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Abstract. Approximately 34 tetragnathid species have beearded in Malaysia. These orb-web spiders staftiimg their first
webs in early juvenile stages. The relationshigg/een the morphology and the web characteristi¢ewftetragnathid species
(Leucauge argentina, L. celebesiana, Mesida gemmea andTylorida ventralis) were presented in this paper. The morphology was
represented by eight morphological variables imetgal through first principal component analysise Torrelations between the
morphology and each web characteristic were teSteel results showed that while there was a corogldtetween the principle
component and the web size, there was no signtfma@melation in the number of spirals, numberadfir, web-sites and web-
angles in the four tetragnathid species. Factatsafiect web characteristics in different bodyesizvere likely influenced by
environmental factors. Changes of web charactesistbould have corresponded to the condition a¢difft habitats types. The
information obtained from this study could provalbetter insight for other arachnids study paréidylin Malaysia.
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I ntroduction

The long-jawed orb-weaver spiders from the famigtraignathidae contain at least 967 species frogefiéra worldwide
(Platnick, 2014) where the members of this family aery diverse in morphology and behavioral charéstics. According to
Dzulhelmi (2016), at least 34 tetragnathid spebisse been recorded in Malaysia. Orb-web spideegfog strategies have
highly depended on the web selection, in which theye first started building since juvenile stafjiee orb-webs must be built
before foraging success could be assessed (Higdi88). They also being known as ‘sit-and-wait'dat®rs that employ a
homogeneous foraging strategy across their lifgestgSensenig et al., 2011) and highly dependetiteowebs they construct at
strategically chosen microhabitats. Minimizing eyyecost for building webs was important for maximgthe prey-capture
efficiency (Blamires et al., 2010). Orb-web spidessially improve the performances of their webcditites by altering a few
web parameters (i.e. web area, mesh size, numisgirals and number of radii) that have direct intgan the costs and benefits
of building the webs (Liao et al., 2009; Wu et 20,13 but see Zschokke & Nakata, 2010). While tipe tyf silk and structures of
orb-webs from juvenile to the adult stage had reexirelatively constant, the silk amount and quditfered, as large size
spiders tend to target larger prey (Sensenig €2@10). For instance, intercepting, stopping adntion potential of adult
Neoscona arabesca orb-webs were sturdier compared to that of juvesyiielers although there were no changes in the 1siesh
of the two stages (Sensenig et al., 2011). On titver thand, juvenil®ephila clavipes andN. maculata would alter their web
characters by either increasing or decreasing #tesizes in response to the level of decrementen papture (Higgins, 1995)
which they had learned through experience.

Some spiders changed their web-sites and micratalid achieve a higher rate of prey captures (Bla®77; Wise, 1993).
For exampleArgiope aurantia shifts from forest edges to open fields as thegheadulthood (Enders, 1973), because of the
significant differences in the variety and abundaotprey in open fields compared to the foresesd@yicReynolds, 2000). This
foraging investment corresponded with the spidersponse to resource availability. Although thairedthistory and ecology of
other arthropod species remained unknown, pre\studies that investigated spiders at species-leimostly been conducted
in other geographical regions (i.e. Enders, 197dgids, 1995; Kuntner et al., 2008) while studiestthad taken place within the
Southeast Asian region were very scarce (i.e. ihet al., 2017). During our field samplings fetragnathid species that
build orb-webs, four common speciésycauge argentina, L. celebesiana, Mesida gemmea and Tylorida ventralis were identified
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at various locations in Malaysia (Norma-Rashid &2009; Koh et al., 2013; Dzulhelmi et al., 201Baulhelmi et al., 2014b),
and their wide distribution was the evidence ofrteaccessful ecological adaptation. Unfortunategry little is known about the
relationship between the life stages and the webacteristics of these four species.

Although orb-web spiders of any stage would inijigluild webs typical to that of adult spiders,ythveould subsequently
alter their web structures throughout their livestlapt to biotic and abiotic conditions. This gta@med to determine whether
there were relationships between the morphologytlaaaveb characteristics of these tetragnathidispe€his study
hypothesized that if the morphology and web charétics were not correlated, the variability ofoagharacteristics were
probably influenced by environmental factors indteélife stages.

