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Spatiotemporal dynamics of insect diversity in tropical seasonal forests
is linked to season and elevation, a case from northern Thailand

Adrian R. Plant'”*, Dan J. Bickel?, Paul Chatelain®, Martin Hauser?, Maxime Le Cesne?, Chayanit Surin’,
Raewat Saokhod®, Sunanta Nama®>¢, Adeline Soulier-Perkins®, Christophe Daugeron® & Wichai Srisuka®

Abstract. Seasonal forests with alternating wet and dry seasons are geographically predominant in the tropics
but little is known of the spatiotemporal dynamics of the megadiverse insect communities inhabiting them. We
studied variation in diversity and abundance parameters of two taxonomically and functionally distinct insect
orders, Diptera and Auchenorrhyncha throughout 12 months across a 2,100 m elevation gradient in seasonal forests
in northern Thailand. The interactions of space (elevation) and time (successive months of the year) on species
richness, abundance, evenness and local community turnover were interpreted on spatiotemporal grids. We found
that: (1) The spatiotemporal dynamics of diversity parameters are taxon-dependent. (2) Diversity of Diptera and
Auchenorrhyncha broadly correlates with monsoon rains despite taxonomic and functional dissimilarity. (3) Peak
diversity and abundance of Diptera and Auchenorrhyncha occurred at different elevations and for different durations
during the wet season but with bimodal peaks coinciding with early- and late-monsoon periods. (4) Species-rich
early-monsoon assemblages had greater evenness than relatively depauperate late-monsoon assemblages. (5) Higher
elevation assemblages have greater temporal stability suggesting that they are less seasonally constrained than low-
elevation assemblages; they had proportionally more species with longer activity periods. Our results emphasise
that seasonality is an under-recognised variable in insect diversity studies and since diversity and its structure
are closely linked to climatic seasonality in globally extensive tropical seasonal forests, any assessment of global
biodiversity by extrapolation from local and regional measurements requires that seasonal patterns be recognised.
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INTRODUCTION

Mega-diverse insect assemblages contribute greatly to the
outstandingly rich biodiversity of tropical forests. Knowledge
of the spatial and temporal patterns of insect diversity and
assemblage composition is fundamental to understanding
the ecological processes operating in tropical forests.
Furthermore, since assessment of biodiversity at a global scale
inevitably involves extrapolation from smaller spatiotemporal
sampling units (Colwell & Coddington, 1994) description of
spatiotemporal distributions of taxa and functional groups is
an essential first step in the quantitative evaluation of global
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diversity (Basset et al., 2015). Spatial patterns of species
richness within small areas (a-diversity) and species turnover
between areas (B-diversity) have been extensively studied
in tropical biotopes, especially in respect of environmental
gradients (Rahbek, 2005; Gardner et al., 2010; Peters et al.,
2016). However, temporal responses to intra-annual seasonal
changes or longer inter-annual variations and interactions
between elevation and seasonality remain less well known
(Murphy & Lugo, 1986; Novotny, 1993; Grimbacher & Stork,
2009; Valtonen et al., 2013; Basset et al., 2015). Tropical
forests may be broadly categorised (Murphy & Lugo, 1986)
as an equatorial belt of relatively aseasonal ‘everwet’ forest
(equatorial rainforest) which becomes increasingly subject to
longer and more intense dry periods at progressively higher
latitudes (moist deciduous, semi-evergreen, tropical mixed,
tropical dry, and monsoon forests) although seasonality may
be relaxed locally on tropical mountains (Doumenge et al.,
1995; Plant, 2009). While seasonality is slight in everwet
forest (Walter & Lieth, 1967; Murphy & Lugo, 1986) it can
be extreme in forests that experience prolonged dry seasons
where it may be an important driver of a- and B-diversity
amongst plants, influencing many aspects of life history
such as leafing, flowering, fruiting and vegetation structure
(van Schaik et al., 1993; Davidar et al., 2005; Davidar et al.,
2007). Flushing and flowering in water stressed seasonally dry
forests often occur around the start of the rainy season (van
Schaik et al., 1993). However, leaf exchange patterns can be
complex (Williams et al., 2008) and vegetative phenology
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may become disengaged from direct correlation with rainfall
with leafing during the dry season reliant more upon subsoil
water reserves (Borchert, 1999; Elliot et al., 2000).

Various studies have shown that insect abundance is also
greatest at the start or during the rainy season (Wolda,
1978a; Frith & Frith, 1990; Hill, 1993; Novotny & Basset,
1998; DeVries & Walla, 2001; Wiwatwitaya & Takeda,
2005; Plant et al., 2011), often coincident with leaf flush
and flowering (Basset, 1991; Kato et al., 1995; Richards
& Coley, 2007) although other phenological profiles have
been reported (Buskirk & Buskirk, 1976; Boinski & Fowler,
1989; Hill et al., 2003; Plant et al., 2011), and responsiveness
to seasons can also be influenced through modification of
microclimate by vegetation structure (Janzen, 1973; Shapiro
& Pickering, 2000; Richards & Windsor, 2007), ecological
groups (Grimbacher et al., 2008; Grimbacher & Stork, 2009;
Molleman et al., 2016), taxonomic level and body size
(Smythe, 1982; Ribeiro & Freitas, 2011). Tropical insects
clearly demonstrate a wide range of seasonal patterns, even
at the same site (Wolda, 1988; Grimbacher & Stork, 2009;
Kishimoto-Tamada & Itioka, 2015). The misconception
identified by Barlow & Woiwod (1989), that insect abundance
is less seasonal in tropical forests than in temperate habitats
remains widespread and is particularly unfortunate as ~75%
of tropical forest experiences profound seasonality (Murphy
& Lugo, 1986).

Wolda (1978a, b) hypothesised that insect populations of
seasonal forests should fluctuate more than in climatically
stable habitats and that their abundance should be directly
related to seasonal variations in the abundance of food
resources. An increase in net primary productivity linked to
rainfall, temperature and irradiance should cascade through
the food chain triggering responses at higher trophic levels.
Climate-driven environmental effects probably also underlie
the varied profiles of diversity and abundance reported along
elevation gradients (Dunn et al., 2007; Beck et al., 2011;
Beck et al., 2017) but interactions between seasonality and
elevation remain largely unexplored. As yet, we have no
clear and consistent answers to questions such as when and
for how long insects are active in seasonal forests and if
activity is correlated with seasonality. If species diversity
varies with season, how does its composition turnover
with respect to time and does the structure of assemblages
(their evenness, dominance etc.) also change? Are seasonal
responses modified by elevation and do phenological traits
differ between trophic levels, functional groups, taxonomic
position, phylogenetic or climate history? Resolving
these questions will inform a better understanding of the
spatiotemporal dynamics and diversity of insect assemblages
in tropical forests.

