indigenous subset between summer and autumn. All the other com-
parisons were non-statistically significant. Similarly, between summer and autumn, the
richness component was significantly different from the non-endemic subset.

On the other hand, the native non-endemic subset showed no such pattern in beta
diversity between seasons. Considering the overall value, the average was 0.63 and
was fairly constant throughout the pair of seasons compared. Only a barely significant
difference was observed in the richness decomposition comparing winter/spring and
summer/autumn seasons, with lower values between summer and autumn.

With the exception of the autumn/winter comparison, the turnover component of
the decomposition was higher, with an average of 0.39 compared to an average of 0.24
for the richness component. Compared to the non-indigenous arthropod assemblage, no
differences were found statistically significant, meaning that these two subsets had rather
similar temporal variations of beta diversity (and its decomposition).

Finally, similar to the comparisons between years, the non-indigenous arthropod
subset showed a higher beta diversity with a mean value of 0.79, split between a mean of
0.38 for the turnover component and a mean of 0.41 for the richness component. Only the
richness component seemed to have a temporal pattern of variation between seasons, with
two peaks between spring and summer and between autumn and winter. This pattern was
also less pronounced in the total value.
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Figure 5. Temporal beta diversity between successive seasons (total value and its decomposition
between turnover contribution and richness contribution) according to the Sorensen index. Statistical
tests for significance (Wilcoxon pairwise tests) are available in Supplementary Material Table S1.

3.2. GamBin Alpha Time Series

We calculated the GamBin alpha value by combining all seasons of a given year
(Figure 6). No assemblages showed a temporal trend between 2013 and 2021, as Mann—
Kendall trend tests were not found to be statistically significant (summary of statistics in
Supplementary Materials Table 52). We found an overall mean alpha value of 1.25.

However, alpha GamBin values were statistically different between subsets (Kruskall-
Wallis, n =27, K = 8.62, d.f. = 2, p-value = 0.01). When all arthropods were pooled together,
the community had a more log-series shape than when we separated them according to
their colonization status origin.
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Figure 6. Time series of Alpha GamBin value for each subset and the overall arthropod community.

The introduced arthropod subset showed the highest value, with an average of 4.28.
This was statistically significantly different from the native non-endemic subset (mean
alpha GamBin of 1.48, Wilcoxon rank sum exact test, U = 63, p-value = 0.05) but not from
the endemic subset (mean of 2.53, Wilcoxon rank sum exact test, U = 52, p-value = 0.34).
The difference between the native non-endemic subset and the endemic assemblage was
also statistically significant (Wilcoxon rank sum exact test, U = 72, p-value = 0.004), showing
that within the indigenous assemblages, the endemic subset had a more log-normal shape.

We observed that the introduced subset had a higher alpha value between 2013 and
2017 than between 2017 and 2021, which means that this assemblage had a more log-normal
shape during the first years of the monitoring program. However, this observation needs
to be related to the species richness of the assemblage. Figure 2D shows that during the
first period (2012-2017), the species richness was low, and these subsets tended to have a
higher alpha GamBin value as a result of the fitting process. After this period, we observed
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a gradual (but not statistically significant) increase in species richness and abundance. This
fact could have caused the fitting process of the GamBin model to show a lower alpha
value, describing a log-series distribution of species richness.

3.3. Rare and Hyper-Dominant Species

The accumulation of rare species showed an overall increase over time (Figure 7).
This increase is mainly due to the increase in both introduced and native non-endemic
rare species, as the accumulation of endemic, rare species showed a plateau after the first
two years of sampling. We reached a total of 137 rare species in 2022 (73% of the sampled
species), of which 15 were endemic, 38 native non-endemic, and 59 were introduced. The
lines show that the graph can be divided into two parts: the increase in the first two years
was due to the start of the monitoring and, therefore, the accumulation of species that are
naturally rare in the native forest. After this period, the increase could be attributed to the
arrival of new species, especially in the non-indigenous assemblage.

