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ABSTRAKT

Tato studie se zabyva termoregulan chovanim lesnich mravencodu Formica na
vySkovém gradientu. Dvouleté zaznamy z datakddsily kombinovany s detailnim &aim
meienim teploty mraveni§tv riznych hloubkach pod povrchem. &iil megieni probihala od
dubna do zA. Vysledky ukazuji, Ze teplota hnizda byla vy38i teplota vzduchu ve vSech
ro¢nich obdobich. Teplota mraverige nejvysSi v nejhlubsi vrstyteplo tée zevnit ven.
Domnivame se, Ze teplotni stabilita mratieo hnizda na j& a v 1é¢, tedy v obdobi nejvyssi
mraverti aktivity, je ovliviiovana pedevSim vniinimi zdroji tepla — mikrobialni aktivitou a
metabolismem mraveficOsluréni ztejme hraje gimou roli v zafliivani hnizda pouze brzy na
jare, v lét je vliv oslureni na teplotu hnizda n&my, skrze vliv na aktivitu mravefic
V zimé hraje vyznamnou roli velikost hnizda, jez korespga s izolanimi vlastnostmi
hnizdniho materialu. NaSe vysledky ukazuji, Ze teagul&ni chovani jefizeno vnitnimi
faktory, jmenovi¢ pottebami kolonie spojenymi s kladenim vajec a vyvogrisky. Ol tyto
¢innosti vyZaduji vysokou teplotu.

Mravenis€ v odliSnych nadmigkych vyskach se neliSila vipnérné sezonni teplst
hnizda ani dennich vykyvech teplot. VariabilitaZdnii teploty byla $Si mezi jednotlivymi
hnizdy na stejné lokatitnezli mezi lokalitami s odliSnou nadiis@ou vySkou. Resto data
z rienich neteni ukazuji, Ze zde existuje podobnost teplotn@Zimu mezi hnizdy z nejnizsi
a nejvysSi nadniteké vysSky. B hledani vys¥tleni této zvlasStnosti jeréba pihlédnout
k jinym vlivim prostedi. VSechna hnizda vykazovala podbliiouhé obdobi vyskytu
zvysené vnini teploty (T>26C), piblizng 100 dni, i kdyZ p&tek tohoto obdobi se mohl
mezi jednotlivymi hnizdy liSit. Tato studie nalezlaikazny vliv nadmeské vysky na nini
zmeénu teplot uvnit hnizda ve vSech &aich obdobich a také na denntipgr a fluktuaci
hnizdnich teplot v Iéta na podzim. Nadntska vySka ovliviuje také teploty vzduchu ve
vSech sezonachigkvapiv na lokalit s nejvyssi nadntekou vysSkou byly nalezeny nejmensi
vykyvy teploty vzduchu. Rmérnd sezoénni teplota vzduchu se neliSila mezi jdoyati
lokalitami s fiznou nadmiskou vySkou.

Kli ¢éova slova:
termoregulace, lesni mravenci, ledrmica, vliv nadmdské vysky, inkubace 88ky



ABSTRACT

This study examines thermoregulation behavior ofodv@ant genusFormica on
elevation gradient. Two years long dataloger reemfinner nest and ambient temperature
were combined with detailed spring-summer manuahsuement of nest temperature in
different depths below nest surface. Results slavihner nest temperature was higher than
air temperature in all seasons. Temperature ohesttis highest in the deepest layer, the heat
flows from inside out. We can assume that thernmhéostasis of ant nest in spring and
summer i.e. in period of ant highest activity isluenced mainly by inner heat sources —
microbial activity and ant metabolism. Insulatioeems to have direct effect on nest
temperature only in early spring; in summer insalagffects nest temperature indirectly, via
ant activity. In winter there is pronounced effe@ftnest volume which corresponds high
isolative properties of nest material. Our resuitdicate that thermoregulatory behavior of
wood ants is driven by endogenous factors, namelpny needs in sense of queen
oviposition brood development. Both of these regigh temperature.

Nests at variable altitude did not differ in awgraseasonal temperature or seasonal
temperature fluctuation. Variability of nest tengtere was bigger among nests from one
locality than between localities with differentialtle. Yet data from manual measurement
show there is similarity in temperature regime lesw nests from the lowest and highest
locality. Possible explanation for this discrepanskiould be searched among other
environmental factors. All nests show similar ldngif period with increased inner nest
temperature (T>2), approximately 100 days, even thought the sifithis period may
differ among nests. There was found significanecfiof altitude onto night change of inner
nest temperature in all seasons and also on dadyage temperature and temperature
fluctuation in summer and autumn. Altitude affeaistemperature fluctuation in all seasons
too, surprisingly at highest altitude there occdii@ver air temperature fluctuations. Average

seasonal air temperature did not differ betweealiioes with different altitude.

Key words:
thermoregulation, wood ants, gerie@mica, effect of altitude, brood development
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[. INTRODUCTION

1. Insect and temperature

Temperature is an important factor for all ectot@usiorganisms, including ants. The
temperature affects all life aspects — for exantipéerate of development is accelerated with
high temperature (Porter 1988), the movement rpgeds up Challet & col. 2005), the
consumption rate of food and oxygen is rising t6odnen-Strass & col.1980). This means
that higher temperature can be advantageous isdhse of higher colony fitness through
reproduction and disadvantageous in the senseeofgmeeds (Brian 1973) at the same time.

The optimal temperature range is variable for défifié groups of social insect, for
example brood of thapis meliferadevelops fastest at 35 (Fahrenholz & col. 1989 in Porter
& Tschinkel 1993). In Brmica polyctenatemperature 2& is preferred for the pupae
development (Coenen-Strass 1985), colonieéSadénopsis invictaangrow only between 24
to 36°C (Porter 1988). In contrast, the gemMdigrmicais adapted to cold climatesl.rubra
from Britain prefer temperatures between 19€21about 8C lower than the temperature
preferred by other ants (Banschbach & col. 1997).

The temperature preferences differ among castedifenstages (Porter & Tschinkel
1993, Rhoades & Davis 1967). Ant queeng-ipolyctena(Kipyatkov & Shenderova 1986)
and Solenopsis invictgPorter & Tschinkel 1993) prefer slightly highemtperatures than
workers especially during egg-laying phase, inatiueens may prefer cooler temperatures.
Workers generally prefer lower temperatures, whddtrease their metabolic rate and
increase their lifespan (Ceusters 1977, Porter &hifkel 1993); a decrease ofQ can
lengthen worker lifespan i8. invictaby 14% (Calabi & Porter 1989). Preferences of aurs
workers are shifted to higher temperatures favobragpd development (Kneitz 1966, Brian
1973; Roces & Nufiez 1989, Porter & Tschinkel 1993).

Insect societies can achieve much better thermtaggu than solitary insect. This
possibility is given by building large and compleasts and by displaying complex behavior
(for review see Wilson 1971, Seeley & Heinrich 198&hnson & Oldroyd 2007). The nest
protects the whole colony and serves as a shelteadults, and, which is more important, as
an incubator for the brood. Temperature in the oastbe achieved stable, which gives an
ideal development conditions for brood. This wag tleproductive fithess of the colony is
raised.Improved homeostasis for the colony could even be of the reasons why insect

sociality evolved (Wilson 1971).



2. Ant thermoregulatory strategies

In moderate climates most ants build nests in tiewghere the temperature is quite
stable (Holldobler and Wilson 1990, Sanada-Morim&raol. 2005) or on the soil surface
under a layer of leaf litter where the temperatae be buffered by the insulating properties
of the nest material. Many species in the Northéemisphere also nest under rocks or stones
which the ants use as heat collectors (Roces amgZN1L989, Holldobler and Wilson 1990,
Banschbach & col. 1997, Chen & col. 2002). In tfopics only a few species nest in soil and
majority of species inhabit small pieces of rottimgpod (Wilson 1971). More precise
microclimate regulation is achieved in the moundeiug species ofAtta, Acromyrmex,
Myrmicaria, Solenopsis, Iridomyrmex, FormicandLasius(Brian 1973, Bollazzi and Roces
2002, Cassil & col. 2002, Cole 1994, Coenen-Si&85, Frouz 2000, Zahn 1958)

Thanks to huge ant species diversity, there isalsoge diversity of thermoregulatory
strategies (for review see Seeley & Heinrich, 19Rhnson & Oldroyd 2007). Here | would
like to mention only information concerning moundilding ants, with main emphasis on
wood ants genusormica In general two different thermoregulatory straegcould be
distinguishes among mound building ants (Kadochbwdwiz in prep.).

First the nest may increase the available thermmatlignt in which the optimal
temperature for brood development is selected. warkers move the brood (and also the
symbiotic fungus) according to the thermal gradigotincrease the rate of development. A
precise perception of temperature is needed to ntakecorrect choices (Roces & Nufiez
1989, Penick & Tschinkel 2008, Bollazzi & Roces 2D0The nest may serve as a solar
collector, being heated on one side, whereas theeshside provides cool shelter for workers,
thus prolonging their life-span (Porter & TschinkE993). These nests have usually low
thermal capacity and high thermal conductivity, ¢hg@y can warm up quickly. But they have
poor isolation properties. This thermoregulatomatstyy occurs for example #cromyrmex
heyeri, Myrmica rubra, Pogonomyrmex occidentalisleBopsis invictaand genusLasius
(Brian 1973, Bollazzi & Roces 2002, Cassil & coD20Cole 1994).

Second strategy is to keep stable higher temperatside the nest. For maintaining
stable conditions, bigger nests with good isolafiveperties are the most suitable (Frouz
1996). These nests warm up slowly but they are tabdtore gained heat effectively. Ants can
regulate thermal loss by moving imides nest agdi@gaand alternate nest ventilation.
Metabolic heat produced by workers (Kneitz 1966sémren & col. 1987) or associated
microorganisms (Coenen-Strass & col. 1980) is goomant additional source of heat. This

strategy can be found for example in honeybeedd@éuer 1954) and other social insect with



ability of active thermoregulation, in agenusFormica — Formica aquilonia, F. rufa, F.

polyctena(Coenen-Stes 1985, Frouz 2000, Rosengren & col. 1987, Zahn 1@&@)Atta

(Kleineidam & col. 2001), also in fungus-growingrtaetes (Luscher 1961). The level of nest
thermoregulation depends on many other factors,nest size, population size, moisture and
thermal conductivity of the nest material (see Wldrhere are supposed to be intermediate
strategies of the thermoregulation.

If the nest is not primary designated for rearingdad the thermoregulation needn’t be
achieved at all. The secondary nest found in ThatdeFormica obscuripes foretontains
only foragers, there are lower temperatures thahemrimary nest but still the temperatures
are more constant than temperature in the plardpyariThe secondary nest serves as a cool
refugee for Homoptera tenders during high middagpeeratures and as a primary storage
place for honeydew before future transport to tle@nnmest (Mclver & Steen 1994). Another
similar example is ,barrack-nest* of Oecophylla sagalina, which host only major workers

and serve as a base for territory guarding anchdeféHoélldobler 1983).

3. Thermoregulation in ants ofFormica rufa group
3.1 General thermoregulation pattern

Temperature of ant nest is usually higher and nstable than ambient temperature
through out the whole year, but in spring and sumime ants maintain markedly higher inner
nest temperature than in other seasons (Wilson,1R84engreen & col. 1987, Frouz 2000).
High temperatures in spring are required for sexaralod development; nests producing
sexual offspring always have higher temperaturaa those producing only workers (Luther
1985 in Rosengren & col. 1987). This differencesists even after the sexual offspring have
left the nest. During the whole ant activity/ brogehring period, approximately 100 days
(Frouz & Finner 2007), the ants maintain in thesthan area where the temperature is stable
and does not drop below %5 this place is called heat core (Frouz 2000).tideee position
can be moved according to nest shape and size.e Tiseusually significantly bigger
concentration of workers in the heat core thanhm mest periphery (Coenen-Strass & col.
1980, Frouz 2000). In winter the nest temperaturanges with ambient temperature but
temperatures in hibernation chambers remain stalle’C (Rosengren & col. 1987).