In this study, we examine the species richness, abundance,
turnover patterns, and seasonal phenology of two diverse
insect orders, Auchenorrhyncha and Diptera, throughout a
complete year along a 412-2,534 m elevation gradient in
a monsoon forest in northern Thailand. The vegetation and
local climate of the survey area at Doi Inthanon (18°35'N,
98°29'E) are well known (Bedos, 1994; Hara et al., 2002;
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Teejuntuk et al., 2002; Kanzaki et al., 2004; Chatelain et
al., 2018) and are probably representative of the widespread
succession pattern of the northern Thailand region (Santisuk,
1988). The lower slopes (approximately <1,000 m) support
dry-dipterocarp and mixed deciduous-evergreen forests
which experience a severe 6—7 month dry season with >90%
of annual rainfall of 800—1,500 mm occurring between
June and October with dry and wet season temperatures
averaging ~20°C and ~25°C respectively. Above 1,000
m, evergreen influence increases with successively, dry
evergreen, hill evergreen, moist hill evergreen forest and
areas of Rhododendron and Sphagnum bog at the summit
(2,545 m). The summit experiences >90% of annual rainfall
of 2,000-3,000 mm between May and October and a mean
annual temperature of 12.9°C with ground frost occurring
on about 10 days per year (data calculated by ARP from
meteorological records collected at the summit from 2004—
2014). Whereas seasonality imposed by the monsoon is
experienced at all elevations on Doi Inthanon, its intensity
(especially in regard of precipitation and temperature) is
modified by elevation and the site provides an opportunity
to examine seasonal and elevational responses of structural
diversity to these changes.

Auchenorrhyncha are primary consumers, phytophagous
sap-feeders or fungivores on the aerial parts of their host
plant(s) whereas the families of Diptera studied here are
predominantly secondary consumers with predatory immature
stages inhabiting soils and decaying organic matter; adults
may be predatory and/or nectivorous. The target taxa are
thus not only taxonomically distinct but also trophically
dissimilar and furthermore, they generally utilise different
habitat elements within the various forest biotopes. Our
objective was to identify differences and commonalities in
the spatiotemporal patterns of taxon richness, abundance,
taxon turnover and the evenness of assemblages of Diptera
and Auchenorrhyncha and investigate if seasonal relaxation
at higher elevations linked to elevated precipitation might
broaden their phenological profiles. We stress that estimations
of insect biodiversity in tropical seasonal forests are sensitive
to the spatiotemporal dynamics of the taxonomic and
functional groups involved.

MATERIAL AND METHODS

Taxa studied and sampling site. We studied seven families
of Diptera and 18 families of Auchenorrhyncha (Table 1)
extracted from trap samples. Insects were sampled at Doi
Inthanon National Park, Chiang Mai Province, Thailand
using Malaise traps positioned along an elevation and habitat
succession gradient between 412 m (18.4992°N, 98.6683°E)
and 2545 m (18.5889°N, 98.4847°E). Number of traps and
predominant forest types at each trap site on the gradient
were: 412 m, 1 trap, dry dipterocarp; 662 m, 1 trap, dry
evergreen; 710 m, 1 trap, dry evergreen; 1,376 m, 2 traps,
mixed deciduous, lower hill evergreen with some Pinus;
1,639 m, 2 traps, hill evergreen; 2,210 m, 2 traps, moist hill
evergreen; 2,534 m, 2 traps, upper moist hill evergreen; 2,545
m, 1 trap, Rhododendron scrub with adjacent Sphagnum bog
and upper moist hill evergreen forest. Traps were operated
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Table 1. Species richness (Sobs) and abundance (4) of Diptera and Auchenorrhyncha families trapped over 12 months sampling at Doi

Inthanon in 2014.

Order Family Species richness (S,;,) Abundance (A)
Diptera Brachystomatidae 3 66
Empididae 72 9185
Hybotidae 203 7567
Dolichopodidae 179 8777
Stratiomyidae 49 441
Syrphidae 23 221
Therevidae 1 1
Auchenorrhyncha Cicadidae 2 4
Membracidae 16 67
Machaerotidae 4 13
Cercopidae 13 55
Aphrophoridae 9 56
Achilidae 8 141
Caliscelidae 2 6
Cixiidae 16 326
Delphacidae 19 1137
Derbidae 19 84
Eurybrachidae 1
Flatidae 2 3
Fulgoridae 1
Issidae 15 233
Lophopidae 1 6
Meenoplidae 7 93
Trophiduchidae 4 16
Nogodinidae 1 10

from the start of January until the end of December 2014
(data for January and February at 412, 662 and 710 m were
lost due to human disturbance of traps). Traps were emptied
monthly at the end of each calendar month and target taxa
identified to species or morphospecies (hereafter referred
to as ‘species’) and numbers of individuals of each taxon
counted. Insects were preserved in 80% (v/v) ethanol in the
collections of Queen Sirikit Botanic Garden, Entomology
Section, Mae Rim, Chiang Mai, Thailand.