T
2012

T T T T T T T T T T
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Biogeographic origin: — Giobal — Endemic Native non-endemic — Introduced

Figure 7. Accumulation of rare species with time within the different subsets and the overall
arthropod community.
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In terms of hyper-dominant species, we found ten species that met our selection
criterion (Figure 8). The majority of these were endemic (six species). We also recorded
three native non-endemic species and one introduced species. The true endemic bug Cixius
azoterceirae Remane and Asche, 1979 and the native non-endemic harvestman Leiobunum
blackwalli Maede, 1861 were particularly abundant and can be considered the dominant
indigenous species in the native forest based on SLAM traps sampling effectiveness. The
non-indigenous centipede Ommatoilus moreleti (Lucas, 1860) only met our hyper-dominance
selection criterion in the last year of sampling due to a large and sudden increase in
abundance. Prior to this, however, its abundance within the non-indigenous assemblage
was rather low.
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Figure 8. Time series of the hyper-dominant species. The solid line represents a significant temporal

trend for a species.

The temporal trend was only slightly statistically significant for the native non-endemic
true bug Cypthopterum adscendens (Herrich-Schiffer, 1835) (Mann—Kendall trend test,
T = 0.56, p-value = 0.047) (Figure 8).
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3.4. Temporal Extent of Introduced Species Sampled

To better understand the temporal dynamics of the non-indigenous arthropod as-
semblage, we compiled the detection period for all introduced species recorded during
the monitoring program (Figure 9). We observed that three orders (Coleoptera n = 28,
Araneae n = 12, and Hemiptera n = 9) dominate the non-indigenous arthropod subset

within our dataset.
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Figure 9. Temporal detection range of non-indigenous species sampled between July 2012 and

June 2022.

The graph is relevant for the visualization of the turnover of the non-indigenous
species. We observed that this phenomenon is more important within Coleoptera, where
numerous species (n = 15) are detected only once in ten years of sampling. On the other
hand, Araneae had a lower turnover. Only three of the 12 species were recorded only once.
The four continuously recorded species could be considered as truly established in the
native forest. We found two Araneae (Ero furcata (Villers, 1789) and Dysdera crocata C. L.
Koch, 1838), one Julida (Ommatoiulus moreleti (Lucas, 1860)) and one Psocodea (Ectopscocus
briggsi McLachlan, 1899). Finally, it could also provide information on species that need
special attention, as some of them showed an increase in frequency when they were
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detected. (See, for example, Cercyon haemorrhoidalis (Fabricius, 1775) or Acizzia uncatoides
(Ferris and Klyver, 1932)). These species might be in the process of becoming established.

3.5. Biomass Time Series

When all the subsets were considered together, we did not find any statistically
significant temporal trend within the cumulative biomass (Figure 10). However, they did
show significant seasonal variations that were related to the seasonal differences in species
richness and abundance (Figure 2). The peaks of high cumulative biomass were recorded
in summer. The lowest cumulative biomass occurred in winter.
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Figure 10. Time series of cumulated biomass within the global arthropod community (A), endemic
arthropod subset (B), native non-endemic subset (C), and introduced arthropod subset (D). Slope estima-
tion (plain line) is displayed with 95% confidence interval and statistical significance (p < 0.05 = **). The
confidence interval boundaries are shown as dashed lines.

It is interesting to note that despite the turnover of species observed in the non-
indigenous subset (Figures 4, 5 and 9), the temporal trend of the cumulative biomass was
still not statistically significant. In addition, the abundance of introduced species (Figure 2D,
H1, and H2) did not show any trend over time. Thus, in terms of body size, the species
involved in this turnover phenomenon were rather similar. Similar to what we observed
for species richness and abundance in Figure 2D, we observed an increase in the temporal
variance of cumulative biomass. However, we did not verify this hypothesis.