Temperature daily fluctuations in the nest usuglbgitively correlate with ambient
temperature (Kneitz 196@;rouz 2000), but exceptions occurosengreen & col. (1987)
reported that a short spell of freeze can incréasenner nest temperature. Daily fluctuations



can also be correlated with temperature-dependé@inges in ant density and ant
aggregations in the central nest. According to Er@@000) the highest nest temperatures
usually occur in the afternoon or in the eveningolwltorresponds with forager return. These
changes in nest temperature could result from #e brought into the nest by returning
workers (heat coming from absorbed solar energyyalsas the heat generated by worker
metabolic heat production within the nest. In samests temperature drops slightly in the
morning when ants leave the nest (Horstman 1983eiRgen & col. 1987, Frouz 2000).

The seasonal fluctuations in thermoregulation behavof Formica polyctenaalong
south-north gradient were studied by Frouz & Fi(907). Both in Finland and the Czech
Republic the ant colonies maintained a high nesptzature (over 2C) for a relatively short
time period, 65-129 days. This might be explaingdhe physiology of the queen. Queens of
F. polyctenaundergo regular shifts between reproduction angadiaes, and these shifts seem
to be driven by endogenous factors. In the laboyatihe queen enters diapauses after 100
days of reproduction even at a constant temperatn@ photoperiod (Kipyatkov &
Schederova 1990, 1985).

3.2 Outer sources of heat

As mentioned above, the main outer source of tsesblar radiation. The first author
drawing attention to the influence of direct sotadiation was Forel in the early 1920s
(Seeley & Heinrich 1981). Solar energy help to keegt material dry (Frouz 2000), thus
increases the isolative properties of the nesaiit heat the nest once it is built and it can also
increase the metabolism of ants (Kneitz 1966). Canegb to underground nests, mounds
absorb heat more quickly both in the direct suniarghade (Penick & Tschinkel 2008). Ants
in the Northern Hemisphere usually remove shadirgsg) from the south side so the
temperature increases quickly on that side. Thestes a temperature gradient that many
species use for brood displacement (Penick & T&ehi2008). Some species decorate the
mound surface with small pebbles or dead vegetatvbich can work as heat collectors or as
radiation reflectors (Vogt & col. 2008). Mounds simeFormica andLasiusspecies could
even serve as a rude compass, they are asymnwatticthe main axis oriented in a south—
north direction (Holldobler & Wilson 1990, Frouz @@ Vogt 2004), the slope of south side
negatively correlated with maximal sun angle (V&gtol. 2008).

Thermal properties of nest material, mainly therro@hductivity and heat storage
capacity, may influence solar energy income and disdribution through the nest. Among

others the nest material homogeneity and moistaxe hhe largest effect. In many species
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there exist aimed differences in the material hoendy and the nest structure. Fiormica
rufa group the organic material is not the same contiposin the whole nest volume
(Dlusskij 1967, Coenen-Strass & col. 1980). The ntbatructure is not rigid, the ants loose
and renovate the nest structure whereas the mlategantinuously moved from inside out
(Kloft 1959 in Coenen-Strass & col. 1980), somesme can observe more compact, dryer
layer at the nest surface. An interesting paft@imica nest are pieces of resin, incorporated
into the nest material. Research of Castella and @008) showed that resin has
antimicrobial effect. Resin inhibits the growthmdtentially pathogenic bacteria and fungi in
the nest. The ants preferently collect pieces sihre pebbles or twigs, this behavior can be
understand as prophylactic (Castella & col. 2008).

Thatch antd~ormica obscuripes foreMclver & col. 1997) andAcromyrmex heyeri
(Bollazi & Rocez 2010a) use plant fragments asdg material, and arrange them in a thick
compact surface layer called ,thatch”. The thatoéwvpnted diurnal nest from overheating by
the incoming solar radiation, and avoided lossethefaccumulated daily heat into the cold
air during the night (Bolaci & Rocez 2010a). Thigianic material is also expected to have
lower thermal diffusivity than the surrounding s@lengel 2003), and may therefore prevent
heat losses into the soil and so contribute tol@suhe fungus garden

Nest moisture can have two different and opposienioregulatory effects: moisture
can support microbial heat production (i.e. inceedse temperature) and decrease the
isolating properties of nest (i.e. getting cold riigr) (Frouz 1996). A study of the
relationship between daily temperature regime andture inF polyctenanests revealed two
different situations and possible ways of thermalatipon (Frouz 2000). In the dry nests
which are usually located in sunny open placesrs@diation plays an important role.
Thermal losses of dry nests are estimated to Ee-8.2 W per nest (Frouz 1996). These nests
have low thermal capacity, but they are usuallydfaasolents. Temperatures of these dry
nests are highest in the evening and they dromguhie night. Wet nests are usually shaded
and thus solar heating is limited. In wet neststdmperatures are low in the evening and
increase during the night. These nests have athegmal capacity and so they require a lot of
energy to warm up. High temperatures on nest sesfat night indicate substantial heat loss,
calculated at about 24-30 W per nest (Frouz 1996)the other hand, bigger nests have more
favorable surface-volume ration, which could patacly reduce the heat loss compared to
small nests.

Factor contributing to thermoregulation is alsaasoadiation intake by ant bodies. The

ants are dark so they quickly heat when being eeghts the sun during the outside-nest
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activities. This mechanism was first suggested &#yrnZ(1958). In spring we can observe
ants creating clusters on the mound surface baskitige sun. Their bodies contain great
amount of water which has high thermal capacityinakhe ant bodies an ideal medium
for heat transfer. After getting hot enough thesanbve inside the nest where the
accumulated heat is released. This principle wdtkéng all the year but in spring it is

most obvious (Rosengren & col. 1987, Frouz 2000).

3.3. Inner sources of heat

As inner sources of heat we can consider heatasorg from microbial activity and
ant’s metabolism. The thermoregulation via micrbbeating was first proposed in 1915 by
Wasmann (Wasmann 1945 in Coenen-Strass & col. 198980, Coenen-Strass and col.
confirmed the existence of microbial heating in moiunds by showing that in the absence of
ants nonsterilized nest material (i.e., with miorganisms) generated heat but sterilized nest
material (i.e., without micro organisms) generaaédost no heat. The microbial community
in the ant nest is different from that in the surrding soil in part because of differences in
pH and food availability and quality (Frouz & c@005).

There are detectable seasonal changes in micratiiaity; nest material respiration
ie. the microbial activity is highest in summer.ati@roduction per unit of mass is greater for
ants than for nest material but concerning the meluatio of ant bodies to nest volume the
total amount of heat produced in a mound is muelatgr for nest material (Coenen-Strass &
col. 1980).Ants can affect the microbial activity via nest &l aeration, fresh plant
material supply and their own metabolic heat préidac Since microbial activity of wet nest
material depends strongly on temperature (Coenes$st& col. 1980), an increase in
temperature in some small parts of the nest (dantanetabolism or sun radiation) result in
an increase in microbial activity and consequemtlya subsequent increase in temperature.
Microbial activity also significantly rises with nmegture (Frouz 2000).

Wood ants of genud-ormica are able to use metabolic heat to keep proper
temperatures inside their nest (Steiner 1924, Krig64, 1966, Rosengren & col 1987). The
temperature inside Bormica nest begins to increase very early in the spiwven when the
nest surface is covered by ice and snow. At the tihe nest could contain larvae, pupae, and
even some winged individuals, indicating that theer heating may have started much earlier
(Kneitz 1966). In large nests Bbrmica rufathat contain over 1 million workers, nest heating
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could start as an autocatalytic process (Roserngrawi. 1987) that relies on utilizing of lipid
reserves in young workers (Martin 1980).

Some authors deny the importance of ant metabokatiig capacity for
thermoregulation in nests of wood ants. Review bgl&y & Heinrich (1981) places the main
emphasis on the red wood ant mound as a solarctmiland threats the part played by
metabolic heat as a rather uncertain. Brandt (188@) studied the thermal diffusivity of nest
material in wood ants came to conclusion that ‘&her no need to introduce ants with
physiological heat production”. Coenen-Strass & ¢b980) measured thermal productivity
of nest material, workers and pupae of wood &polyctenaand assumed that the heat
produced by ant metabolism does not play an impbrtde. His results indicate the microbial
activity of nest material to be the main sourc@edt production.

However a study done by Rosengren & col. (1987 wsldoresults that cannot be
explained by above mentioned theories only and adpihe existence of ant metabolic
heating. First he found a negative correlation leetwinner nest temperature and ambient
temperature in spring, which doesn't fit the insiola hypothesis, but could result from ant
workers producing metabolic heat clustered togeitihveéhe centre of the nest when ambient
temperature drops below threshold limiting outdaativities. Rosengren & col. (1987)
recorded a significantly increased temperatureflyp@s°C, in wood ant nest during period
when ambient temperatures were only +C5 and the nest was still covered by ice crust.
Thus neither insulation nor increased microbialivégt through intensive ant building
behavior (ants were kept inside the nest by thdaiger) could count as explanation. Similar
results were shown by Frouz & Finner (2007). &lso difficult to explain the maintenance of
fixed target temperature favoring brood developmemd buffered against thermal
fluctuations without ant metabolic heating (Rosemg& col. 1987).

Recent studies usually assume that thermoregulatiovood ant nest is achieved by

combination of all mechanisms (Frouz 2000, Jon&3ldoy 2007).
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II. GOALS AND HYPOTHESIS OF STUDY

The maintenance of a stable temperature in woodesis during the period of ant
activity is widely known and has been the subjdctmany studies (Steiner 1924; Raignier
1948; Dlusskij 1967; Galle 1973; Hostmann 1983,dttoann & Schmid 1986; Frouz 1996,
2000). Much is known, but still the results aré imoperfect agreement. We can say the more
we know, the bigger discrepancies there are, thee moestions arise.

This study investigates the thermoregulation bedran wood ant$ormica polyctena
on the elevation gradient. The aim of my diplomesth is to add new knowledge to today
thermoregulation paradigm, and if possible, to fismpport for one or more of earlier
hypotheses. The study was designed according toefostudy of Frouz & Finer (2007)
investigating thermoregulatory behavior along stlseworth gradient. The methodic was
planned to allow comparing results of this two sgadNew working procedures were added
to obtain data about other factors that are expdetteinfluence nest temperature. Study is
based on long term automatic monitoring of ant nestperatures. During detailed manual

sampling | additionally measured the insulatioreleand ant activity.
Main research question was:
e Does the altitude affect the thermoregulation behaor of wood ants?

We were interested in these factors: the possitilerence of average, maximal and
minimal inner nest temperature among nests aloegagbn gradient, the beginning and
length of period with increased inner nest tempeeatthe differences in thermoregulatory
behavior among individual nests, thermoregulatiehavior stability during the whole year,
differences in nest temperature dependence on amtg@mperature in spring, summer and
autumn, other factors influencing thermoregulatoghavior.

Our zero hypothesesabout thermoregulation in geniermicawere
e Thermoregulation behavior is not dependent on thelevation gradient.
e Temperature fluctuation is not correlated with elevation gradient.

e Dependence of inner nest temperature on the ambietemperature does not differ in

spring and in autumn.
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. MATERIAL AND METHODS

1. Study site

The study was performed in the Czech Republic,aatls Bohemia nearby a village
Srni (49°04'51", 13°28'44") which lies in west@art of National Park Sumava (figure 1).
National Park Sumava was established in 1991 viersoarea of 680 square kilometers, it is
part of UNESCO biosphere reservations in program sta Biosphere, Natura 2000 and The
Ramsar convention on Wetlends. Sumava is one obltiest mountain range in central
Europe with average heights of 800-1400 meters, higbest peak is Plechy Mountain
1.378m. The area is covered mostly by coniferovsstodominated by Norway sprudeicea
abies L.Kaster). There are well preserved ecosystemsesepting the natural state of
mountain forest habitat in the temperate zone, thesstudy should reveal a natural patterns

of ant ecology.

Figure 1. Photomap of western part of National @Buknava with marked
site of study nearby village Srni; on left side nedyCzech Republic with
position of Sumava Mountains. Source of map Googta.

The studied nests occurred in coniferous foresitétatbominated by spruce, the forest
is older than 60 years with sunny patches of detecehabitat, changing continuously to the
meadows. The study was performed along a hillsidee mountain, going from the valley to
the top, the area was divided into three localitresked A, B, C (figure 2) with different
altitude. We wanted to limit the differences betwatudied localities in ambient conditions,

including habitat type, weather conditions, averayeperature and precipitation etc. and also
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in between genetic composition of wood ant comnyyritd those caused by altitude only.
Locality A was the lowest one, with average altgu8ll6 m, it was situated in valley of
Hradecky potok spring boarding with first zone ofdva river (intervention free area).
Locality B has an intermediate altitude, it waspare forest situated at the end of open plain
with average altitude 858.7 m. Locatity C has tighést altitude, in average 1068.8 m, it was

situated on the hillside of Zelend Hora Mountai23a m).