Diversity and turnover. Data of species richness (S,,,)
and abundance (4) from monthly Malaise trap samples
were routinely pooled into six elevation zones (<500,
500-1,000, 1,000-1,500, 1,500-2,000, 2,000-2,500 and
>2,500 m) reflecting vegetation transitions summarised
above. Because different numbers of traps were operated in
different elevation zones, abundance was standardised against
trapping effort as Relative Abundance, 4* (abundance.
trap™!. month'). Univariate statistics, Berger-Parker
dominance (D), Equitability (J) and estimation of total
diversity (S,,,) from the proportion of singleton and doubleton
species using Chao-1 or by individual rarefaction followed
by fitting to the so-called Michaelis-Menton (rectangular
hyperbolic) saturation model (Magurran, 2004), were
performed in PAST version 3.0 (Hammer et al., 2001). For
measurement of species turnover through elevation and time
we represented the data as a grid of elevation zones and
months. Turnover between a focal quadrat of the grid and
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any other was then calculated as Whittaker’s measure, fw
(Whittaker, 1960) in PAST; pw = (S&) — 1 where S is the
total number of species recorded from both quadrats and &
is the average number of species found within the quadrats.
While Bw provides a good measure of turnover between
adjacent quadrats in the grid, it is additive and tends to assume
extreme values when the differences in the richness between
the focal and the neighbouring quadrat are large, as might
be expected if the other quadrat is more distant from the
focal quadrat (Koleff et al., 2003). In order to assess more
accurately how turnover changed locally within the grid we
employed two measures: Mean Local Turnover (BwL) and
Mean Monthly Turnover (BwM). For calculation of BwL,
values of Bw for all quadrats temporally and altitudinally
adjacent to the focus quadrat were found and averaged (thus
if the focus quadrat is 1,500-2,000 m in May, BwL is the
mean of values obtained for 1,500-2,000 m in April and June;
2,000-2,500 in April, May & June and 1,000—-1,500 in April,
May & June). For any elevation zone, fwM was calculated
as the mean value of the month before and after the focus
month (thus if the focus quadrat is 1,000—1,500 in September,
BwM is the average value of fw for August and October at
the same elevation). Calculations of BwL and PwM were
iterated for every quadrat in the grid. Diversity, abundance
and turnover parameters were visualised as contour maps
on the elevation/month grid using the multiquadric gridding
algorithm in the gridding module of PAST.
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Fig. 1. Relative abundance, 4* (number of individuals caught.
trap!. month™) of Diptera and Auchenorrhyncha trapped in six
elevation zones over 12 months sampling at Doi Inthanon in
2014. Standard errors indicated. Note log), scale. Data were fitted
to a linear regression model in PAST; Diptera, open circles (7 =
0.8567, p=0.0081); Auchenorrhyncha, closed circles (7 =0.3182,
p = 0.2434). In Kruskal-Wallis H-tests of untransformed data there
was a significant difference between the medians for Diptera (H =
29.3, p <0.01) but not for Auchenorrhyncha (H = 3.3, p = 0.657).

Seasonality. We compared five parameters to quantify
seasonality in different elevation zones. (1) SM, the mean
of the total number of months in which each species was
recorded. (2) SM.,, the number of species with SM >6
months expressed as a percentage of the total number of
species recorded throughout the year at each elevation. (3)
SL, the length of season, was calculated by subtracting the
total number of months before the first and after the last
monthly occurrence from 12 (the total number of months
in a year). (4) SL ., the number of species with SL >6
months expressed as a percentage of the total number of
species recorded throughout the year at each elevation. (5)
L., seasonality of each species was quantified by measuring
variance standardised with respect to the mean of its
distribution amongst 12 one-month periods for each species
using Lloyd’s Index (L;):

s?—x
2

L;
X

Where s” is the variance and x is the mean (Novotny & Basset,
1998). The value L, was then calculated as the mean value
of L, for all species occurring at a particular elevation. We
also crudely estimated the incidence of multivoltine species
by inspection of the abundance phenology of individual
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Fig. 2. Observed species richness (S,,,) of Diptera and
Auchenorrhyncha trapped in six elevation zones over 12
months sampling at Doi Inthanon in 2014. Diptera, open circles;
Auchenorrhyncha, closed circles.). In Kruskal-Wallis H-tests there
was a significant difference between the medians for Diptera (H =
22.1, p <0.01) and Auchenorrhyncha (H = 14.3, p < 0.05).

species. A species was considered bivoltine or multivoltine if
two or more distinct abundance maxima occurred, separated
by a period of two or more months with low abundance
or absence (species with annual totals of <10 individuals
were excluded).

RESULTS

Species richness and abundance. A total of 531 species
(26,249 individuals) of Diptera and 140 species (2,252
individuals) of Auchenorrhyncha were recognised and
analysed (Table 1). Estimates of total diversity (S,,) using
Chao-1 and individual rarefaction respectively were 662 and
572 (Diptera), 176 and 173 (Auchenorrhyncha) suggesting
that we observed ~80-90 % of actual diversity. Relative
abundance (4*) of both Auchenorrhyncha and Diptera
increased with elevation (Fig. 1). Although overall species
richness (S,,,) of Diptera was maximal at ~1,500-2,000 m
and that of Auchenorrhyncha at ~500-1,000 m (Fig. 2), it
should be noted that sampling effort was not uniform along
the elevation gradient. The richness and identity of taxa caught
with malaise traps is not scalable to trapping effort and values
of species richness cannot be normalised in the same way
as abundance data are herein. Relative abundance of both
orders was bimodal with peak abundances in March—June and
September—October (Fig. 3). Species richness was maximal
between April and June (Fig. 4) with a later secondary peak
of S,,, later in the year October—November (Diptera) and
possibly a smaller secondary peak for Auchenorrhyncha
during September.
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Fig. 3. Relative abundance, 4* (number of individuals caught.
trap!. month™) of Diptera and Auchenorrhyncha over 12 months
sampling at Doi Inthanon in 2014. Standard errors indicated. Note
log,, scale. In Kruskal-Wallis H-tests of untransformed data there
was a significant difference between the medians for Diptera (H =
24.5, p < 0.05) and Auchenorrhyncha (H = 34.3, p < 0.01).

The interactions of space (elevation) and time (successive
months of the year) on abundance of Diptera and
Auchenorrhyncha are shown in Fig. SA and 5C respectively.
Diptera abundance was low at elevations <1,500 m throughout
the year and they were exceptionally abundant at >2,000 m
during the early monsoon period in April and May with a
secondary peak in October at the end of the monsoon (Fig.
5A). Auchenorrhyncha abundance was skewed far less in
favour of higher elevations with peak abundances associated
with May—June at 500-1,500 m, April-May at >2,000 m
and a later mid-elevation peak at 1,000-2,500 m during
September and October (Fig. 5C). Gridding of S,,, with
respect to elevation and month illustrates that a-diversity
increased progressively at upper mid-elevations from January
to a peak in April-May extending across all elevations
above ~1,000 m, but was greatest at 1,500-2,000 m (Fig.
5B); species richness declined sharply thereafter during
mid-monsoon from June onwards with only a minor peak
in S,,, at the end of the monsoon/start of cold dry season
during October—December. Maximal species richness of
Auchenorrhyncha occurred at lower elevations than in Diptera
(500—1,000 m) but was more equably spread throughout the
monsoon season between March and September (Fig. 5D).
The May—June peak in a-diversity extended upwards above
1,000 m but occurred slightly earlier at higher elevations and
there was a small late monsoon peak during September and
October at 1,500-2,500 m.