Material and methods
Data collection

Field surveys for tetragnathid spiders orb-websewsmducted from April 2013 and June 2013 in statmns in Malaysia
(Table 1). Searching of orb-webs was done duringiiske (1000—1400 hours) and night time (2000-0000r$) for three
consecutive days in each site. The web orientattormsigular tilts were measured using a protrawygslacing the straight edge of
the protractor in parallel to the bases of thetslhmvebs (Ramirez et al., 2003). Meanwhile, théicadrdistances of the webs from
ground (web-sites) were measured using a meastapey The webs were dusted with powder to incre&sel contrast for
photography. Collected spider specimens were siaréf% ethanol solution for species identificatidibbsence of pedipalp (male)
was ensured so that only female spiders were asedeb characteristics analysis. The female geaiteére dissected and cleaned
using potassium hydroxide (KOH) before examinatiomder a 50x dissecting microscope (AmScope, USAe $piders’
morphological measurements were obtained basedantdtal lengths (TL), carapace lengths (CL), paca widths (CW),
abdomen lengths (AL), the lengths of leg I-1l-IN-ILikewise, the web characteristics measured weed areas, free-zone areas,
hub areas, mesh-sizes, number of spirals, numbmdaf angles and web-sites. The measurementsofibr spider specimens and
web characteristics were measured using KLONK Insafevare.

Location GPS Forest types
Kuala Selangor Nature Park, Selangor °2®16”" N, 10r14'56" E Mangrove forest
Ulu Gombak Field Study Centre, Selangor 022860”" N, 10r47°'20" E Secondary forest
Kubah National Park, Sarawak °36'41"N, 11011'44’E Heath forest
Gunung Gading National Park, Sarawak °41127"°N, 10950'45"E Dipterocarp forest
Bako National Park, Sarawak °41’8"N, 110°P26'10"E Peat swamp forest
Mesilau National Park, Sabah °0@'5"N, 11854'1"E Montane oak forest

Table 1. The forest types and GPS coordinatesaif keation surveyed for tetragnathid spider spgecie

Data analyses

One hundred individuals belonging to four tetrabithspider species were collected throughout #ld 8ampling. The spider
specimens collected were consisted oérgentina (14 individuals from Gunung Gading National Parikdd 1 individuals from
Kubah National Park},. celebesiana (29 individuals from Mesilau Nature Park), gemmea (12 individuals from Gunung Gading
National Park and nine individuals from Ulu Gomlfikld Study Centre) and. ventralis (19 individuals from Kuala Selangor
Nature Park and six individuals from Bako NatioRark).

L. argentina, M. gemmea andT. ventralis were found in more than one site. Therefore, theciVt-test was performed to
compare the same web variables in the two sitesentire same species were found. Modification wadenia the degrees of
freedom in the Welch t-test to determine whethkthal individuals of the same species from différgtes could be pooled. Other
web character variables with no significant diffeze in the mean values were also pooled for fudhaiyses. The same analysis
was also used to analyze the web characteristiablas that were not influenced by the habitat tyfiee average measurement
values (mean with standard deviation) of the molgdioal and web characteristics of the four sel@d&nale tetragnathid spider
species used were summarised (Table 2 and Table 3).

Instead of using a single proxy variable for thiglspsize, the morphological variables were logmalized [log (x+1)] (Table
4). The eight morphological variables were thenvested into principal components. Since there wagrg high covariance
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between the morphological variables, the first gigle component was able to summarize more than 80fite variance in the
tetragnathid species:. argentina (84%), L. celebesiana (86%), M. gemmea (87%) and T ventralis (91%) (Table 5). Spearman
Rank Correlation was used to detect any correlatidhne first principle component and each of tlewharacteristics. The analysis
was performed using R 3.1.0 (R Core Team, 2015).

Results

The Welch t-test analysis showed no significarfedénce in web characteristic lofargentina, M. gemmea andT. ventralis
among different populations and habitats excepttferhub-area df. argentina (data not shown). The scatter plots between the
morphological characters (PC1) and each web cheraatiable folL. argentina (Fig. 1),L. celebesiana (Fig. 2),M. gemmea
(Fig. 3) andT. ventralis (Fig. 4) were as presented. For all the plotgetlaee few indications of trends in for variablesnber of
radii, number of spirals, web-angle and web-sitisvever, there is an obvious correlation betweeth 8@l the variables Mesh-
size, Web-area, Freezone and Hub-area. Spearmandrarelation showed strong correlations betweenihb-area, freezone-
area, hub-area and mesh-size (excepifagemmea) and the spider size, represented as PC1 (Tab@tieg¢r web features that
showed no correlation with the spider size werentimaber of radii, number of spirals, web-angle waeth-sites (Table 6). This

implied that those non-correlating variables wadthain constant as the spiders grew as they deumpaturity. It also
reflected the stability of environmental conditidhsoughout the life stages of the spiders withia habitat.