Within the indigenous assemblage, we detected different trajectories between the
endemic arthropods and the native, non-endemic arthropods. The endemic subset did
not show a statistically significant temporal trend in cumulative biomass. Conversely, the
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native non-endemic subset showed a significant decrease from 2013 to 2022, despite regular
seasonal peaks. Furthermore, at the end of the study period, this decreasing trend did
not seem to reach a plateau, which means that it might still be occurring. With regard to
our other results, this trend may have been due to substitution between large species and
smaller species (see the annual species turnover in the subset in Figure 4, the increase in
rare species in Figure 7, and the increase in dominance by C. adscencens in Figure 8).

4. Discussion

Using standardised methodological protocols, we investigated patterns of temporal
variation in arthropod diversity and community structure in a pristine forest on the island
of Terceira. Our results showed different temporal trajectories over the 10 years of sam-
pling for the three assemblages considered (endemic, native non-endemic, and introduced
arthropods).

Therefore, the first hypothesis was partially confirmed as we found that endemic
arthropods dominated the overall assemblage and were stable over time, but native non-
endemic arthropods showed a change in community structure. There was an increase in
hyperdominant species and a decrease in the biomass of this assemblage.

In addition, as we expected, the introduced arthropod assemblage remained marginal
and showed more chaotic temporal dynamics, mainly driven by species turnover.

Finally, our assumption about species richness was also validated by the results.
Overall, species richness remained relatively constant over time, as indicated by the lack
of significant trends in cumulative species richness and no changes in the deviation from
the mean value for each subset. Findings suggest that the temporal variation differences
between each assemblage may be based on different ecological processes, such as seasonal
variations, turnover of species, and changes in dominance by certain species.

4.1. Dynamics of Endemic Arthropods Reflect the Stability of Terceira’s Pristine Forest over Times

Based on the results, there is evidence to suggest that the dynamics of endemic
arthropods in Terceira’s native forest may reflect the stability of the forest over time. The
finding that the arthropod assemblage was dominated by endemic species, and no net
decline in this assemblage over time, indicated that the forest ecosystem was relatively
stable and able to support these species. This result is consistent with several other studies
carried out in recent years [5,63-67].

This is a very positive signal for the conservation status of this habitat. Similar to
other long-term works, our study found no net decline within this assemblage [68,69].
The stability of endemic arthropods over time, as indicated by their consistent cumulative
biomass and abundance, emphasizes their ecological importance in native forests.

Endemic arthropods play a crucial role in native ecosystems as they have co-evolved
with their environment and are adapted to specific ecological niches [70-72]. In particular,
variations in species richness and abundance of individuals are known to be closely linked
to climatic variations, especially seasonal temperature changes [24,25,42,43,73].

It is likely that environmental stability is one of the factors contributing to the stability
of endemic arthropod populations over time in Terceira’s native forest. Endemic species
have evolved over time to adapt to specific environmental conditions and may be better
able to cope with natural fluctuations in the environment. If the environment remains
relatively stable over time, it is possible that these species may be able to maintain their
populations and ecological functions.

However, it is important to note that stability can also be influenced by a number
of other factors, such as interspecific interactions [74,75], disturbances [76,77], and hu-
man activities [78]. In addition, ecological stability remains a complex concept due to its
multidimensional aspect [79,80].

Finally, even if the trend within the endemic subset has not shown a direction, we can
still argue that intensive conservation efforts need to continue. Terceira’s pristine forests are
small and critical patches, as even minor disturbances are likely to have irreversible effects
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on the services provided by this ecosystem. Moreover, climatic changes are predicted to
have a future impact on Azorean native forests, with higher impacts in low dispersive
species [73,81]. Those climatic changes may imply a change in the design of protected areas
that include the current pristine forest [82].