Pmsﬁeﬂ
rat:!llﬁ}.l'rlb

1.:47'000, sﬁ(iaca‘rt snal"zsrm—l-’ M']\ - 3
Figure 2. Detailed map of study site nearby vill&yai, eIevatlon level and vegetation
cover pictured: green color for forest cover, wtide open spaces. Localities A, B, C
are marked with red elipsoic

The sites were inhabited by polydomous colony obdvants ofFormica rufagroup.
In total twelve ant mounds were studied, four mauodl different size representing each
locality A, B, C. The position of every nest wasdted with GPS system (Trimble GeoTX)
allowing proper mapping and altitude location. Régischaracteristics of the mound, i.e.
mound size, nest material moisture, level of ndstdsg, were measured prior to the
continuous data collection. All nest measured in siudy showed high survival rate except
one, nest B1, which was particularly abandonedoimg 2011. Only a small part on mound
near apex was inhabited by ants, the rest of mewaslwet and grown through by fungi and
mildew. In all other nest a massive ant buildingvéty and swarming was observed every

spring. The study duration was 23 months in total.
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2. Data collection
2.1. Continuous temperature recording with dataloges

Inner nest temperature was recorded using didg&loggers (T174, Testo, Germany).
This compact apparatus (1x3x5 cm) is accurate XC0Oand stores up to 2000 data entries.
The dataloggers were wrapped in plastic foil anqektip minimalize the apparatus corrosion.
One datalogger per nest was used. The dataloggeesimserted into the center of ant mound
at 1/3 under the mound apex, where they stayeth&whole recording time. This position
was used because it approximated the heat coteeafidst, where ants maintain a constant
temperature (Frouz 2000). Little movement inside rilest interior is possible due to the ant
activity. The datalogger was attained with a ptasbpe to the peg outside the nest to allow
future extraction with minimal nest damage. At eatlthree localities A, B, C one dataloger
was also placed outside the nests to measure thiertniemperature; it was attached to a tree
twigs 30 cm above ground, the place being proteftted direct sun radiation.

The datalogers were placed into the selected anndson 24 may 2009 and they
collected temperature data every 3 hours for thelevigear, this means 8 data entries a day.
After this time the datalogers were replaced widtasmd set of datalogers. Data from
Kilpeldinen (2008) show that ants are able to mefta nest after mechanic disturbation in a
single week, thus we can assume that thermal hdam®f nest wasn’'t harmed with the
datalogers replacement. In total two years dataewmllected, the very last data were
recorded on 2¥ April 2011, than the dataloggers were extractethfall nests.

From the first season of measurement we are rgisbinee datalogers (A2, B1, C1).
The holding rope of these apparatus was chewedntsy and the datalogers were moved
somewhere deep inside the nest, may be undergrdiladveren’t able to detect these lost
dataloggers with metal detector and we did not wantlestroy the whole colony of ants
(belonging to animals protected by law) during diggthrough the underground nest. Data
from datalogger B4 were damaged thanks to masgparatus corrosion. It means that in
first season we lost four of twelve nest datalogg&ve also lost one datalogger recording
ambient temperature at location A. Fortunately e@tomnd years the ants were not so
aggressive and all datalogers placed inside nests successfully extracted, also all outside
dataloggers remained untouched.

Prior to data collection physical characteristitthe mound were measured: nest high
and diameter, which were later used for calculathmggt volume. Volume of nest was
approximated as a volume of a cone, the same methedised in study of Frouz 2000. Nest

material moisture was measured gravimetrically, dtiterence of weight between wet and
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dry material, desiccated for 6 hours in electriemat 40C, was counted. The samples for
moisture measuring were taken from the nest intatidghe 1/3 depth from the apex, a place
were the datalogers were later inserted. The dadateaaverage daily precipitation (in mm)
were obtained from Czech hydro meteorological inti For characteristics of individual

nest see table 1 in appendix.

2.2. Spot sampling by hand

In summer 2009 a pioneer measurement was carriégestadhe experimental set-up.
Continuous spot sampling by hand was carried irséfason 2010, in the period of ant activity
from April to September. The nests were samplede c@ach month, in the last week of
month, i.e. there were six sampling periods inltdtapent one day measuring nests at each
locality A, B, C, i.e. three following days for aomth. The idea was to perform the sampling
always in three directly following days to insurmsar weather conditions in all nest groups.
The sampling was carried out in all weather condgi

The temperature data collection was performed tiimes a day: one hour before the
sun rise, one hour after the sun rise, in the reiddlphotophase i.e. around midday (the time
of highest solar income), one hour before the siname hour after the sun set. The time was
not the same during the whole sampling period, lieeahe sun set/rise time is changing
during the year. We were not interested in the ®nactime, more important for our study
was the income of solar energy connected with sositipn in the sky and length of
photophase. The longest days were in June (exactBf" June 2010), earliest measurement
was done at about 4 AM and the latest at aboutM.1 P

The spot sampling was conducted with mercury thematers (accuracy to OQ)
inserted into the ant mound apex at four diffegpths: on the surface of the mound, 5, 10,
15 cm below the surface. The very same thermonvedsr always used for measuring the
same depth. The temperature on the surface of meaadaken from place 10 — 20 cm above
ground level, if possible in a shadow. At few odoas there was no shadow at all on the nest
surface, nevertheless the temperature was samfhedthermometers were placed inside the
nest for at least three minutes to stabilize.

Every time during the spot sampling following datare additionally collected: the
solar insulation level with Luxmetr (LX-1108, Voitdt), number of entrances onto the
mound apex in the circle with diameter approxima8f) cm, and number of foragers on the
trail per minute. Short part of trail was selectsdl marked with two sticks, between these

sticks all workers in both directions were counte@ne minute time span. The counting was
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repeated twice. The number of ants leaving or ngtgrthe nest and number of nest entrances
opened were used for calculating the ant activitye instant insulation data were used for

counting average nest insulation per season.

2.3. Continuous ten-hour measurement

In July, in the period of highest ant activityc@antinuous ten hours measurement was
done. This measurement was aimed to study the igi®trchanges in inner nest temperature
and possible heat losses via nest surface. Tenupesaflrom datalogers recording nest core
temperature and ambient temperature were addé tanalysis. The nests were first sampled
at 2 PM and since that every hour until 12 PM, taddally temperature at 4AM and 6AM
was measured. The sampling procedure was the weng ss during the regular month spot
sampling by hand; solar income, number of nest iogsnand number of foragers walking
was recorded (see the previous paragraph). &rialy nests in the group A (the lowest one)
were measured, two days after nests in group B wemestigated. But the weather went
wrong, it was heavy raining all the time so perforgnthe measurement was disabled. The
continuous measurement was repeatedsbantl 39 August in group B and C respectively.
Still most of 10hour sampling was carried out imyaconditions. All measurements were

done by one person, so the interpersonal mistdieddsbe minimalized.

3. Data processing
3.1. Missing data

Missing data from dataloger recording ambient tenajpee at locality A (May 2009 —
September 2010) were replaced with temperature fdata locality B. These localities are
close to each other, the average temperature @liifer is between locality A and B in
2010/2011 was 0.88. The cases when the temperature difference wasrIthan 0.8C
counted 53% of all cases. The differences biggan $iC created only 5.9% of all cases, the
biggest differences appeared in November and Janwduich is the part of year when ants
are not active. We can thus assume that the repttdeof ambient temperature A with
ambient temperature B in our study did not causeeat difference. From®1October 2010
the data from locality A are available.

Missing data from datalogers recording inner terapge in the first year of study
(May 2009 - June 2010) inside nests A2, B1, B4 wete not replaced. For statistic we use
only data from second set of datalogers recordmegtémperatures from July 2010 to April

2011. Dataloger data from the day of datalogercement were not included into the study.
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3.2. Statistical software used in analysis

Data were exported from the dataloggers to Excetagjsheets using Testo Basic
software (Testo, Germany). Together we have mae H700 data records for each of twelve
nests. Microsoft Excel was also used for data mdaiin, and calculation of means, SD, and
fluctuation of daily inner nest temperature (diiece of maximum and minimum daily
temperature) and numbers of days with mean temperaver 26C or lower than C. Most
of figures were also created in Excel.

Statistic program R 2.11.1 was used for statistizadieling and testing environmental
factor effect onto nest temperature. General limaadels were used to evaluate the most
important factor explaining the daily average riestperatures, daily temperature fluctuations
and night temperature change. Models were alwaysited with backward selection. To
evaluate factor importance, the sum of squaresagygd by a given parameter was expressed
as a percentage of the total sum of squares. Tfezatice in nest temperature between 24:00
to 3:00 hours was used as a measure of night tese teamperature change (Frouz, 2000).
This period in the middle of night was between stimd sunrise in all cases, so insulation
effect onto nest thermoregulation was negotiated.

Correlation between number of days with inner rtestperature T>2C, T<(FC
during the whole year, first day of spring heatwith T>20°C and environmental factors was
first counted by multiple regression statisticabgnam Instat3 and than a linear model in R
program was tested. Results and correlation vaives by both program were identical. The
easiest possible model was fitted, with additiieafof factors only. Statistical differences
among nests temperatures between measured logaiite between individual seasons were
counted with non-paired, two side t-test.

ANOVA was used to compare datalogger data abouttesgperature between various
seasons, locations and nests; also for comparitagfisien spot sampling by hand according to
nest, day time and date of sampling. To evaluatg tlerm trends in temperature in winter,
spring, autumn and summer periods, slopes of teatyper changes for individual nests and
air temperature were calculated by linear regressstope differences were compared using
the confidence interval of these slopes. ANOVA armirelations between individual
variables were computed using SPSS 10.0. Ant &ctand factor importance were counted

and visualized by Canoco for Windows 4.5.
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IV. RESULTS

1. Whole year temperature regime
1.1. Seasonal averages of nest and air temperature

Average inner nest average temperatures were isigmify higher than ambient
temperatures in all seasons. In most cases theysigmificant difference of average seasonal
inner nest temperature both among individual nasts in one nest between two measured
years (Tukey HSD test, p<0.001). Nevertheless ¢&nmeperature regime in both years was
similar (figure 3). The inner nest temperaturesihea maxima during late spring or during
summer, in winter the inner nest temperatures ves@llating close to zero. Spring and
autumn average nest temperatures were similayaiue was in between summer and winter
temperature (table 1). Seasonal average ambiemetamares in localities A, B, C show no
significant differences among all seasons and y@ansey HSD test, p<0.001).

In spring average inner nest temperature pooledatfonests was 10.8G in spring
2010 and 5.4%€ in March-April 2011, whereas the average ambspming temperature was
4.20°C and 3.38C in 2010 and 2011 respectively. Average inner tesaperatures in March-
April 2011 were similar to average ambient temperatThe spring temperature pattern was
not uniform throughout all spring, early spring niesnperatures were low, fluctuating around
5°C, than a steep temperature increase was obsefhedtiming of spring temperatures
increase differed among individual nests (for naetails see chapter 1.4.). The maximal and
minimal inner nest temperature recorded in springs V80.8C and -5.7C respectively.
Maximal and minimal ambient temperature was 28.and -21.9C respectively. Freezing
temperatures occurred more often in March.

From May onwards a stable inner nest temperatuedegl was reached with
temperatures significantly higher than ambient teraures (t-test, p=0.036). Summer inner
nest temperatures were nearly two times higher éimalpient temperatures in all nests in both
years with exception of nest B1 in summer 2010. alerage nest temperatures were very
high both in summer 2009, in average 24G9ooled for all nests, and in summer 2010, in
average 23.5&. Maximal and minimal recorded nest temperaturs ®%h.6C and 6.8C
respectively. Ambient summer average temperature W&44C in summer 2009 and
13.77C in 2010. Maximal air temperature reached Z1,0minimum was 0Z. In 2009
temperatures of nest at Zelena hora mountain (tgd@) were statistically most homogenous

(Tukey HSD test, p=0.00), although two nets forrmeotlocalities (B3, A4) showed similar
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characteristics (table 1). No significant differeaavere found in average summer inner nest
temperature (pooled for all summer) among neslscalities A, B, C.