Species N TL CL CW AL Leg | Legll Leg Il Leg IV

L. argentina 25 3.28+0.76 1.51+0.26 1.22+0.28 2.22+0.69 6.59+1.51 4.91+1.05 2.96+0.57 4.26+0.88

L.celebesiana 29 6.78+2.31 2.61+0.74 1.96+x0.50 4.40+1.65 18.29+7.07 12.69+4.79 6.14+2.0510.89+3.99

M. gemmea 21 3.44+0.99 1.42+0.42 1.05+0.23 2.16+0.59 9.29+3.26 5.98+1.86 2.994+0.73 4.92+1.33

T. ventralis 25 4.81+1.21 1.86+0.49 1.38+0.35 2.95+0.79 12.84+4.12 7.43+2.34 3.79+0.996.11+1.79
Table 2. The mean values with standard deviatiaeitimeters of the morphological characters offthuie female tetragnathid
spider species.

Species N Radii (n) Spirals (n) Mesh-sizéNeb-area (c?)  Freezone- Hub-area Web-angle Web-sites
(cn?) area (crd) (cn?) (cn?) (cn?)

L. argentina 25 26.64+4.80  30.84+8.92  0.24+0.07145.83+68.92 7.79¢4.11 0.60+0.3639.60+20.86 43.80+32.12

L. celebesiana 29 20.1743.51  24.01+5.43  0.39+0.13264.96+145.94  19.33+9.53  2.22+1.3763.28+7.82  66.72+34.36

M. gemmea 21 17.24+3.10 28.48+8.10  0.38+0.16262.88+267.16 11.42+#8.67  0.80+0.5141.43+27.98 152.62+55.70

T. ventralis 25 18.32+2.01  28.07+6.89  0.40+0.14338.44+181.65 18.90+11.551.20+£0.72 57.20+17.39 153.40+54.50

Table 3. The mean values with standard deviatich@fveb characteristics of the four female tetatigid spider species.

Variables L. argentina L. celebesiana M. gemmea T. ventralis
TL 1.116 0.916 1.050 0.891
CL 0.586 0.663 0.609 0.720
cw 0.743 0.572 0.488 0.632
AL 1.271 0.859 0.864 0.840
Leg | 1.252 1.272 1.528 1.398
Legll 1.026 1.2151 1.229 1.271
Leg Il 0.819 1.010 0.852 0.896
Leg IV 0.969 1.237 0.981 1.092

Table 4. Loadings of the first principle compon@€A) for each morphological variable.
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Principal component (PC1)

Species L. argentina L. celebesiana M. gemmea T. ventralis
Standard Deviation 0.44 0.76 0.61 0.61
Proportion of variance 0.84 0.86 0.87 0.91

Table 5. The proportion of variance morphologigéhgiple component for each species.

@
=<
© k) s @ : @
o
= € e T ™ 4 8 o
= s © o £ o u
2 o 2 oo & & go
e} ° -2 o 5
s B - = o
o
o
o T T T T T T \ T T T
04 -02 0.0 0.2 04 -04 -0.2 0.0 0.2 04
Ty W @
o o & e
I o 00 2 * <>c>0 §
% o G0 o £ 5 o °
g o & ¢ oo 0%@ g s = ;’
= P = o ¢
o
s} @
= la5]
< T T T T T T T T T T
04 -02 0.0 0.2 04 -04 -0.2 0.0 02 04
@
3 : 3
8 ®
2 o o |2 2 o LIRS
s o &o % z = g Yo
R o = o LN ¢ g
E o ® ° £ [ L
o>
2 o g
T T T I I T I T T T
-0.4 -0.2 0.0 02 04 -0.4 -0.2 0.0 02 04
e =}
= o o %4 I B
o =
o o o o s o ° %
s ° @ 0 00 0md O (% = e
o o o
= @ T o L2 °
E e o [-T -3 g @ oo 0
T T T I I T I T T T
-0.4 -0.2 0.0 02 04 -0.4 0.2 0.0 02 04