4.2. Native Non-Endemic Arthropod Assemblage Change Due to Habitat Specialisation

The observed decrease in the cumulative biomass of native non-endemic arthropods,
as well as a potential increase in the hyperdominance of some species, combined with an
increase in rare species over time, highlighted changes in the community structure during
the sampling period. This decrease suggests that some species may be facing population
declines (see also our previous work [5]). This is unlikely to be related to changes in the
environment, as the endemic subset did not show this trend. Despite this, some may argue
that habitat disturbances could impact native non-endemic species more severely than
endemic species. This is because the degree of habitat specialization for non-endemic
species is likely to be lower than that of endemic species due to their evolution on the
island, making them less adaptable to changes in their habitat [83,84].

This potential higher specialization in particular conditions (particularly tempera-
ture and humidity) can explain the observed asynchrony between the two indigenous
arthropod subsets. Native non-endemic arthropods showed later peaks than endemic
arthropods, suggesting they needed precise ecological context for their development. This
time-lagged response to biotic and abiotic natural variability may make them more vul-
nerable to community changes in the context of accelerating variability as a consequence
of global change [44,85,86]. One of the effects of climate change at the community level
is indeed a change in the biomass quantity [10]. On the other hand, if continuous over
time, asynchrony in species richness has also been shown to promote overall ecosystem
stability ([87] but see [88]). However, it is also likely that the observed asynchrony within
the indigenous assemblages is the result of other factors, such as inter-specific interac-
tions. In an undisturbed ecosystem, the persistence and resilience of a community are
often linked to species richness and community structure [89-91]. This global pattern is
a consequence of the network of direct and indirect interactions between species and the
functional redundancy that may exist in a species-rich community [92,93].

It is plausible to argue that the native habitats may have undergone changes during
the 10-year sampling period. Despite being under significant protection, Azorean native
forest areas are not immune to the effects of external factors such as the introduction and
spread of particular species, climate change, or other disturbances that could affect the
diversity and structure of the assemblage. These changes can influence how species interact
with each other and with their environment [11,94,95]. One of the consequences may be the
increase in hyper-dominance we observed. Through cascading changes within the network
of interactions, this increase in richness reduces the resources available to other species that
influence the local and global community in terms of richness, leading to an increase in
rare species.

Finally, the assessment of the colonization status of each species based on expert
knowledge is not free of errors. Indeed, a recent study conducted in the Canary Islands,
based on DNA analysis, has shown that some species previously classified as indigenous
to the region belong to the non-indigenous subset [96].

Disentangling species’ biogeographic and colonization status origins are complex, and
phylogeography is a relatively new discipline [97,98]. However, with the rapid develop-
ment of genetic analysis and shared and public databases, we are now able to address this
challenge using a standardized protocol [99,100]. We used expert knowledge and assess-
ment to categorize species in our study rather than genomic information. Recognizing this
potential vulnerability, we are now aware of the need to confirm these classifications using
molecular analysis.
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4.3. Niche Filtering Prevent Non-Indigenous Arthropods to Establish

The lack of significant temporal trends in the cumulative biomass richness and abun-
dance of introduced species, as well as the high species turnover, suggest a potential
resistance to colonization and establishment by non-indigenous arthropods within the
Terceira’s native forest. However, the observation of an increase in the absolute deviation
around the mean abundance argues for an increase in the pressure of this assemblage.

This finding could be discussed in the framework of niche filtering [101], which may
act as a barrier to the establishment of non-indigenous species in native forests. The
potential mechanisms underlying this resistance and limiting their ability to establish and
spread are numerous [102]. They include the lack of suitable habitat due to differences in
climatic conditions, the negative interactions with the indigenous such as competition for
resources such as food, water, and shelter or predation and parasitism, as well as the lack of
mutualistic relationships. Finally, it can also be a consequence of the human management
of the area. Management activities, such as the removal of introduced species or active
restoration of native habitats in the surroundings, may limit the establishment and spread
of introduced species.