During autumn inner nest temperatures were stealdityeasing, in 2009 there was
recorded a big drop of inner nest temperature,cqpmiately 15-26C, in a single week in the
first half of October (8.-15.10.2009). In autumnl@0the temperature decrease was more
gentle, except of nests C3 and C4 which also shoaad temperature drop. Autumn average
inner nest temperature was 12@2in 2009 pooled for all nests and 10G4in 2010.
Ambient average temperature was significantly IguW@r32C and 10.52C in 2009 and 2010
respectively. Autumn average temperatures diffemeabng individual nests; there were no
significant differences among localities with drat altitude. Maximal recorded autumn
inner nest temperature was &0 minimal temperature was -2 Air maximal and
minimal temperature was 27 and -15.8C respectively.

In winter a plateau with stable temperatures washed, average temperatures were
0.30°C in winter 2009/10 pooled for all nests and 8B4 winter 2010/11. Comparing the
two measured winter seasons the inner nest tenoperaf individual nests in 2011 was
higher than in 2010 for more than half of nests20®9/10 averages for inner nest tempe-
rature were similar in all nests and significardifferent form ambient temperature (Tukey
HSD test, p<0.001). In winter 2010/11 there ocalirsggnificant difference of nest tempe-
rature between locality A and B (t-test, p= 0.03®nbient winter average temperature was
-3.55C and -3.28C in 2009/10 and 2010/11 respectively. Maximal rded winter nest
temperature was 8, minimal temperature was -7 Ambient winter temperatures

reached maximum 16’2 and minimum -24SC.
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Figure 3. Typical whole year pattern (spring 201Wirter2010/11) of inner nest temperature changes
compared to ambient temperature changes. Data @orenest Al, whole year datalogger records.
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nest/air mean +SD group mean +SD group nest/air mean +SD group mean +SD group
SPRING 2010 2011 SUMMER 2009 2010

Al 18.93 11.668 |j 9.66 9.062 efghi Al 28.23 0.833 | 25.81 1.829 k
A2 - 5.53 7.486 abcdef A2 - 26.04 1.988 k
A3 9.52 4.250 eghi 4.22 8.405 abcd A3 22.02 2.693 defg 20.92 3.497 cde
Ad 7.95 6.542 cdefghi 4.56 5.819 abcdf A4 23.87 2.544 hijj 23.76 2.724 ghi
air A 4.39 5.536 abc 3.29 4.177 ab air A 13.58 2.793 a 13.85 3.488 a
B1 - 3.81 3.181 abcd Bl - 18.65 2.256 b
B2 7.54 6.668 bcdefgh 3.89 4.261 abcd B2 20.14 2.824 bc 21.23 3.866 cdef
B3 11.88 9.071 h 7.04 5.824 abcdefgh |B3 25.42 3.066 Ink 24.74 2.294 ik
B4 - 2.71 3.674 a B4 - 24.70 1.752 ijk
air B 4.39 5.536 abc 3.47 4.126 abc airB 13.58 2.793 a 13.74 3.428 a
Cci - 9.03 8.431 defghi C1 - 20.39 1.982 bcd
Cc2 10.05 7.851 eghi 5.64 4.824 abcdefg |C2 25.21 3.367 Ink 22.58 2.806 efgh
C3 10.26 10.886 ghi - C3 24.64 5.015 Ink 24.10 5.445 hijk
C4 10.28 10.415 hi 3.00 6.087 ab C4 25.58 2.898 jk 22.76 4.961 fgh
air C 3.82 4.484 ab 3.30 4.472 ab air C 13.17 3.295 a 13.72 4.323 a
AUTUMN 2009 2010 WINTER 2009/10 2010/11

Al 14.70 7.514 h 12.37 5.884 efgh Al 0.52 2.373 RGB 0.98 1.134 gh
A2 - 12.93 5.273 fgh A2 - 2.60 0.811 i
A3 10.08 5.188 cdef 8.31 4.122 bc A3 -0.05 1.700 defgh 0.48 1.596 fgh
Ad 9.29 4.538 bcd 8.71 3.871 bc Ad 0.39 1.782 efgh 1.32 1.137 hi
air A 6.85 4.728 ab 4.92 4.194 a air A -3.51 4.263 ab -4.14 4.703 a
Bl - 9.29 3.850 bcd Bl - -0.27 1.264 defg
B2 10.22 5.339 cdefg 8.64 3.882 bc B2 -0.92 2.115 cde -0.56 1.160 def
B3 13.92 6.372 h 13.11 6.169 gh B3 0.76 2.864 RGB -0.02 1.534 defgh
B4 - 10.82 4.817 cdefg B4 - -0.27 1.455 defg
airB 6.75 4.670 ab 5.01 4.362 a airB -3.51 4.263 ab -3.12 4.138 ab
C1 - 9.39 4930 bcde C1 - 1.07 0.703 gh
c2 14.46 7.725 h 10.62 5.493 cdefg Cc2 0.23 2.223 defgh -0.99 2.166 cd
C3 12.85 8.076 fgh 11.94 5.910 defgh C3 0.94 2.398 gh 1.02 0.872 fghi
C4 13.01 7.557 fgh 10.31 5.372 cdefg C4 0.54 2.456 RGB 0.05 1.503 defgh
air C 6.43 4.997 ab 4.89 4.356 a air C -3.63 4.007 ab -2.32 3.289 bc

Tablel. Seasonal nest and air temperature averages +SD, temperatur eis given in °C. Significantly homogenous groups are marked with same letter (ANOVA,
Tukey, HSD test p<0.05 for all cases). Comparison is based on dalaloger data daily averages
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1.2. Slopes of seasonal temperature change

Whole year pattern of nest temperature changeseshgame similarity to pattern of
ambient temperature changes, but still there wagsrtant differences (figure 4). In spring
the air temperatures increased, so did the negieiture. But the slope of nest temperature
changes was much steeper (0.309 pooled for allsremstl both years) than that of air
temperatures (0.176). Comparison of slope confidemervals (p<0.05) showed that all nests
in 2010 had significantly steeper slopes than Sageambient temperatures in given location
, in spring 2011 this was true only for half of thests, other nests showed slopes identical
with ambient temperature change. Again we have e@ation that for spring 2011 data from
May are missing.

In summer both slopes of nest temperature (0.0b8ddor all nests and both years)
and air temperatures (0.021) was close to zeragatidg no important temperature changes.
In summer 2009 the general trend was slightly mireg most of nests showed slopes
identical with ambient temperature change, excépest A1, A3 which had lower slope and
nest C3 with slightly higher slope (p<0.05). On trary in summer 2010 the general trend
was shifted towards negative values, indicatinghslidecrease of both air and nest tempe-
rature during summer. In 2010 all nests exceptld®dr slope) showed identical slopes with
slope of air temperature changes. But there wasgm@ifisant difference in inner nest
temperatures, which were two times higher thatesmperatures (Tukey HSD test, p<0.001).

In autumn we could observe decreasing slope of he#tt and air temperatures, the
slope of nest temperature changes (-0.183 poole@lfmests and both years) was much
steeper than slope of air temperature changesQ@ddled for all locations an both years). In
autumn 2009 all nests except of A4 showed lowgredahan air temperatures, in 2010 half
of nest showed lower slopes and half had slopedia#e with ambient temperature change.

In winter both slope of nest and air temperaturangie was close to zero, yet nest
temperatures were only slightly decreasing (slop®38 pooled for all nests and both
seasons) while slope of air temperatures sligimityaasing (0.017 pooled for all locations an
both years). Nevertheless the difference betweerarad nest temperature slopes was not
significant, the confidence intervals for all nesmperature slope and air temperature slopes
did overlap. In other words all nests showed idmitislopes of temperature changes
compared to slope of ambient temperatures in botttew2009/10 and 2010/11 (tab.2 in
appendix). There were significant differences adrage nest and air temperature (p<0.001).



temperature oC

35 Figure 4. Slopes of seasonal nest

y =0.2937x - 11819

30 - temperature changes compared to

Nest Al

air temperature changes, the linear
trend connector line of nest tem-
perature is given in black color for

all nest pooled together with line

equation, linear trend connector
line of air temperature is given in

red color.

BN
o @ o
. . .

h o o
L

i
o
L

i
3]

" | Spring
ST T 1.3.-31.5.2010

2
®
<%,
<
%
s
<
Yo
)
@

temperature oC

N «5‘" v; »ﬁb‘ Summer:
vy Yo 1.6.-31.8.2009

temperature oC

30

y=-0.2116x + 8499.1

Autumn:
1.9.-30.11.2009

temperature oC

6

4]

, L

01

-2 A

-4 4

_6—‘

-8 —:

-10

-12 ‘ ‘ ‘ ‘ ‘ : : : : .
R \ﬁ;;v q?\;v q?\;v o 9@ @ b oY R3s qf;.v Winter:

1.12.2009 - 28.2.2010

25



1.3. Factors influencing average seasonal temperaiu

Because of great differences in nest temperatuterpa inner nest temperature were
counted separately for individual seasons usingalimmodels. Plots concerning individual
seasonal models can be found in appendix (figudg 21 all seasons nest identification and
date were among the most important factors. The stemes all characteristics such as nest
volume, moisture, altitude, shading and insulatewel. Each day has unique level of factors
such as air or nest temperature and fluctuation m@edipitation. But there is still enough
variability left to be explained by other factors.

In summer three most important factors explainingrage inner nest temperature are
mean air temperature, nest identification and dallepf them with significance p<0.001.
Other important factors are year, altitude, nestme and moisture and precipitation. Only
nest shading is not significant. This model ex@aii.42% of all variability found in summer
average temperature.

In winter three most important factors explainingr@ge inner nest temperature are
again nest identification and mean air temperatthes time together with year. Other
significant factors are nest moisture, date andeaperature fluctuation, all of them with
p<0.001. Nor nest moisture neither altitude shognificant effect. This model explains

48.38% of all variability in winter inner nest aage temperature.

Response variable: Response variable:

summer average nest temperature winter average nest temperature
Factor Sum Sq Fvalue p Factor Sum Sq Fvalue p
mean air 8362.2 1654.3384  *** nest 1468.2 762.166 *xx
temperature ’ ' year 844.6 39.858 Fkk

nest 7702.2 1385246  ** hean air ' '
d 6298 24 5942 *xk 454.6 236.012 rokk

ate . 124.594 temperature
year 539.7 106.7777 ok moisture 97.8 50.757 el
volume 328.5 64.9963 ok date 80.9 42.002 ok
air temp. air temp. ok
fluctuation 222.9 44.0984 o fluctuation 36.8 19.081
altitude 37.1 7.3317 bl residuals 3182.3

rair.1 36.8 7.2785 ** Table 3 — factors explaining average inner nest
moisture 20.2 3.9929 * temperature in winter. Factors ordered according
residuals 8638.5 to explained sum of squares. Significammodes

. , >0.0001 *** 0.001 **' 0.01 **
Table 2 — factors explaining average inner nest

temperature in summer. Factors ordered
according to explained sum of squares.
Significance codes: 0 “*** 0.001 **' 0.01 ¥
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In spring three most important factors explainingrage inner nest temperature are
year, date and nest identification, all of themhwsignificance p<0.001. Other important
factors are mean air temperature, nest moisture paadipitation. Neither nest volume,
altitude nor nest shading is significant. This maaelains 81.45% of all variability found in
spring average temperature.

In autumn three most important factors explainiagrage inner nest temperature are
year, mean air temperature and nest identificatédinpf them with significance p<0.001.
Other important factors are date, altitude, nesistae and air temperature fluctuation.
Neither nest volume nor nest shading is significaritis model explains 73.88% of all
variability found in autumn average temperature.

Mean air temperature correlates to nest temperaigreficantly in all seasons. Nest
moisture was significant in all cases, whereas wektme only in summer. Rain played an
important role in spring and summer. Altitude effento inner nest average temperature was

significant in half of cases, namely in summer aatumn.