Figure 1.Scatter plots between morphological characters JR8d each web characteristic variablé odrgentina
(abbreviations: NoRad = radii; MeshH = mesh-sizegEone = freezone-area; WebDeg = angles; HGroumeb=sites).
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Figure 2.Scatter plots between morphological characters JR8d each web characteristic variablé ofelebesiana
(abbreviations: NoRad = radii; MeshH = mesh-sizegEone = freezone-area; WebDeg = angles; HGroumeb=sites).
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Figure 3.Scatter plots between morphological characters JR8d each web characteristic variablé/bfgemmea
(abbreviations: NoRad = radii; MeshH = mesh-sizegEone = freezone-area; WebDeg = angles; HGroweb=sites)
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Figure 4.Scatter plots between morphological characters JRR8d each web characteristic variabld ofentralis (abbreviations:
NoRad = radii; MeshH = mesh-size; Freezone = freezarea; WebDeg = angles; HGround = web-sites)
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Species Variables rho t df p Sig.
L. argentina Radii -0.314 -1.585 23 0.127 NS
Spirals 0.060 0.289 23 0.774 NS
Mesh-size 0.469 2.544 23 0.018 i
Web-area 0.628 3.870 23 0.001 :
Freezone 0.647 4.073 23 0.001 i
Hub-area 0.499 2.761 23 0.011 :
Web-angle -0.012 -0.056 23 0.956 NS
Web-sites -0.074 -0.354 23 0.726 NS
L. celebesiana Radii 0.125 0.656 27 0.517 NS
Spirals 0.015 0.079 27 0.937 NS
Mesh-size 0.394 2.225 27 0.034 :
Web-area 0.468 2.754 27 0.010 i
Freezone 0.669 4.681 27 0.0001 )
Hub-area 0.483 2.873 27 0.008 i
Web-angle -0.124 -0.649 27 0.521 NS
Web-sites 0.115 0.600 27 0.553 NS
M. gemmea Radii -0.268 -1.214 19 0.240 NS
Spirals 0.400 1.902 19 0.072 NS
Mesh-size 0.215 0.960 19 0.349 NS
Web-area 0.777 5.385 19 0.0001 :
Freezone 0.709 4.383 19 0.0001 i
Hub-area 0.781 5.460 19 0.0001 :
Web-angle -0.191 -0.847 19 0.408 NS
Web-sites -0.153 -0.677 19 0.506 NS
T. ventralis Radii -0.260 -1.294 23 0.208 NS
Spirals 0.068 0.330 23 0.745 NS
Mesh-size 0.554 3.189 23 0.004 :
Web-area 0.655 4.163 23 0.001 i
Freezone 0.719 4.963 23 0.0001 )
Hub-area 0.641 4.009 23 0.001 i
Web-angle 0.059 0.281 23 0.781 NS
Web-sites 0.272 1.356 23 0.188 NS

*Significant to 0.05%S Not significant
Table 6. Correlation between morphological prireippbmponent and web characteristic variables.

Discussion

In general, the freezone-area and hub-area of dneekase proportionately to the web-area as tiwebecharacteristics
were inter-related. Adult spiders with larger bailses would construct larger web sizes than therjile spiders with smaller
body sizes to sustain their own body weights (Seigset al., 2011). This is in consistence with phesent results where the body
sizes were observed positively correlated withwieb-area, freezone-area and hub-area of thesespidehs. The web materials
improved significantly as the spiders developed adulthood (Sensenig et al., 2011), corresponairngptured prey variation
(Richardson & Hanks, 2009) during different lifagés. Regarding to Tahir et al. (2010), the bidppgetied orb-web spiders are
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known to capture larger prey at higher web-sitasr@duce competition with smaller size spiders, ¥eter and faster prey
usually has higher kinetic energy and larger sgidend to invest in more and higher quality sillathieve better performance
(Sensenig et al., 2011). Nonetheless, web-sitehhdiges not always correlate to spider size (Radam & Hanks, 2009).
Comparably, this study has identified the correlaibetween the spider body size and mesh-sizehw¥ere in concordance
with previous studies (i.e. Eberhard, 1988; Hertegmset al., 2000a, but see Tahir et al., 2010di#ahally, most orb-web
spiders are able to capture a diverse and proditatvhy of prey types depending on the web-siteisekample, Diptera,
Hymenoptera and Lepidoptera were the main preyucegtin the colonial webs @kucauge sp. (Salomon et al., 2010).