Equitability (J) provides a measure of the evenness with
which individuals are divided amongst the taxa present; J =
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Fig. 4. Observed species richness (S,,,) of Diptera and
Auchenorrhyncha over 12 months sampling at Doi Inthanon in
2014. Diptera, open circles; Auchenorrhyncha, closed circles. In
Kruskal-Wallis H-tests there was a significant difference between
the medians for Diptera (H = 32.4, p <0.01) and Auchenorrhyncha
(H =244, p < 0.05).

H/log n, where H is the Shannon index of diversity and 7 is
the total number of individuals. Values of J were highest for
Diptera at mid-elevations (Fig. 6A) and for Auchenorrhyncha
at lower elevations (Fig. 6B). Berger-Parker dominance
(which measures the number of individuals of the dominant
taxon relative to the total number of individuals) was
negatively correlated with Equitability (Diptera, 7° = 0.678,
p <0.05; Auchenorrhyncha, > = 0.946, p < 0.01). Quadrats
with high species richness in the elevation/month grid (Figs.
2, SA, 5D) appeared to weakly correspond with those of
high evenness and low dominance (Fig. 6A, B) although
correlations of S,,, with J and Dy, across the six elevation
zones (pooled data for all months of the year) were weak for
Diptera (J; 7 =0.331, p = 0.232: Dyp; 7 =0.292, p = 0.269)
and S,,, was uncorrelated with J or Dy, in Auchenorrhyncha
(J; ¥ =0.016, p = 0.813; Dyp; ¥ = 0.023, p = 0.772). It is
perhaps simplistic to suppose a simple relationship between
richness and evenness as the latter is clearly dependent on
both elevation and season; for example, in Diptera, J is
similar at all elevations during the early monsoon but is
strongly depressed during the late monsoon in September
and October (Fig. 7) and for Diptera, at least, the early
monsoon peak of richness and abundance is characterised by
a large number of species with broadly similar abundances
whereas the late monsoon peak has fewer species, some of
which are very abundant.

Species turnover. As species turnover measured using fw
affords an accurate indication of community turnover (Wilson
& Shmida, 1984) it is clear that assemblage similarity of
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Fig. 7. Monthly variation in Equitability (/) of Diptera assemblages
during 12 months of sampling over six 500 m elevation zones at
Doi Inthanon in 2014. Only points linking data from elevation zones
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declines profoundly at higher elevations between September and
November indicating a decline in evenness of Diptera assemblages
with corresponding prevalence of a number of relatively abundant
species compared with other times of year and other elevations.

Diptera (Fig. 8A) and Auchenorrhyncha (Fig. 8B) decays
with elevational and temporal distance from the main peaks
of a-diversity. Furthermore, for both orders, elevation has a
‘stronger’ effect than does time suggesting the importance of
elevational zoning in determining assemblage composition.
A better illustration of how turnover varies locally between
adjacent elevations and months is provided by Mean Local
Turnover (BwL) of Diptera (Fig. 9A) and Auchenorrhyncha
(Fig. 9B) where turnover is observed to be lower at higher
elevations in all months except the pre-monsoon period in
January and February. Additional support for assemblage
composition of both orders being more temporally stable at
higher elevations is provided by pwM which reports how
turnover varies between adjacent months within an elevation
zone and which decreased with altitude (Fig. 10A, B). In
general, BwL of Diptera is higher in the latter half of the year
at lower elevations (Fig. 9A) whereas for Auchenorrhyncha,
BwL appears to be highest during the dry cold and dry hot
seasons between November and February.

Seasonality. The five seasonality measures were all positively
correlated with elevation; for Diptera SM, SM., and L,
were significantly and tightly correlated with elevation,
SL and SL., less so (Table 2). For Auchenorrhyncha SM.,
and L, were strongly correlated with elevation, SM, SL
and SL., less so (Table 3). Positive correlations between
SM and SL were strong for both orders, weaker between
SM and L,, and weaker still between SL and L, (Tables 1,
2). Each seasonality parameter provides slightly different
information. L, for example only characterises variance
and does not utilise information on temporal sequences, as
is the case in SL, thus increased values of L, merely reflect
greater evenness. However, we can conclude that at higher
elevations (a) more species are active for a greater proportion
of the year, (b) seasonal occurrence spans are longer and
species with longer emergence spans are more frequent, and
(c) the distribution of monthly occurrences is more even
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Fig. 8. Variation in species turnover measured as fw of Diptera
(a) and Auchenorrhyncha (b) during 12 months of sampling over
six 500 m elevation zones at Doi Inthanon in 2014. Pairwise
calculations of Bw between each quadrat of a grid of elevation
and month with the quadrat with maximum species richness
(April/1,500-2,000 m quadrat for Diptera and June/500—1,000 m
quadrat for Auchenorrhyncha) were mapped using the multiquadric
gridding algorithm in the gridding module of PAST. Values of fw
(indicated by colour scale bar) vary between 0 (complete identity)
and 1.0 (complete non-identity). Data are not available for January
and February at <500 m and 500-1,000 m.

than at low elevation. Clearly, the season in which adult
Diptera and Auchenorrhyncha are active is prolonged at
higher elevations. None of the seasonality parameters deal
effectively with bivoltine or multivoltine phenologies. Below
1,500 m bivoltism or multivoltism occurred in 2.2% of 319
dipteran taxa and 4.2% of 108 Auchenorrhyncha whereas
above 1,500 m the corresponding figures were 7.7% (n =
349) and 6.8% (n = 73).

DISCUSSION

Diptera and Auchenorrhyncha occurred as rich assemblages
but with different spatiotemporal distributions of species
diversity and abundance. Auchenorrhyncha were most species
rich at lower elevations (500-1,500 m) in highly seasonal
predominantly deciduous forest whereas Diptera favoured
evergreen forests at 1,500-2,500 m. Elevational profiles of
abundance were not coincident with species richness as in
both orders abundance maxima occurred at higher elevations
than did peak species richness. Assemblage composition was
generally more even at elevations with maximum richness
while the less diverse assemblages at higher elevations were
dominated by a few very abundant taxa. Species richness and
abundance of Diptera and Auchenorrhyncha were greatest
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Table 2. Correlation of seasonality parameters for Diptera, SM, SL, SM.,, SL., and L, with elevation during 12 months of sampling
over six 500 m elevation zones at Doi Inthanon in 2014. Mean values of each parameter for each elevation zone were fitted to linear
or binomial regression models in PAST. The equation used and values of #* and p are indicated. Correlations between parameters are

indicated in the footnote.