It is often assumed that species-rich communities are less likely to be invaded than
less rich communities, as proposed by the so-called biotic resistance hypothesis [43,103,104].
It is also known that species distributions are influenced by gradients in climatic con-
ditions [105,106]. Therefore, it can be argued that due to the unique and harsh abiotic
conditions of these pristine forests [42,107], it is likely that introduced arthropods may have
difficulty establishing due to a lack of adaptation. Introduced species may not possess
the traits necessary to perform well in this environment [108]. Such differential sensitivity
to invasion as a consequence of biotic and abiotic conditions has already been found in
some habitats, such as subterranean ecosystems [109]. In addition, when studying ant
communities on islands, Latombe and colleagues found that Atlantic islands have harsher
conditions to which native ants are likely well adapted, limiting the establishment of
exotic ants [110].

Poorly explored considering multi-taxa arthropod meta-community, this niche filtering
is the most likely explanation of the observed turnover. We observed that there were
differences between warm seasons (summer and autumn) and cold seasons (winter and
spring), with warm seasons having a more diverse and abundant introduced arthropod
assemblage. This result is also supported by the greater value of the richness differences
component of beta diversity between spring and summer and autumn and winter. These
findings are consistent with our hypothesis that niche filtering may limit the establishment
and spread of exotic species. Indeed, warm seasons are both the richest and the most
suitable seasons (in terms of abiotic conditions) for arthropods, whereas cold seasons are
the opposite for both parts of the ecosystem [42].

However, the question remains whether it is the biotic interactions or the abiotic
conditions (or a combination of both) that are the most important factor allowing the native
Azorean forests to resist the invasion of introduced arthropod species.

The results of our study also suggest that there is a source-sink dynamic of exotic
arthropod species on Terceira. Native forests may act as a sink, while the surrounding
environment (mainly pastures or exotic forests) may act as a source of such species. Indeed,
the richness of introduced arthropod species has been shown to depend on disturbance [43].
This constant pressure from the surrounding matrix was clearly evident during the sam-
pling period, as we observed an increase in rare introduced species and an increase in
the absolute deviation from a constant mean for the abundance of introduced species.
Looking at the species level of the introduced assemblage, we observed different patterns of
detection across the time series. These patterns ranged from regular detection throughout
the period to single detection events. Gaps in the time series should be treated with caution
and as periods of non-detection. Four hypotheses can explain this lack of detection: (i) the
SLAM traps are not fully adapted to catch the species, (ii) the species was not sufficiently
abundant in the native forest to be successfully caught by the trap, (iii) the species is absent
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from the plot area, but not from the native forest, or (iv) the species was actually absent
during this period, with the records being the consequence of (multiple) introductions and
disappearance events in the native forest. Interestingly, spiders tended to show a more
regular pattern of detection, maybe as a consequence of a greater dispersal ability with
behaviors such as ballooning [111,112].

5. Conclusions

We investigated a ten-year temporal variation of arthropod diversity and community
structure in a native forest on the island of Terceira. The results showed different tem-
poral trajectories. Endemic arthropods dominated the total assemblage and were stable
over time, which may be related to environmental stability and their co-evolution with
the environment. Native non-endemic arthropods showed a change in community struc-
ture, probably in response to greater sensitivity to small changes in habitat. Introduced
arthropods remained marginal and showed more chaotic temporal dynamics, but need
to be considered carefully as the pressure of this assemblage on Terceira’s native forest
increases over time, even though this particular habitat is likely to be resistant for now to
arthropod introductions. Nevertheless, the presence of bias in accurately identifying the
native non-endemic status of species could suggest that certain exotic species, currently
classified as native non-endemic, have already become firmly established.

Further research development would be to investigate the use of advanced compu-
tational methods in combination with mechanistic approaches to population dynamics
modeling. This could potentially lead to more accurate and robust models that can better
predict and manage population change, particularly in the context of complex and dy-
namic ecological systems. In addition, the incorporation of new data into these models can
improve their reliability and validity and help inform policy decisions related to wildlife
conservation and management.
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