Response variable: Response variable:
spring average nest temperature autumn average nest temperature
Factor Sum Sq F value p Factor Sum Sq F value p
year 28805.7 1887.555  *** year 38681 6492.5727 ***
date 23077.1 1512.180  *** mean air

6889 1156.2840 ***
nest 9419.6 56.113 wx leMperature
meanar = ggg5 5 234730 nes! o252 88.1572
temperature ' ' date 4443 745.7888  ***
moisture 501.8 32.879 kk altitude 439 73.6137 el
rain 212.2 13.904 ok moisture 92 15.4401 FrE
residuals 14940.4 air temp. .

fluctuation 36 5.9659

Table 4 — factors explaining average inner nesksiquals 19742

temperature in spring. Factors ordered according

to explained sum of squareSignificance codes Table 5 — factors explaining average inner nest

0 =+ 0.001 ** 0.01 ¥ temperature in autumn. Factors ordered “ according
to explained sum of squares. Significance codes: 0
***(0.001 ** 0.01 ¥
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1.4. Spring temperature increase

In early spring the inner nest temperatures weng fauctuating around %, than a
steep temperature increase was observed. In fesvrizst temperatures rose téQ@r more,
the temperature increase could be more thdi€C 1 day, the biggest daily temperature
increase was recorded on 29.3.2011 in nest CIn{toe details see chapter 2.2.). The steep
temperature increase was preceded by period oftemnigherature increase in some nests. The
nest temperature increase happened from end ofhiMarend of April, the timing of inner
nest temperature increase was significantly diffeb®th among nests and seasons.

Table 6 shows the first spring day with temperaexeeeding 2&C for both years,
the value of inner nest temperature is given. Wesae exceptional values of nest A1 which
was the very first in 2010 spring increase, it e on 27.3. Other nests were one month
late, first day with T>28C occurred at the end of April, in nest A4 at the ef May. In 2011
the first nest with average temperatures exceedig was nest C1 on 30.3., most nests
showed increased temperature in second half ofl. Ageither differences in first day with
T>20°C nor differences in first day with temperature rojga >5C among nests in localities
A, B, C were statistically significant. In 2011 sy increase of most nests was shifted a little
bit further compared to spring 2010; unfortunateky do not have complete data for spring
2011 (May is missing), so the comparison betweendansecutive years is disabled. Thanks
to extraction of dataloggers on "2April 2011 we did not catch the spring temperature
increase of most nests. Namely no nest at locBlishowed T>28C, at localities A and C

half of nest showed temperature increase earlér tlatalogger extraction (table 6).

year 2010 2011 2010 2011 2010 2011

Al  27.3. 4.4. B1 - >22.4 |C1 - 30.3.
20.15°C  21.0°C 23.2°C

A2 - 15.4. B2 254. >22.4 |C2 29.4. >22.4

22.49°C 21.36°C 20.99°C

A3 294, >22.4 B3  26.4. >22.4 |C3 23.4. >22.4
22.64°C 20.35°C 22.58°C

A4 255, >22.4 B4 - >22.4 |C4 29.4. 21.4.
20.05°C 21.9°C 20.28°C

Tab 6. First spring day with daily average nestgerature >2%C; if coming later than datalogger
extraction on 22.4.2011 the days are marked wit2*4”. Missing data from year 2010 marked as
“."_ The exact temperature of each nest is givelCin
When looking for factors explaining the timing @irig temperature increase counted
as first spring day with T>2@ we found significant effect of average springenmest
temperature, average spring air temperature, msstlation and number of ants walking

(factors ordered according to amount of explainadgability). Last two values were obtained
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from summer season sampling by hand. The best neagédining spring heating of nest was:
[h.day] = 313.54 - 0.009814*[sun] + 0.01727*[ant¥.945*[nest.av] + 101.35*[air.av]. This
model explained 95.35% of all variability and wagngicant with p=0.024. Neither altitude
nor nest volume and moisture effect was significanttontext of spring heating. When
deleting average inner nest temperature from theeirall other factors lost their significance
and there was no factor with significant effect.lef

Heating of nest Al (figure 5) started at the en#lafch in 2010, a steep increase was
recorded on 26.3.2010 between 11 AM (t =°@)3and 5 PM (t = 18>C), which means an
increase of 1.3& per one hour. In consecutive days the temperatoinéinually raised to
maximum of 27.9C, which occurred on 31.3.2010 whereas the ambiemperature was only
3.5°C; from this day onwards the inner nest temperatstayed close to 25. The increase in
inner nest temperature was preceded by great atrfhietuations with morning temperatures
close to -4C and afternoon air temperatures coming up £€20t can be seen that short spell
of cold temperatures of even freeze didn’t haveatieg effect onto nest temperature (see
figure 3, week 9.-16.4.20010). Although longer pdrbf strong air temperature fluctuation
can cause a drop in inner nest temperature. In@@&she spring steep temperature increase
was shifted to end of April, it occurred on 22.4.80which is a month later than in nest Al.
Temperature raised from 6@ on 22 midnight to 22C on 23" midnight, which means an
increase of 0.4€ per hour.

temperature (0C)

-10

14.3. 21.3. 28.3. 4.4. 11.4. 18.4. 25.4. 2.5.2010
date |

Figure 5. Timing of spring increase of inner neshperature in nest Al(altitude 856.4m above sed)lev
compared to nest C3 (altitude 1049.2m), air tentpega for same time period are given in brokensline
Comparison based of data from three hours datatoggerding.
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1.4. Days with T>26C, freezing days

Ants maintained a daily average temperature®’€2a their nest for a relatively short
period of the year, in average 100.75 days a ydren comparing number of days with
average inner nest temperature %2n the whole year 2010 YUanuary - 31 December)
differences among nests occur, reaching values 82no 172 days a year (figure 6). The
highest number of days with T>ZD appeared in nest Al, second highest was nesnB83 a
than nest C3. Nest with the smallest number of ddls T>2FC in whole year 2010 was
nest B2, which was also smallest one. Nests AlamPB3 were significantly different from
all other nests (p<0.01), but no difference wasmtbwhen comparing only localities (t-test
p>0.5). The difference among individual nest cobkl explained by following multiple
regression model: [day20] = 75.973 - 0.07547*[attd] + 22.353*[year.aver]

This means that significant contribution to expémnvariability in number of days
with T>20°C is made by altitude (p = 0.0073) and year avetaggerature of each nest (p=
7.69e-06). These two factors explained togethe8298. of variability found in number of
days with T>26C. Neither nest volume, nor nest moisture effeatensignificant, but they
increased the proportion of variability explaineg maodel to 99.66%. Shading of nest and

summer sun insulation level did not play any imaottpart in this model.

200 Figure 6. Number of days with

1.0 average inner nest temperature

160 | T>20°C counted for whole year

140 p— 2010 (n total = 365 days). Values
2 1201 are given only for those nests
2 17 where data from both datalogger
= % sets covering whole year 2010

o H H H were available

20 1

A3 A4 B2 c2 Cc3

Al B3 [eZ3

nest

Comparing number of days with T>ZDin summer 2009 and 2010 (figure 7) revealed
no significant difference (t-test p>0.1). The temgpere limit of 26C was not exceeded in all
days. Extremely low number of days with T320was found in nest B2, only 58.7% of all
days in summer 2009 and 67.0% of all days in sun20&6. Second nest with lowest number
of T>20°C was nest A3 with 80.4% and 58.2% of all days umser 2009 and 20010
respectively. Nest Al reached temperature®€2 all summer days in both years. From

graph it seems that in locality C the inner nestgeratures in summer 2009 are higher than in
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summer 2010, whereas most nests in locality A andxBibit opposite pattern. But this

difference is not statistically significant.

100 -
90
80 -
70
60
50 -
40 -
30 -
20
10

m 2009
o 2010

% summer day T>200C

Al A3 A4 B2 B3 Cc2 C3 C4

nest

Figure 7. Number of days with average inner nesptarature >2{C in summer
2009 compared to summer 2010. Number of days iengim percent of all
summer days, n total = 91.

Freezing temperatures occurred mostly in wintet, dso in early spring and late
autumn. Average number of days with €0in whole year 2010 pooled for all nests was
62.75 with notable differences among individualtee3he highest number of inner nest
temperatures TEC was found in nest C2, making in total 83 days iandest B2 making in
total 82 days. In contrary the smallest number afsdwith T<GC occurred in nest C3, in
total 49 days (figure 8). Most nest shower freezergperatures in range 49-66% of all winter
days. The lowest recorded nest temperature in wi2@®9/10 was -6°C in nest C2 on
21.12.2009 and in winter 2010/10 it was °Z.2again in nest C2 on 27.12.2010. Apart form
nest C2 extremely low inner nest temperatures, fdhan -5C were recorded in nests C4 and
A3 both in February 2011.

When focusing on factors explaining differencesnimmber of days with TSC
among nest we got only one statistically significiactor: nest volume (p = 0.0124). Altitude
of nest is behind the limit of significance (p =01005), but it also contribute to model
explanatory strength, nest volume together witht akgude explain 74.57% of variability in
number of days with TAE. The best explanatory model is [freeze.d] = 12.66
0.07094*[altitude] - 28.070*[volume].
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Figure 8. Number of days with

__ average inner nest temperature
T<0°C counted for whole year

— 2010 (n total = 365 days). Values
are given only for those nests
where data from both datalogger
sets covering whole year 2010
were available
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Comparison of number of days with 1°€0 between winter 2009/10 and 2010/11
showed very scattered pattern, there were grefarelifces of number of days with T%€0
between the two measured years, winter 2010/11 ethdower number of freezing days, this
was especially evident at locality A (figure 9). eThlifference was behind the limit of
significance (p = 0.07). Nest A2 got never frozemvinter and spring 2011, neither in autumn
2009. Data from nest A from first measured period missing, but we suppose there
occurred freezing days same as in other nestgatitp A.
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Figure 9. Number of days with average inner nestptgature <t in winter
2009/10 compared to winter 2010/11. Number of daygiven in percent of all
winter days, n total = 89. Number of freezing dégs nest A2 in 2009/10 is
approximated from all other nest data in 2009/1d Ah data in 2010/11.
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2. Daily temperature regime
2.1. Pattern of daily temperature changes

Daily temperature regime in summer was quite usilefor all nests independent of
size or location (figure 10a). The highest tempemccurred in the late evening, mostly
around 8AM or during night, temperature around nghbhand 2-3 hours later were still high
in summer. In the morning the inner nest tempeeasinarply dropped with minimal values
reached between 8 -10 PM. In some nests the tetnpem@ecrease was shifted to midday or
early afternoon (the latest minimal temperature ve&®rded at about 2 AM). This shift was
more proposed in late summer and happened more wftbigger nests. During afternoon
inner nest temperatures were increasing to eveamglg/ maximum. Morning decrease and
evening increase of individual nest inner nest tenafure were of different scale and
steepness, with minimal temperature chang®0a®d maximal &.

Daily temperature regime in autumn differed acaogdio individual nest, date,
ambient temperature or other parameters. In gertereé patterns were found: The most
common was mild increase of inner nest temperatitie minimal temperature occurring
early in the morning (before sunrise) and maxinmathe late evening or at night. Second
pattern was a modification of summer daily tempemtegime, with the lowest temperatures
in the morning or around midday, the highest terafuee was reached at about 8 AM, but the
night temperature was lower and decreasing quickign compared to summer pattern. Third
pattern was the most common in late autumn, inast temperatures were more or less stable
during the whole day, morning temperatures wereenofslightly higher than evening

temperature; maximal daily fluctuations were°G2
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Figure 10. Typical daily pattern of inner nest temgiure changes in summer (a) and winter (b), data
given for nest Al, whole day dataloggers recordsteNhat scale of air temperature differs from
nest temperature scale, nest temperature scale raradways 2%, air temperature scale range is
12°C. Both pictured regimes concern day with no rain.
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In winter there were almost no fluctuations in gailest temperatures. Inner nest
temperature was very stable often in sharp contoastibient temperature (figure 10b).

In early spring there the daily temperature regwes very variable, sometimes
opposite patterns occurred in consecutive daysndst nests there was obvious increasing
trend in daily nest temperature with temperatumnge between 0.5 2@, or the temperature
was stable. In some cases the temperature trendeeasasing, but still the general trend of
temperature changes among days was increasingr lLmtespring there was obvious
development of summer daily pattern, with tempegatlecrease in the morning or around
midday and high evening temperatures. In contiamgll nests were usually tightly following
ambient temperature pattern with maximal tempeeaior the afternoon or shortly after
midday.