Although numerous field studies have failed to findonsistent relationship between the mesh-sidgeay size
(Herberstein & Heiling, 1998), several studies hawggested otherwise. In some instance, the spidgope keyserlingi did not
alter their mesh sizes (Herberstein et al., 2080mmires, 2010; Blamires et al., 2017) despiteabailability of a diverse prey of
different sizes. On the other hand, Some spidarispsuch akeucauge mariana increased their web-areas but reduced the
mesh-sizes (Eberhard, 1988) as they developedriatarity. This study had not determined the retediops between the web
mesh-size and the prey size among spiders of diffesizes due to lack of prey specimen collectedh fthe spiders’ webs.

Analysis on all four tetragnathids have found noelation between the body size and the numbeadif.\Witt et al. (1972)
found that the juveniles had more number of rddintadult spiders &franeus diadematus. Spiders were able to save more
energy and maintain the same web effectivene$iests and function even if they reduced the nunolbeadii (Sensenig et al.,
2010). In contrast, other orb-web spider specieb agNephila, Nephilengys andHerennia species increased the number of radii
as the spider size increased (see Kuntner et(l8)2More number of radii proportionate to thedgpisize resulted in stronger
webs (e.g. Blamires et al., 2011). This allowee@ii’e capturing of faster and heavier prey becatifiee increment in kinetic
energy absorption from the impact (Eberhard, 1983g, 1993). Too much tension on the web might jtettra prey to fly
through or bounce off depending on the size andcityl of the prey, a phenomenon known as the ‘tr@inp effect’ (Sensenig et
al., 2011).

None of the four tetragnathid species showed caticgl between the body size and the number oflspiFais was
consistent with the finding by Tahir et al. (201@ich stated that the spider body size is not ¢ated to the number of spirals.
In contrast, Henaut et al. (2006) identified the humber of spirals differed between individualditierent web-sites. The
abdomen width is also correlated to the numbepwéls which is related to maturity (Henaut et 2006). However, Eberhard
(1988) suggested that a broader abdomen and aeheaight showed the sign of greater feeding s @w are also associated
with the developmental stage of the eggs it carihsb-sites selection appeared to be related tegkeal development of the
spiders, and larger size spiders chose higher webeompared to smaller size spiders of conspadiinders, 1974; Henaut et
al., 2006). This was probably due to prey availgbdt different web-sites (Moore, 1977; Blackledgeal., 2003), and spiders
might relocate their web-sites in response to tley pypes (Moore, 1977; McReynolds, 2000; Henaual.e2006). Some studies
had found correlation between the body sizes amdvib-sites (e.g. Henaut et al., 2006). Currentitedemonstrated that the
spider body size did not correlate with the webssih any of the four species.

There was however an alternative interpretatioriHisr result; different tetragnathid species ofati#nt sizes might respond
to the vegetation structure. For instance, larg&tess would construct larger webs at higher webssivhere there was more
open space rather than at lower web-sites wheespas limited by shrubs and grasses (McReynoREQR If there was
enough space to construct the webs, it would biefadele to maintain the web at these web-sitesyevtieere is constant access
of food supplies and less competition. Repairifiraloning or reconstructing webs in other web-sitesld be a waste of
energy (Biere & Uetz, 1981; Sensenig et al., 20IBgrefore, the four tetragnathid species mighehaaintained their web-sites
at certain height from the ground as they grew fjowenile into adult.

Orb-weavers have the capability to orient theinptawebs in response to climatic factors and pightfpaths (Biere &
Uetz, 1981). They would choose web-sites that pl@desirable prey types and microhabitat structulegending on their web
characteristics (Herberstein, 1997; McReynolds0200his study have identified that the four tetrathid species constructed
horizontal orb-webs, and have tilted the web angbee vertically as they grow into maturity. Howewviis study found no
correlation between the body size and the web ahgiaetheless, horizontal orb-webs have the disastdges of reduced web
capture by about 70%, lower retention of prey caphy 20%, and increased damage from rain dropdadlittty debris
(Eberhard, 1990). Hence, the web angle was tilteatcordance to the condition of available spagegalvith the fulfilment of
other requirements.
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Conclusions

Many biotic and abiotic factors were taken into sideration when determining the variations in wibrecteristics of each
tetragnathid species. The four tetragnathid spegidss study had produced a comparable numbepioéls and radii at different
body sizes. Other factors that reflect web charesties of different body sizes were likely to Indliienced by maturity.
Similarly, changes of other web characteristicdade responding to the requirements of circumstanathin the habitat type.
The information on tetragnathid species obtainethfthis study could benefit researchers, partiularMalaysia.
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