Parameter ” D Equation

SM 0.928 0.002 y = 0.236x + 1.509

SL 0.804 0.016 y = 0.208x + 2.261
SM..; 0.980 0.003 y = 0.456x* — 0.823x + 1.797
SL., 0.712 0.153 y = 0.504x> — 1.553x + 12.076
L, 0.737 0.029 y = 0.330x + 2.488

(a) SM & SL are positively correlated (72 = 0.9089, p = 0.0032); (b) SM & L, are positively correlated (2 = 0.6013, p = 0.0699); (c) SL

& L, are weakly positively correlated (# = 0.5002, p = 0.1160).
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Fig. 9. Spatiotemporal variation in species turnover measured as
Mean Local Turnover BwL of Diptera (A) and Auchenorrhyncha
(B) trapped during 12 months of sampling over six 500 m elevation
zones at Doi Inthanon in 2014. Data were plotted on a grid of
elevation zone (vertical axis) and months (horizontal axis) and
mapped using the multiquadric gridding algorithm in the gridding
module of PAST. Values of BwL (indicated by colour scale bar)
vary between 0 (complete identity) and 1.0 (complete non-identity).
Data are not available for January and February at <500 m and
500-1,000 m.

around the time of the rainy season, in northern Thailand
associated with the southwest monsoon between May and
October. However, phenological profiles of species diversity
and abundance of the two orders were not closely coincident
as richness of Diptera peaked (81% of total richness and
60% of abundance) from March to June during the period
immediately prior to the onset of the monsoon and during
its early phase, while that of Auchenorrhyncha (71.4% of
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total richness and 30% of abundance) occurred between May
and August, extending more fully across the main monsoon
period. Secondary peaks of abundance and richness occurred
later in the year during September to November at the end
of the monsoon period extending into the cold dry season
that follows. For Auchenorrhyncha, this late monsoon peak
accounted for 42% of total diversity and 38% of abundance
and for Diptera, 37% of diversity and 21% of abundance.

It is clear that despite differing taxonomic positions, trophic
functionality, habitat preferences and elevational profiles,
richness and abundance of both Diptera and Auchenorrhyncha
coincides with the timing of monsoon rains, as has been
frequently observed in other insect taxa in tropical seasonal
forests (Frith & Frith, 1990; Wiwatwitaya & Takeda, 2005;
Plant et al., 2011). We do not imply that this correlation
demonstrates that precipitation in causative (the monsoon
rains also coincide with higher temperatures and decreased
diurnal temperature range for example, both of which
could be invoked as triggers of adult activity) but much as
water plays a dominant role in the regulation of vegetation
structure and dynamics of tropical seasonal forests, it may
be a significant determinant of insect seasonality. The need
for moist edaphic conditions for larval development of most
of the dipteran taxa sampled here suggests that rainfall might
have a strong influence on activity. Similarly, the correlation
of flowering with monsoon rains might favour coincident
activity of nectar-feeding Diptera, and early monsoon leaf
flushing with associated increased vascular activity could
promote activity of sap-feeding Auchenorrhyncha. Water
availability probably promotes insect abundance primarily
by influencing the availability of food resources but the
exact mechanisms responsible are likely to be variable across
different functional and taxonomic groups.

Bimodal abundance maxima associated with early- and late-
monsoon precipitation in seasonal tropical forests have been
reported elsewhere (Grootaert, 2009) but it is far from clear
what causes bimodality. Regional differences across Thailand
of abundance maxima of the dipteran families Empididae
and Hybotidae were reported by Plant et al. (2011); for
example, in northern Thailand the late-monsoon maximum
was smaller than that in the early-monsoon (as reported
here for a wider range of Diptera families) but in western
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Table 3. Correlation of seasonality parameters for Auchenorrhyncha, SM, SL, SM.,, SL.,; and L, with elevation during 12 months of
sampling over six 500 m elevation zones at Doi Inthanon in 2014. Mean values of each parameter for each elevation zone were fitted to
linear regression models in PAST. The equation used and values of ? and p are indicated. Correlations between parameters are indicated

in the footnote.

Parameter r D Equation

SM 0.526 0.103 y=0.171x + 1.607
SL 0.471 0.131 y =0.268x + 1.974
SM._, 0.831 0.012 y = 2.540x — 4.038
SL., 0.651 0.052 y = 4.845x — 1.457
L, 0.701 0.038 y = 0.329x + 1.249

(a) SM & SL are positively correlated (72 = 0.9671, p = 0.0004); (b) SM & L, are weakly positively correlated (* = 0.5159, p = 0.1079);
(c) SL & L, are very weakly positively correlated (77 = 0.4248, p = 0.1607).

(A)

0.85

0.75

0.65

Mean monthly turnover

0.55

0.45

Elevation zone (m)

(B)

0.85

0.75

0.65

Mean monthly turnover

0.55

0.45

Elevation zone (m)

Fig. 10. Variation in Mean Monthly Turnover (BwM) of Diptera (A) and Auchenorrhyncha (B) during 12 months of sampling over six
500 m elevation zones at Doi Inthanon in 2014. The mean value of BwM in each elevation zone + standard error is indicated. Note that
the vertical axis does not extend to zero. In Kruskal-Wallis H-tests there was a significant difference between the medians for Diptera (H

=29.0, p <0.01) and Auchenorrhyncha (H = 22.1, p < 0.01).

Thailand, the relative magnitude of the early and late peaks
was reversed and subtle differences in wet season correlation
with abundance across different regions of Thailand were also
noted. Diversity of Diptera at the two seasonal maxima on
Doi Inthanon was structurally different as the assemblages
comprising the early-monsoon peak were not only more
speciose, but had greater evenness and lower dominance
than those of the late-monsoon peak. There appears to
be a general pattern in which more speciose assemblages
had greater evenness than less diverse ones and that since
species richness had an ‘optimal’ elevation, assemblages at
more extreme (suboptimal) elevations had lower evenness
and high dominance due to a small number of numerically
abundant species.