In case of rainy weather a change of common daityperature regime occurred in
some nests. An example of summer rainy day couldséen in figure 1la. Ambient
temperature was decreasing during morning to mida@yimum, while the inner nest
temperature peaked at this time. An increase ofi@mlemperature in afternoon made the
inner nest temperature drop. In autumn no pectiéarioccurred, inner nest temperature
passively followed ambient temperature decreasty ighest temperature in morning and
lowest in evening. This is a very opposite patrcommon temperature change in autumn.
Also in spring rainy day the inner nest temperatigerease together with air temperature, but
also common summer pattern could occur with maxiteahperature late at night and

minimal around midday.
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Figure 11. Daily pattern of inner nest temperatthranges in rainy day - summer (a) and autumn
(b), precipitation 22.5mm on 24lune and 21.0mm on “L@ctober, both days were preceded by at
least three consecutive days of rain. Data givemést Al, whole day dataloggers records. Note
that scale of air temperature differs from nestgerature scale.
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2.2. Daily temperature fluctuation

Fluctuation of nest temperature was significanttyweér than air temperature
fluctuation in all season and both years. In gdrarall nests showed bigger fluctuations, but
still most of nest showed similar characteristicgl delong to closely related statistically
homogenous groups, the biggest differences amosig temperature fluctuation appeared in
summer (table 3, appendix). Air temperature flucttmamong localities A, B and C were
significantly different in all seasons (Tukey HS&st, p<0.001). Fluctuations at locality C
were nearly two times lower (mean %C2a day) than at locality A and B (mean 7.3 and®.0
day)

In spring average fluctuations of inner nest terapge were 2.5 a day in 2010
pooled for all nests and 2% a day in 2011 respectively. The biggest fluchratccurred
on 29.3.2011 in nest C1, between 11AM and 2PM ¢meperature jumped form 4G to
26.6'C, making the difference 22@ in three hours. In contrary nest A1, A2 and C4enbe
most stable. (figure 12). Air temperature fluctaatiwvas 8.3& a day in spring 2010 and
9.66°C a day in spring 2011. Maximal air temperaturetfiations 28.%C a day occurred on
25.4.2010 at locality A and B.

In summer inner nest temperatures fluctuations \Be86°C a day in 2009 pooled for
all nests and 2.98 a day in 2010 respectively. Maximal nest fludnat18.6C a day
occurred on 18.7.2009 in nest C3. Minimal fluctoa occurred in nest B4 in 2011, with
mean fluctuation 0.8€ a day, this nest created an independent groupt tdenperature
fluctuations differ among individual nests espdgiah 2011, in 2010 there was similar
pattern of nest temperature fluctuation among nestecality C, except of nest C1. Air
average fluctuation was 7% a day in 2009 and 7.2D a day in 2010Maximal recorded air
temperature fluctuation was 17®a day on 25.6.2010. Ambient temperature fluotumatit
localities A and B did not significantly differ fno each other, but it differed from air
fluctuation at locality C significantly (Tukey HSE2st, p<0.001), the air fluctuations were
same in both years.

Autumn nest temperature fluctuations were &0a day in 2009 and 5.7 a day in
2010. Fluctuations of individual nests did not eifsignificantly, but some differences could
be seen between locality A and C. Air temperatluetdiation was nearly three times higher
than inner nest temperature fluctuation, it wa2%0a day and 5.8C a day in 2009 and
2010 respectively. The difference was highly stagdly significant (t-test, p = 0.003). Air
temperature fluctuations differ significantly amotaralities A, B, C (Tukey HSD test,
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p<0.001). Maximal ambient fluctuation reached 2@.8 day on 29.10.2010, whereas
maximal nest temperature fluctuation was 1@.a day in nest A3 on 1.9.2009

Winter nest temperatures were extremely stableageetemperature fluctuation were
0.52C a day in winter 2009/10 and 0°%@ a day in 2010/11, whereas the ambient
temperatures fluctuations reached 8@land 4.78C a day in 2009/10 and 2010/11
respectively. Maximal air temperature fluctuatioasn19.8C a day in winter 2009/10 and
23.0°C a day in 2010/11. Nest with biggest temperatiuetdation was C2. In winter all nests
in both measured years fell into one statisticatiynogenous groups, which means there was
no difference among nest temperature fluctuatioralaf{Tukey HSD test, p<0.001). Air

temperature fluctuations at localities A, B, C wsignificantly different from each other.
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Figure 12. Fluctuations of inner nest temperatmneest C1 (maximal fluctuation found in whole
measured period) and nest A1 compared to ambiepeeature fluctuation, date 28.-30.3.2011.

2.4. Factors explaining fluctuations of inner nestemperature

Factors explaining night thermoregulatory behavior ant nest were explored
separately for individual seasons using linear rfeod@lots concerning individual seasonal
models can be found in appendix (figure 4, 5).dmmier and winter, i.e. periods with stable
temperature plateau, the most important factoruérfting fluctuation of inner nest
temperature was nest identification and air tentpegaluctuation. In spring and autumn, the
periods were nest temperatures were changing shawédlifferent effect.

In summer other factors with significant effect e@nean air temperature, year, nest

moisture, mean nest temperature (p<0.001), algadstplayed an important role (p = 0.001).
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This model explained 98.69% of all variability immsmer daily fluctuation in inner nest
temperature. There was nearly no unexplained \étjaleft.

In winter other significant factors apart from negntification and air temperature
fluctuation were mean nest temperature, year, vasime (p = 0.001). Date and mean air
temperature effect were not significant, but thagletion from model caused significant
change in residual sum of squares. Still this meaelained only 27.53% of all variability in
winter daily fluctuation in inner nest temperatufighere are to be other factors playing

important role in winter daily temperature regime.

Response variable: daily fluctuation Response variable: daily fluctuation

of inner nest temperature in summer of inner nest temperature in winter

Factor SumSq Fvalue p Factor Sum Sq  Fvalue p
nest 1650.0 48.160 ok nest 60.60 31.5804 kk
air temp. ok air temp. -
fluctuation 1309.3 420.376 fluctuation 26.34 137.2617

mean air 488.9 156.982 - volume 21.71 113.1292 *kk
temperature ' ’ mean nest

year 220.4 70.771 *kk temperature 11.40 59.4132 Fkk
moisture 157.5 50.572 ok year 5.82 30.3420 kk
temperature ' ’ mean air

date 58.5 18.779 el temperature 0 0.0179 ns
altitude 32.0 10.286 *x residuals 334.27

residuals 53.26

Table 8 — factors explaining daily fluctuation

Table 7 — factors explaining daily fluctuation ofof inner nest temperature in winter. Factors
inner nest temperature in summer. Factors order@fidered according to explained sum of squares.
according to explained sum of squaresSignificance codes: 0 “*** 0.001 ** 0.01 **
Significance codes: 0 “*** 0.001 ** 0.01 **

In spring the most important factors were meanteimperature and air temperature
fluctuation, followed by nest volume, precipitatjorest identification, mean nest temperature
and year, all these factors were highly significgmt= 0.001). Neither altitude nor nest
moisture had significant effect onto spring dallyctuation. This model explained 53.78% of
all variability in spring daily fluctuation of inmanest temperature.

In autumn the most important factors were yearrasl identification, followed by air
temperature fluctuation, altitude, mean air temfpeeaand rain. All these factors were highly
significant (p = 0.001). Effect of date and meastrtemperature were not significant, but

their deletion from model caused significant chaimgeesidual sum of squares. Neither nest
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volume nor moisture played an important role. Timisdel explained only 38.21% of all

variability in autumn daily fluctuation of inner sietemperature.

Response variable:daily fluctuation Response variable: daily fluctuation

of inner nest temperature in spring of inner nest temperature in autumn

Factor Sum Sq Fvalue p Factor Sum Sq Fvalue p

mean air 1936.4 544.2794 - year 456.20 349.7860 ok

;eimgfnrst“re nest 355.52  27.2593 wax
" *kk i

fluctuation ool 3201764 ﬁg;tir;‘tﬁ’én 289.02  221.6045

*kk

volume o874 1651100 ™ alitude ~ 55.62  42.6481  **

rain 519.5 1.8722 mean air 0621 20,0978 -

nest 425.7 13.2967 f temperature “ '

mean nest 308.9 107.0527 Fokk rain 24.74 18.9709 e

temperature Loua 26 3501 » date 3.94 3.0186 ns

year : - mean nest

residuals 4315.4 temperature 0.01 0.0045 ns

Table 9 — factors explaining daily fluctuation Ofre3|duals 1958.95

inner nest temperature in spring. Factors ord Taple 10 —factors explaining daily fluctuation

according  to eXp't’?‘"D*Efj SU”‘]**’ of i‘]uareﬁnner nest temperature in autumn. Factors ordered

Significance codes: 0 ***" 0.001 ** 0.01 according to explained sum of squares.
Significance codes: 0 “*** 0.001 ** 0.01 **

2.5. Night temperature change

To observe nest thermoregulatory behavior indepgndkinsulation we compared
night temperature change between 12PM and 3AM. €aitg whole year data night
temperature change among nest at locality A (m@B3C a night) was bigger than in
localities B and C (mean -0.18 and €2 a night). In winter the most common pattern of
night temperature change was no change at algltipe 0.08C which occurred in 890 cases,
which means 50.6% of all. Temperature change cagefgom -0.4 to 0.0)C made the great
majority (figure 13), 1291 of 1759 cases. Thus \ae say that during winter temperature
inside nest was changing only minimally in nightire

In spring the night temperature change between 12@RM 3AM showed normal
Gaussian distribution, with the most common sldpd o 0.6C. Changes bigger than°c
or +1°C creates 5.6% and 0.5% respectively. Negativeesl@p5.5%) were more common
than positive one (21.9%), which means that thatrtigmperature inside nests dropped more
often than rise. Maximal changes in spring werg’&and +3.3C.
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Figure 13. Slope of night nest temperature chabgéseen 12PM and 3AM in winter (first figure)
and spring (second figure), data pooled for altsies

In summer there was marked higher proportion ofatieg slopes (74.8%) indicating
decrease of inner nest temperature during nigh®5l&ases of 1730) than positive slopes
(18.7% ie. 324 cases of 1730). Slopes with lev@irfidicating no temperature change in night
temperature occurred only in 6.5% cases. We carnhsdyduring summer nest temperature
usually drop in range of -1 to -0Q. The biggest change was -1°Cland +6.6C.

During autumn the most common night temperatur@gbaanged from -0.4 to 6@

(figure 14), but still negative slopes (53.5%) werere common than positive (25.1%).
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Figure 14. Slope of night nest temperature chabgéween 12AM and 3PM in summer (first
figure) and autumn (second figure), data pooledhfionests.

2.6. Factors influencing night temperature change

Factors explaining night thermoregulatory behavior ant nest were explored
separately for individual seasons using linear rfeod@lots concerning individual seasonal
models can be found in appendix (figure 6, 7). linsaasons the most important factor
influencing night temperature change was nest ifileation, this is not surprising because the

nest share all characteristics such as nest volomesture, altitude, shading and insulation
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level. But still there is lot of variability leftot be explained by other factors. Other factors
such as air or nest temperature and fluctuatiorpaecipitation were unique for each day.

In summer the most important factor influencinghtigemperature change just after
nest identification was inner nest temperaturetdiaton, followed by mean air temperature
and air temperature fluctuation. Effect of meant tesiperature was not significant, but its
deletion from model caused significant change Bidwal sum of squares. Other significant
factors were nest moisture, date and year, effealtitude was significant on p=0.01. This
model explained 27.18% of all variability in sumnméght temperature change.

In winter the most important factor just after nekntification was air temperature
fluctuation, followed by mean nest temperature,ryaad altitude, all these factors were
highly significant with p<0.001. Date and mean taimperature effect were not significant,
but their deletion from model caused significanarofpe in residual sum of squares. Neither
nest volume, nor nest moisture effect played aromant role. This model explained 28.40%

of all variability in winter night temperature clrgm

Response variable: Summer night T. change Response variable: Winter night T. change
Factor SumSq  Fvalue p Factor SumSq Fvalue p
nest 162.58 26.9787 bl nest 84.53 39.5780 *okk
nest temp. *kk air temp.
fluctuation 153.43 279.9871 fluctuation 24.41 125.7233 *kk
mean air mean nest
.16 24.0174 ok ok
temperature temperature 12.37 63.6982
ﬁggtirgt?én 8.41 15.3559 Hokx year 3.31 17.0535 ok
altitude 2.24 11.5157 ok
1 *%
moisture 4.12 7.5109 date 0.29 1.4799 ns
date 3.27 5.9722 * mean air
altitude 2.40 4.3776 * temperature 0 0.0005 ns
year 2.17 3.9581 * dual 320.56
residuals .
st 0 0.0020 ns
'p Table 12 — factors explaining night temperature
residuals 936.50 change of inner nest temperature in winter.