Assemblage similarity of Diptera and Auchenorrhyncha
decayed with elevational and temporal distance from the
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main peaks of a-diversity. Local species turnover between
adjacent elevation zones and months measured as fwM and
BwL was lower at higher elevations (except during the pre-
monsoon period which corresponded with the time when
species-poor communities were rapidly transforming into
species-rich ones coincident with the onset of the monsoon
rains). Low fB-diversity along spatially and temporally
defined environmental gradients might indicate low levels
of environmental filtering, high dispersal ability or increased
local coexistence of competitive species (Spasojevic et al.,
2014; Chalmandrier et al., 2015) but whatever its cause,
attests a temporal stability in community structure at higher
elevations on Doi Inthanon. If longer and wetter conditions
prevailing at higher elevations permit progressive uncoupling
of adult phenology from the intense seasonality lower down,
the increased persistence of the limited number of species
occurring at high elevation would manifest as decreased
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local levels of assemblage turnover. All five seasonality
measures we employed were positively correlated with
elevation indicating that the season in which adult Diptera
and Auchenorrhyncha are active is prolonged at higher
altitudes. There may also be a higher incidence of bivoltism
or multivoltism at higher elevations. Seasonality constrains
the reproductive period of adults and may limit larval
development to restricted periods of the year by changing
availability or nutritive value of food resources. Semelparous
or at least univoltine reproduction appears to be a response
to temporally restricted but fairly predictable constraints
on resources (Fritz et al., 1989). Relaxation of seasonality,
for example by a longer and wetter rainy season at higher
elevations, would permit longer adult flight periods and
might favour iteroparity and multivoltism by allowing a
longer adult reproductive period. More sustained moist
soil conditions would also allow a longer period for larval
development, especially for the edaphic larvae of dipteran
taxa studied here.

This work has confirmed the frequent observation that
in tropical seasonal forests, adult insect activity is often
associated with the timing of seasonal precipitation and
that spatial (elevation) and temporal (intra-annual) patterns
of a-diversity vary between taxa. We also report profound
variation in how diversity is structured throughout a year
and across elevations, with two separate orders of insects
demonstrating complex spatiotemporal dynamics of species
richness, evenness and dominance, length of adult activity
period, assemblage stability and species turnover. We only
investigated intra-annual patterns but recognise that inter-
annual variations might superimpose unseen and subtle
influences (Valtonen et al., 2013). Improved appreciation
of spatiotemporal patterns of diversity will be needed if
we are to understand the ecological processes that sustain
insect communities in tropical seasonal forests and assess
their ability to phenologically track climatic conditions in
response to climate change.

If diversity in tropical seasonal forests is not uniformly
distributed in time and space, any attempt to assess global
diversity by extrapolation and scaling up of local and
regional diversity estimates requires that seasonal patterns
be recognised. This is particularly important as tropical
forests are exceptionally rich reservoirs of biodiversity
and approximately 75% of their area experiences strong
seasonality (Barlow & Woiwod, 1989). Our year-long
sampling regime across all elevations probably recorded
80-90 % of'total diversity of the selected focus taxa based on
the Chao-1 estimator. The resources needed to achieve such
detailed coverage are seldom available and most attempts
to measure diversity in tropical seasonal biotopes are more
spatially and temporally constrained, inevitably resulting in
seasonal and spatial bias in the detectable species richness.
For example, a three-month long sampling campaign across
all elevations, during the early-monsoon diversity peak in
April to June would have found only 381 species of Diptera
compared with 531 from a full years’ sampling. A similar
three-month campaign during September to November would
have been less productive yielding just 197; the two periods
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would have only had 142 species in common with 239 and
55 species unique to the first and second periods respectively.
If sampling had been restricted to an incomplete elevation
range, observed richness would have been even lower; for
different taxa have different diversity maxima and these in
turn are sensitive to seasonality.

Although strong climatic seasonality has profound influences
on the spatiotemporal dynamics of tropical insect communities,
it remains a largely neglected variable. In particular, we
note that local diversity will likely be underestimated from
sampling regimes with unrepresentatively narrow temporal
or spatial biases. Accurate estimation of local diversity
underscores efforts to assess global diversity by scaling up
from smaller areas. However, meaningful extrapolation is
unlikely to be accomplished without understanding of the
spatiotemporal dynamics of insect communities inhabiting
seasonal forests and of the sampling restraints imposed
by seasonality. An appreciation of the scale of seasonal
uniqueness and temporal stability of communities is required.
Understanding the seasonality of insect populations in tropical
seasonal forests is particularly important as strong climatic
seasonality is a geographically predominant characteristic
of most tropical forests.

ACKNOWLEDGEMENTS

We would like to thank the Thailand National Parks
Department and staff of Doi Inthanon National Park for
permission to sample the site, providing logistic support and
climatic data. Sumit Suriya and Thanyalak Somboonchai
provided invaluable field work support. PC, ML, CD
and CP thank Agence Nationale de la Recherche under
the LabEx ANR-10-LABX-0003-BCDiv, in the program
“investissements d’avenir” n ANR-11-IDEX-0004-02 for
funding.

LITERATURE CITED

Barlow HS & Woiwod IP (1989) Moth diversity of a tropical forest
in Peninsular Malaysia. Journal of Tropical Ecology, 5: 37-50.

Basset Y (1991) The seasonality of arboreal arthropods foraging
within an Australian rainforest tree. Ecological Entomology,
16: 265-278.

Basset Y, Cizek L, Cuénoud P, Didham RK, Novotny V, @degaard
F, Roslin T, Tishechkin AK, Schmidl J, Winchester NN, Roubik
DW, Henri-Pierre Aberlenc H-P, Bail J, Barrios H, Bridle JR,
Gabriela Castaiio-Meneses G, Corbara B, Curletti G, Duarte da
Rocha W, Domir De Bakker D, Delabie JHC, Dejean A, Fagan
LL, Floren A, Kitching RL, Medianero E, Gama de Oliveira E,
Orivel J, Pollet M, Rapp M, Ribeiro SP, Roisin Y, Jesper B.
Schmidt JB, Serensen L, Lewinsohn TM & Leponce M (2015)
Arthropod distribution in a tropical rainforest: Tackling a four
dimensional puzzle. PLos ONE, 10(12): 1-22.

Beck J, Brehm G & Fiedler K (2011) Links between the
environment, abundance and diversity of Andean moths.
Biotropica, 43: 208-217.