Factors ordered according to explained sum of
squares. Significance codes: 0 “*** 0.001 “**

(%t

Table 11 — factors explaining night temperature
change of inner nest temperature in summer.
Factors ordered according to explained sum 0f0-01
squares. Significance codes: 0 “*** (0.001 “**

0.01 ¥
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In spring the most important factor just after thest identification was nest
temperature fluctuation (p<0.001), other significdactors were mean air temperature,
altitude and date (p<0.001); air temperature flattun and nest volume (p=0.001) and mean
nest temperature and precipitation (p=0.01). Thoslehexplained 21.82% of all variability in
spring night temperature change.

In autumn most important factor just after the ndsntification was year (p<0.001),
followed by air temperature fluctuation, altituaigte, mean nest temperature (p<0.001) and
precipitation (p=0.01). Neither nest volume nortmeaterial moisture effect were significant.
This model explained 21.61% of all variability intamn night temperature change.

Apart from nest identification effect there werdagtors playing significant role in
explanation of night nest temperature change insalsons: the date, air temperature
fluctuation and altitude. Mean nest temperaturauoed in all cases, but in summer its effect
was not significant. Rain played an important rofdy in spring and autumn, the seasons
were inner nest temperature was changing. Volunmeaisture were significant in one of four
seasons only; volume in spring and moisture in sammght temperature change. Level of

nest shading was never significant.

Response variable: Spring night T. change Response variable: Autumn night T. change
Factor Sum Sq Fvalue p Factor Sum Sq F value p
nest 29.13 13.8209 rrk nest 54.97 28.6241 Frx
nest temp. 14.43 61.6360 . year 7.32 38.0950 ok
fluctuation ) ' air temp. 6.90 35.9395 xx
mean air 5.63 24.0532 Fokk fluctuation ) )
temperature altitude 3.86 20.1197 ok

H *k%k
altitude 4,54 19.4046 date 3.17 16.5107 *kok
date 3.23 13.7919 *hk
At tem meannest =535 119586 @

p. 2 48 10.5849 wok temperature

fluctuation ™ ' rain 1.06 5.5039 *
volume 1.90 8.1087 *k residuals 288.66
mean nest
temperature 1.48 6.3244 * Table 14 — factors explaining night temperature
rain 1.11 4.7440 * change of inner nest temperature in autumn.
residuals 22903 Factors ordered according to explained sum of

squares. Significance codes: 0 “*** (0.001 “**
Table 13 — factors explaining night temperatur@.01 *'

change of inner nest temperature in spring. Factors

ordered according to explained sum of squares.

Significance codes: 0 “*** 0.001 ** 0.01 **
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3. Detailed measurement of inner nest temperature
3.1. Averages of inner nest temperature in depth 130, 5cm

In 2010, during period of increased ant activitydetail measurement of inner nest
temperature in three different depths (15, 10, Sbetlow hill top was conducted by method
of spot sampling by hand. These data should reteapattern of thermal flow in the nest.
Sampling was repeated five times a day (for detsdle methodic). In general average
temperature was increasing from 5 to 15cm deptbvbelest surface; this difference was not
significant although often on border of 0.05 sigrafce level.

There was found a significant effect of localioné-way ANOVA, Tukey testp<0.001)
onto average inner nest temperature | all measigpths, but it explained only 9.28% of all
variability. Thus we are not surprised by the fétat not all nests from the very same locality
(A, B, C) always showed identical characteristiomaerning the inner nest temperature in
three different depths (15, 10 and 5cm below bt The biggest variability of average nest
temperature in all measured depths can be seenganasts in locality A; in contrary nests
from locality B were similar to each other, theydrgy to same or at least similar statistically
homogenous groups (table 15). Similar charactesistould be found among nests with big

nest volume (and presumably big population numimernely nests C3, C4, A2.

nest inner nest temperature (°C)

depth 15cm depth 10 cm depth 5cm difference 10-5cm

mean SD mean SD mean SD group |[mean SD
Al |23.70 5.77 efg 22.73 5.41 ad 20.43 5.10 de 2.30 1.26 ¢
A2 |25.78 484 g 25.62 4.86 e 24.71 4.99 g 0.91 101 a
A3 |[21.48 574 cde |20.69 577 ab 18.45 5.38 bcd [2.25 1.66 ¢
A4 |21.05 5.89 bcd |20.66 555 ab 19.43 531 cde [1.22 142 ap
Bl |19.84 541 abc |19.17 5.18 bc 17.92 5.23 abc |1.25 1.29 ab
B2 [19.04 6.81 ab 18.43 6.50 bc 17.07 6.20 ab 1.36 1.34 abc
B3 [22.13 6.23 cde |20.59 6.24 ab 18.79 598 bcd [1.80 1.35 abc
B4 [18.38 3.94 3 17.42 410 ¢ 16.01 422 a 1.40 0.66 abc
Cl |22.79 6.36 def |21.92 590 a 19.90 5.72 cde |2.02 1.25 bc
C2 |2297 5.48 def |22.47 5.70 ad 21.09 5.50 ef 1.37 2.33 abc
C3 [24.79 6.14 fg 24.24 6.18 de 23.05 6.37 fg 1.20 0.83 ab
C4 |25.80 512 ¢ 25.56 535 e 24.65 5.80 ¢ 0.91 0.75 a

Table 15. Average values of inner nest temperdturall sampled ant nests. Data from whole spot
sampling period pooled. Temperature is given inst@tistically homogenous groups are marked by
the same letter (ANOVA,; Tukey test; P < 0.001).
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By comparing results for each nest among localigesinteresting pattern of average
nest temperature in all three measured depths wasdf Nests from locality A do not
significantly differ from nests from locality C {ést, p>0.4), however between nests from
locality B and C there is highly significant difeerce (p<0.01 in all measured depths). A
difference also occurred between nests from lgcaliand B, although they differ in altitude
only little, this difference was above border gjrsficance p=0.05 for depth 5 and 15cm, and
below this border for nest depth 10cm (p=0.039).

Focusing on factors that affect nest temperatutérnee different depths (5, 10, 15cm
below hill top) the biggest proportion of variabjlis explained by the date of study and nest
identification, both these factors were highly siigant (table 16). Important factor was also
time of day when the sampling was done. This medaglained x% of all variability. There
was no significant influence of insulation levelieeage air temperature, nest size or nest

material moisture.

factor Nest temperature in 15cm Nest temperature in 10cm Nest temperature in 5cm
SS F p SS F p SS F

nest 215 24.7 <0.001 |245 29.2 <0.001 |278 35 <0.001

date 1669 191.8 <0.001 |1616 192 <0.001 |1569 198 <0.001

time 30 3.4 0.009 29 3.4 0.009 47 5.9 <0.001

Table 16. Analysis of factors that explain nestgenatures in three different depths (5, 10, 15cm
below hill top) using General linear models. Orbyngficant correlation coefficients are given.

Concerning the temperature difference between 1@®-5all nest show similar
characteristics. The difference among localities B\,or C was not significant. The
temperature difference between the mound depthn@i05acm was in average positive, the
negative values counted for 10% from all casesufégl5). This difference is directly
proportional to the heat flow in the nest; whicHigates that the heat flows from inside out.

Histogram: 10 - 5

O A T Fig. 15. Distribution of temperature
— (e difference between depths 5-10 cm in

F. polyctenanest (pooled for all nests)
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Inner nest temperatures were not the same throlighay Similar pattern of daily
temperature changes could be seen among all medtsee morning inner nest temperatures
were low, than slowly heating of nest was evidbnt,the temperature did not peak at midday
(figure 16), although at this time the highest @mperature and biggest income of solar
energy occurred. The maximal inner nest temperatdepth 15cm) was reached in the
evening one hour before the sunset. After the sudseng night the inner nest temperatures
(depth 15cm) were decreasing, the lowest temperamas reached one hour before the
sunrise. Temperatures at different day time wegeifscantly different (table 17).

Concerning the temperature difference between 1 Zom depth another daily
pattern occurred. The temperature difference irdayl times except of midday was similar
with average temperature difference®C.6ln the middle of day the smallest differencadst

temperatures between 10-5cm below nest surfaceredswnly 0.9C (figure 16).

temperature in depth 15cm temperature difference 10-5cm
235 20

23.0 — —

=
o

22.5 4

=
=}

22.0

21.5 4

21.0 . . : :

sv+l midd sz-1 sz+1 sv-1 swl midd sz-1 sz+1 swl
day time day time

temperature oC
temperature oC

o
3}

o
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Figure 16. Average inner nest temperatures in dépttm and average difference in inner nest
temperatures between depth 10-5cm (pooled forestsnand months) for five sampling times a
day. Legend of abbreviation “s.rise+1” for one hafter sunrise, “midd” for middle of the day
(note it doesn’t mean the noon), “s.set-1" for tioair before sunset, “s.set+1” for one hour after
sunset, “s.rise-1" for one hour before sunrise..

time inner nest temperature (°C)
depth 15cm depth 10 cm depth 5cm difference 10-5cm
mean SD mean SD mean SD mean SD

S.rise+1|21.71 0.661 g 20.86 0.669 g 19.26 0.314 3 1.598 0.143

midd | 22.36 0.677 ab |21.85 0.665 ab (2091 0.310 b 0.938 0.149
s.set-1|23.07 0.683 b 2227 0.672 p 20.71 0311 p 1.562 0.146
s.set+1|22.69 0.679 ab [21.97 0.669 ab |20.32 0.313 ab |1.646 0.171
s.rise-1|21.74 0.668 a 2117 0.682 ab [19.42 0.312 ga 1.755 0.148 p

Table 17. Average nest temperature (pooled foneslts) in different depths (5, 10,15 cm below hill
top) for five sampling times in a day. Data fronospampling by hand covering time period from
end of April 2010 to end of September 2010. Tentpeeais given in °C, statistically homogenous
groups are marked by the same letter (ANOVA, Tulesy;, P < 0.05).

O T 9 T
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3.2. Day regime of inner nest temperature -

comparison of data obtained by 10-hour spot samplopand dataloger records

Continuous 12-hour spot sampling was carried ouginy conditions, it started after
midday and continued overnight till sunrise of nday. Data from spot sampling correspond
well with data obtained from dataloggers (see avaptl.). In all nest except for nest C1 the
core temperature was in between the range giveteroperatures records from depth 5, 10,
15cm below nest surface (figure 17). The average temperature usually increased from
5cm to 15cm layer, nest temperature in 5¢cm fluetiabore than temperature in deeper layers
or in nest core. Temperatures on nest surface sponeled tightly with the ambient
temperature in all nests. Ambient and nest surfangerature was highest in the afternoon,
between 3 and 6AM. From evening to morning air terafure was decreasing in all
localities, at locality A and B it was’@ in average, at locality C it was@ There was a
remarkable difference between the surface temperand the temperatures inside nest, even
though only 5cm deep.

Most nests at localities A and C showed similatgratof daily temperature changes,
maximal inner nest temperatures in all depths wegehed in late evening or close to
midnight, since than inner nest temperature shatpbreased both in nest core and sampled
layers. Nest C4 showed different pattern, with bBgjhtemperature in midday and decreasing
temperature through evening, night till morning. mests A1 and A2 the inner nest
temperature at all depths was stable, just slighttyeasing during all sampled periods, there
occurred no morning temperature drop. Nest C3 shtive most rapid decrease of inner nest
temperature in morning hours (figure 17). On thkeothand, nest with the most stable
temperature regime was nest A2, it has also theekigcore temperature (figure 18).

At locality B there was evident gentle increasimgntl with lowest temperatures
around midday and highest in the morning. Nest\vid#ch is the smallest one, showed very
opposite temperature regime to other nests. Inast temperatures were highest at midday
and sharply decreasing, more th&@ % one day, to the morning, both in nest core alhd
sampled layers. The temperature regime obviougbyedothe air temperature pattern. Nest
surface temperature peaked at 15:30, apparentiespmnding to maximal sun radiation

income.
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Figure 17. Daily émperature changes in nest C3, together with @irmast surface temperature (a)
detailed look onto nest temperature in differemtds below hill top and in nest core (b)
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Figure 18 Daily temperature changes in nest A2, togetheh wir and nest surface temperature (a)
detailed look onto nest temperature in differemgtide below hill top and in nest core (b)

3.3. Different depth temperature changes through dusummer season
Next we focused on inner nest temperature in diffeidepths and effect of month

when sampling was carried out. Consecutive montheal show similar temperatures. May
and June are significantly different from all othmapnths and from each other too in all
sampled depths. In June we could observe the Higiesr nest temperature in all sampled
layers, while May temperatures are quite low, elosver than April temperatures. April and

July have same characteristic concerning temperatudepth 15 and 10cm bellow hill top,

the average temperature is second highest foaalpked period. Concerning temperature in
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most surface layer, 5cm below hill top, similar &weristic could be seen in July and
August.