Beck J, McCain CM, Axmacher JC, Ashton LA, Bartshi F, Brehm
G, Choi S-W, Cizek O, Colwell RK, Fiedler K, Francois CL,
Highland S, Holloway JD, Intachat J, Kadlec T, Kitching RL,
Maunsell SC, Merckx T, Nakamura A, Erica Odell E, Sang W,
Toko PS, Zamecnik J, Zou Y & Novotny V (2017) Elevational



Plant et al.: Seasonal diversity

species richness gradients in a hyperdiverse insect taxon: A
global meta-study on geometrid moths. Global Ecology and
Biogeography, 26: 1-13.

Bedos A (1994) Les Collemboles édaphiques du massif du Doi
Inthanon (Thailande): biodiversité et écologie en forét tropicale.
Unpublished PhD Thesis, Université Toulouse III (Paul
Sabatier), Toulouse, France, 348 pp. [In French]

Boinski S & Fowler NL (1989) Seasonal patterns in a tropical
lowland rainforest. Biotropica, 21: 223-233.

Borchert R (1999) Climatic periodicity, phenology, and cambrium
activity in tropical dry forest trees. International Association
of Wood Anatomists Journal, 20: 239-247.

Buskirk RR & Buskirk WH (1976) Changes in arthropod abundance
in a highland Costa-Rican forest. American Midland Naturalist,
95: 288-298.

Chalmandrier L, Miinkemiiller T, Lavergne S & Thuiller W (2015)
Effects of species’ similarity and dominance on the functional
and phylogenetic structure of a plant meta-community. Ecology,
96: 143-153.

Chatelain P, Plant A, Soulier-Perkins A & Daugeron C (2018)
Diversity increases with elevation; empidine dance flies (Diptera,
Empididae) challenge a predominant pattern. Biotropica, doi:
10.1111/btp.12548.

Colwell RK & Coddington JA (1994) Estimating terrestrial
biodiversity through extrapolation. Philosophical Transactions
of the Royal Society B: Biological Sciences, 345: 101-118.

Davidar P, Puyravaud J-P & Leigh EG (2005) Changes in rain
forest tree diversity, dominance and rarity across a seasonality
gradient in the Western Ghats, India. Journal of Biogeography,
32: 493-501.

Davidar P, Rajagopal B, Mohandass D, Puyravaud J-P, Condit
R, Wright SJ & Leigh Jr EG (2007) The effect of climatic
gradients, topographic variation and species traits on the beta
diversity of rain forest trees. Global Ecology and Biogeography,
16: 510-518.

DeVries PJ & Walla TR (2001) Species diversity and community
structure in Neotropical fruit-feeding butterflies. Biological
Journal of the Linnean Society, 74: 1-15.

Doumenge C, Gilmour D, Pérez MR & Blockhus J (1995) Tropical
montane cloud forests: Conservation status and management
issues. In: Hamilton LS, Juvik JO & Scatena FN (eds.) Tropical
Montane Cloud Forests. Springer-Verlag, New York. Pp. 24-37.

Dunn RR, Parker CR & Sanders NJ (2007) Temporal patterns
of diversity: Assessing the biotic and abiotic controls on ant
assemblages. Biological Journal of the Linnean Society, 91:
191-201.

Elliot S, Baker PJ & Borchert R (2006) Leaf flushing during the
dry season: the paradox of Asian monsoon forests. Global
Ecology and Biogeography, 15: 248-257.

Frith CB & Frith DW (1990) Seasonality of insect abundance in
an Australian upland tropical rainforest. Austral Ecology, 10:
237-248.

Fritz RS, Stamp NE & Halverson TG (1989) Iteroparity and
Semelparity in insects. American Naturalist, 120: 264-268.

Gardner TA, Barlow J, Sodhi NS & Peres CA (2010) A multi-region
assessment of tropical forest biodiversity in a human-modified
world. Biological Conservation, 143: 2293-2300.

Grimbacher PS, Catterall CP & Kitching RL (2008) Detecting the
effects of environmental change above the species level with
beetles in a fragmented tropical rainforest landscape. Ecological
Entomology, 33: 66-79.

Grimbacher PS & Stork NE (2009) Seasonality of a diverse beetle
assemblage inhabiting lowland tropical rain forest in Australia.
Biotropica, 41: 328-337.

Grootaert P (2009) Oriental Diptera, a challenge in diversity and
taxonomy. In: Pape T, Bickel D & Meier R (eds.) Diptera

392

Diversity: Status, Challenges and Tools. Brill, Leiden &
Boston. Pp. 197-226.

Hammer @, Harper DAT & Ryan PD (2001) PAST: palacontological
statistics software for education and data analysis. Paleacotologia
Electronica 4. Version 3.0. http:// folk.uio.no/ohammer/past/.
(Accessed 5 March 2017).

Hara M, Kanazaki K, Mizuno T, Noguchi H, Sri-Ngernyuang K,
Teejuntuk, S, Sungapalee C, Ohkubo T & Bunyavejchewin J
(2002) The floristic composition of tropical montane forest in
Doi Inthanon National Park, northern Thailand, with special
reference to its phytogeographical relation with montane forests
in tropical Asia. Natural History Research, 7: 1-17.

Hill CJ (1993) The species composition and seasonality of an
assemblage of tropical Australian dung beetles (Coleoptera:
Scarabaeidae: Scarabaeinae). Australian Entomologist, 20:
121-126.

Hill JK, Hamer KC, Dagwood MM, Tangah J & Chey VK (2003)
Rainfall but not selective logging affect changes in abundance
of a tropical forest butterfly in Sabah, Borneo. Journal of
Tropical Ecology, 19: 35-42.

Janzen DH (1973) Sweep samples of tropical foliage insects:
Effects of seasons, vegetation types, elevation, time of day,
and insularity. Ecology, 54: 687-708.

Kanzaki M, Hara M, Yamakura T, Ohkubo T, Tamura MN, Sri-
ngemyuang K, Sahunalu P, Teejuntuk S, & Bunyavejchewin S
(2004) Doi Inthanon Forest Dynamics Plot, Thailand. In: Losos
EC, Leigh J & Egbert G (eds.) Forest Diversity and Dynamism:
Findings from a Large-Scale Plot Network. Chicago University
Press, Chicago. Pp. 478-481.

Kato M, Inoue T, Hamid AA, Nagamitsu H, Merdek MB, Nona
AR, Itino Y, Yamane S & Yumoto T (1995) Seasonality
and vertical structure of light-attracted insect communities
in a dipterocarp forest in Sarawak. Researches on Population
Ecology, 37: 59-79.

Kishimoto-Tamada K & Itioka T (2015) How much have we
learned about seasonality in tropical insect abundance since
Wolda (1988)? Entomological Science, 18: 407—419.

Koleff P, Gaston KJ & Lennon JJ (2003) Measuring beta diversity
for presence —absence data. Journal of Animal Ecology, 72:
367-382.

Magurran AE (2004) Measuring Biological Diversity. Blackwell,
Oxford, 215 pp.

Molleman F, Remmel T & Sam K (2016) Phenology of predation
on insects in a tropical forest: Temporal variation in attack rate
on dummy caterpillars. Biotropica, 48: 229-236.

Murphy PG & Lugo AE (1986) Ecology of tropical dry forest.
Annual Review of Ecology and Systematics, 17: 67—88.

Novotny V (1993) Spatial and temporal components of species
diversity in Auchenorrhyncha (Insecta : Hemiptera) communities
of Indochinese montane rain forest. Journal of Tropical Ecology,
9: 93-100.

Novotny V & Basset Y (1998) Seasonality of sap-sucking insects
(Auchenorrhyncha, Hemiptera) feeding on Ficus (Moraceae) in
a lowland rain forest in New Guinea. Ocecologia, 115: 514-522.

Peters MK, Hemp A, Appelhans T, Behler C, Classen A, Detsch
F, Ensslin A, Ferger SW, Frederiksen SB, Gebert F, Haas M,
Helbig-Bonitz M, Hemp C, Kindeketa WJ, Mwangomo E,
Ngereza C, Otte I, Rdder J, Rutten G, Costa DS, Tardanico J,
Zancollil G, Deckert J, Eardley CD, Peters RS, Rodel M-O,
Schleuning M, Ssymank A, Kakengi V, Zhang J, Bohning-
Graese K, Brandl R, Kalko EKV, Kleyer M, Nauss T, Tschapka
M, Markus Fischer M & Steffan-Dewenter I (2016) Predictors
of elevational biodiversity gradients change from single taxa
to the multi-taxa community level. Nature Communications,
7: 13736.



RAFFLES BULLETIN OF ZOOLOGY 2018

Plant AR (2009) Diversity of Chelipoda Macquart, 1823 (Diptera:
Empididae: Hemerodromiinae) in northern Thailand with
discussion of a biodiversity ‘hotspot” at Doi Inthanon. Raffles
Bulletin of Zoology, 57: 255-277.

Plant AR, Surin C, Saokhod R & Srisuka W (2011) Higher taxon
diversity, abundance and community structure of Empididae,
Hybotidae and Brachystomatidae (Diptera: Empidoidea) in
tropical forests — results of mass sampling in Thailand. Studia
dipterologica, 18: 121-149.

Rahbek C (2005) The role of spatial scale and the perception of large-
scale species-richness patterns. Ecology Letters, 8: 224-239.

Ribeiro DB & Freitas AV (2011) Large-sized insects show stronger
seasonality than small-sized ones: A case study of fruit-feeding
butterflies. Biological Journal of the Linnean Society, 104:
820-827.

Richards LS & Coley PD (2007) Seasonal and habitat differences
affect the impact of food and predation on herbivores: A
comparison between gaps and understorey of a tropical forest.
Oikos, 116: 31-40.

Richards LS & Windsor DM (2007) Seasonal variation of arthropod
abundance in gaps and the understory of a lowland moist forest
in Panama. Journal of Tropical Ecology, 23: 169—-176.

Santisuk T (1988) An Account of the Vegetation of Northern
Thailand. F. Steiner, Stuttgart, Germany, 100 pp + 1-75 pls.

van Schaik CP, Terborgh JW & Wright J (1993) The phenology
of tropical forests: Adaptive significance and consequences for
primary consumers. Annual Review of Ecology and Systematics,
24: 353-377.

Shapiro BA & Pickering J (2000) Rainfall and parasitic wasp
(Hymenoptera: Ichneumonoidea) activity in successional forest
stages of Barro Colorado Nature Monument, Panama, and La
Selva Biological Station, Costa Rica. Agricultural and Forest
Entomology, 2: 39-47.

Smythe N (1982) The seasonal abundance of night-flying insects in

393

a Neotropical forest. In: Leigh EG, Rand AS & Windsor DM
(eds.) The ecology of a tropical forest: Seasonal rhythms and
long-term changes. Smithonian Institution Press, Washington
DC. Pp. 309-318.

Spasojevic MJ, Copeland S & Suding KN (2014) Using functional
diversity patterns to explore metacommunity dynamics: A
framework for understanding local and regional influences on
community structure. Ecography, 37: 1-11.

Teejuntuk S, Sahunalu P, Sakurai K & Sungpalee W (2002) Forest
structure and tree species diversity along an altitude gradient
in Doi Inthanon national park in northern Thailand. Tropics,
12: 85-102.

Valtonen A, Molleman F, Chapman CA, Carey JR, Ayres MP &
Roininen H (2013) Tropical phenology: Bi-annual rhythms and
interannual variation in an Afrotropical butterfly assemblage.
Ecosphere, 4: 1-28.

Walter H & Lieth H (1967) Klimadiagramm Weltatlas. VEB Gustaf
Fischer Verlag, Jena.

Whittaker RH (1960) Vegetation of the Siskiyou mountains, Oregon
and California. Ecological Monographs, 30: 279-338.

Williams LJ, Bunyavejchewin S & Baker PJ (2008) Deciduousness
in a seasonal tropical forest in western Thailand: Interannual
and intraspecific variation in timing, duration and environmental
cues. Oecologia, 155: 571-582.

Wilson M & Shmida A (1984) Measuring beta diversity with
presence-absence data. Journal of Ecology, 72: 1055-1064.

Wiwatwitaya D & Takeda H (2005) Seasonal changes in soil
arthropod abundance in the dry evergreen forests of north-east
Thailand, with special reference to collembolan communities.
Ecological Research, 20: 59-70.

Wolda H (1978a) Seasonal fluctuations in rainfall, food and
abundance of tropical insects. Journal of Animal Ecology,
47: 369-381.

Wolda H (1978b) Fluctuations in abundance of tropical insects.
American Naturalist, 112: 1017-1045.

Wolda H (1988) Insect seasonality: why? Annual Review of Ecology
and Systematics, 19: 1-18.