In September we can always see a totally diffetemiperature regime, it is a separate
category. September inner nest temperatures werkwest in whole sampled period, more
then two times lower than in other months. Thisfedédnce was highly significant.
Surprisingly temperature in August 2009 and 201@aloshare the same characteristics, there
is no “shoda” concerning temperature in 15cm bet@st surface, August 2009 match with
June 2010. Concerning temperatures in depth 105and August 2009 and 2010 do not
match, but they are close to each other (table 18).

The difference of temperature between 10 and 5guthd#isplays an opposite pattern.
Temperature difference is the same for all sampiedths, for both years, except of April
which shows significantly higher difference in inngest temperature between 10 and 5cm

depth and belongs to a separate group.

date inner nest temperature (°C)
depth 15cm depth 10 cm depth 5cm difference 10-5 cm
mean SD mean SD mean SD mean SD
Apr 24.62 0.61 ap 2396 0.62 gp 2150 0.62 ¢ 2.465 0.251 p
May 21.84 0.86 ¢ 20.82 0.86 ¢ 19.29 0.86 p 1533 0.201 4
June 25.39 040 g 2475 043 p 23.23 043 ¢ 1517 0.227 4
July 2453 0.36 ap 23.85 0.36 ap 2258 0.36 cd 1.272 0.101 4
Aug 23.63 0.35 p 23115 0.35 g 22.06 0.35 ¢d 1.097 0.146 4
Sep 10.69 0.27 d 10.24 0.26 ¢ 894 0.26 g 1.318 0.142 4
Aug 09 2549 0.28 3z 2460 033 ap 23.28 0.33 ¢ 1.297 0.091 4

Table 18. Average month nest temperature (pooledalionests) in different depths (5, 10,15 cm

below hill top). Data from spot sampling by hand:eang time period from end of April 2010 to end

of September 2010. Temperature is given in °Cjssi@lly homogenous groups are marked by the
same letter (ANOVA; Tukey test; P < 0.05).

3.4. Ant activity

Ant activity, counted as number of forages on tiad and number of nest openings
(for details see chapter methodic) was measuredgigpot sampling. According to ordinate
diagram (figure 19) the ant activity is obvioustyosgly affected by surface temperature,
which tightly corresponds to air temperature and gadiation income (Monte Carlo test,
p=0.002). Number of ants going out follows the acef temperature perfectly. Number of

ants going inside nest was shifted towards altitagis. The main axis, which correlates
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positively with total umber of ants walking, is cposed of effect of surface temperature,
insulation and altitude.

The opposite axis direction corresponds well withmber of nest openings. This
means that surface temperature (together with atisul level) correlates negatively with
number of nest openings, higher surface temperatauses smaller number of nest openings.

Effect of moisture goes in similar direction witbmber of nest openings.

< instlation = surf.t Figure 19 - Ordinate diagram (RDA)
© — describing the dependence between
. out ant activity: number of ants walking
out/in the nest (out, in) and number
~ entranc of nest openings (entranc), axis

showing significant factors according
to table 5: surface temperature,
moist altitude, insulation [Lux] and nest
material moisture. Significance of
first canonical axis p= 0.002

-1.0

altitude

1.0 | 1.0

Focusing on factors that effect ant activity inmsoer period (RDA, forward
selection), we found significant effect of nestfaoce temperature, altitude, insulation and nest
moisture (table 19). The biggest proportion of ahbility was explained by surface
temperature, which explain 22% of data variabilitsom other variables only altitude
explained 3% of data variability, other variableglain less that 1% of data variability
Neither nest volume, temperature of 5 and 15cm hdeyir precipitation level had any

significant effect onto ant activity.

explained Table 19. Analysis of environment
Variable variability p F parameters that explain ant activity
surface temp. 0.22 0.002 117.18 (number of ants walking and
altitude 0.03 0.002 15.43 number nest openings). RDA,
insulation 0.01 0.004 5.71 forward selection. Significant
moisture 0 0.044 3.05 effect marked by boldface
volume 0 0.334 1.07
temp.5cm 0.01 0.342 1.13
temp.15cm 0 0.11 2.28
rainfall 0 0.56 0.55
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V. DISCUSSION
1. Whole year temperature regime, slopes of tempet@e change

Average inner nest temperature in neskofmica rufaants was significantly higher
than ambient temperature in all measured seasahbah years (table 1 results). This is with
agreement with majority of authors from Steiner240 Kneitz (1964), Rosengren & col.
(1987) to Frouz & Finer (2007). In summer the innest temperature was more than two
times the air temperature, alfosengren & col. (1987) and Holldobler & Wilson 909
reported very high summer nest temperatures, n8aity.

High temperature inside ant nest is needed foressfal brood development (Kneitz
1966, Coenen-Strass 1985, Rosengren & col. 198&jenped temperature for pupae deve-
lopment inFormica rufais 29C (Coenen-Strass 1985). The most important in aloing is
production of sexual brood, because the populatannot increase its fithess through
production of sterile workers only. Nests producsexual offspring always have higher
temperatures than those producing only workerss @ifiference persists even after the sexual
offspring have left the nest (Rosengren & col. )98 he temperature can also affect the
male: female ratio of sexuals. Grésswald & BierJdPreported that at temperature between
13-19C unfertilized eggs are laid, later hatching in @sabnly. Eggs which develop at
temperature higher than 18®will hatch as females (Grosswald & Bier 1957 idllHobler
& Wilson 1990). Thus small nests with worse theregoadation could be assumed to produce
more male biased brood.

However, some studies show different results. Resemly of Tuzzolino & Brown
(2010) on the population ecology of a North Amarmicant Formica fuscarevealed that
neither nest temperature nor moisture level wasifsggntly correlated with brood
production. Maybe we should consider this studgx@reption confirming the rule.

High temperature also speeds up all metabolic ggaeincluding the development
rate (Porter 1988). Faster and shorter developmedvantageous for ant community both in
sense of workers production, which may facilitatedoction of an extra generation of
workers and, thus increase the competitive powethef colony; and sexuals production,
which gives new queens more time to establish awldp new colonies (Frouz & Finer
2007). High inner nest temperature is also requimdqueen egg lying (Kipyatkov &
Schederova 1990, Frouz & Finner 2007).

Whole year temperature regime was as follow: inngpa steep increase of inner nest
temperature occurred, in summer the nest tempegtwere high and stable, with

temperature plateau near®25 during autumn inner nest temperatures were dsitrg to a
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winter plateau with temperatures ne&C0 Spring and autumn slopes were significantly
different from slope of air temperature changese Vary same pattern of year temperature
changes was described in study of Frouz & FineDT20nvestigating thermoregulation of
wood ants on south-north gradient.

In spring both air and nest temperature changgseslavere increasing, the slope of
inner nest temperature was significantly steepdrregarly two times higher than slope of air
temperature changes. In summer slopes of innerteegierature were identical to slopes of
air temperature, both of them were in general siay@t there occurred some differences of
slope direction between two measured years. In 2099ecorded slightly increasing trends
both for nests and air temperature, but in 201Gkbgge of inner nest temperature was slightly
decreasing in most of nests (table 2 in appendibgpe of air temperatures in summer 2010
was stable or slightly decreasing too.

In autumn both air and nest temperature changeeswere decreasing, the slope of
nest temperature changes was significantly stempémearly two times lower than slope of
air temperature changes. Winter slopes of innst tenperature were identical to slopes of
air temperature, both of them were in general stalibse to zero, although slope of nest
temperature changes was shifted towards negatilteessavhile slope of air temperature
changes was slightly positive (table 2 in appendix)

Study from Frouz & Finer (2007) showed nearly ideadt patterns in whole year
temperature changes. In summer, temperatures shaweedasing trends in most nests which
means that early summer nest temperatures wererhigén in late summer. Winter trends of
nest and air temperature change were very homogendtere were observed decreasing
trends in Finland, while in the Czech Republic #lepes were different between two
consecutive years; in winter 2003 increasing tremosurred but in 2004 temperature slope
was decreasing (Frouz & Finer 2007). To sum ugh Btudies found similar tends in whole
year temperature pattern, agreement with Frouzr&i=2007) occur in founding that there
could appear significant differences in nest terapge between two consecutive years.

Important factor concerning thermoregulation bebavs estimation by date, or at
least part of year by ant workers. The ants disistythe date (part of the year) according to
the length of light cycle; it is not determined &mbient temperature (Holldobler & Wilson
1990). Ants start to thermoregulate early in spriwgen the ambient temperatures are quite
low (often still freezing), which means that enefgy heating the nest is big. But in autumn,

when the ambient temperatures are relatively highthermoregulation will have low costs,
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the inner nest temperature drops quickly, everefasan air temperature (Rosengren & col.
1987, Frouz & Finer 2007, present study).

Steep spring slope of nest temperature changed beuéxplained by colony needs in
sense of queen oviposition and brood developmehichvboth require high temperatures
(Kipyatkov & Schederova 1990, Kneitz 1966, Coenénas® 1985, Rosengren & col. 1987,
Frouz & Finer 2007). Queens lay eggs from earlyingpto mid-summer, the length of
oviposition period is stable, approximately 100 gjagnd is probably driven by endogenous
facors. Under laboratory conditions the queen laggs independently on the light and
temperature conditions. The timing of ovipositian stable and after 68-106 days of egg
laying the queen enters the diapauses (Kipyatk@cBederova 1990). So we can assume that
workers facilitate queen egg lying by maintaininmghh inner temperature. This idea is
supported by founding of Risch & col. (2005), wheported that ant activity has the largest
influence on temperature maintenance in springeamny summer.

The mechanism of steep spring slope of nest teryerahanges could be explained
by combination of all theories concerning thermatatgion in ant nest (see introduction). In
spring solar radiation play an important role daggger of nest thermoregulation. First role of
solar radiation is direct heating of nest matgjs#eley & Heinrich 1981, Frouz 2000, Penick
& Tschinkel 2008), and second heating ant bodiegdewdasking in the sun on nest surface
(Zahn 1958). Ant bodies are great energy collectbrouz 1996), accepted heat is later
brought into the mound, where it helps to heat mgstior. This behavior could be typically
observed in spring (Rosengren & col. 1987, Frouz020A cumulative positive feedback of
temperature increase was found in ant nest. kssiraed that first little temperature increase
caused either by sun radiation (direct effect stilation or heat captured during ant sunning
behavior) or ant metabolic heat released from faberves of young workers (Martin 1980)
cause further increase of microorganism activitpe@en-Stass & col. 1980; Frouz & col.
1997) and stimulate other workers to wake up andkwwhich results in massive heat
increase in short time period.

Also explanation of autumn temperature drop cowerdp with ant reproduction. In
late summer the queen stopped lying eggs and entéapauses (Kipyatkov & Schederova
1990), in autumn there is no more brood preserthénnest, thus thermoregulation is not
needed. Moreover lower temperatures are advantageoworkers because of prolonged life
expectances (Porter 1988, Porter & Tschinkel 1988)er in autumn ants start to move to
underground chambers. (Holldobler & Wilson 1990s&wuen & col. 1987) Effect of sunny
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days could not increase temperature in nest withatd, because both important heat source
and a heat storage capacity (Frouz 2000) are glme&s$ing.

Thermoregulation behavior described above is usaleior wood ants. According to
Frouz & Finer (2007) that geographic differencesnsdo be less important than variation
between seasons, which indicates that maintenanicgéeonal nest temperature is important

part of wood ants’ biology.

2. Seasonal inner nest temperature averages

Average temperatures of nest were higher than arnbéenperatures in all seasons.
There was found a significant difference both amor@asured nests and between two years
of study. Seasonal average nest temperatures alocaigies A, B, C were not significantly
different, except of winter 2010/11 when a sigrafit difference between localities A and B
was found. This is in agreement with study of terapee regime along south-north gradient
(Frouz & Finer 2007), which reported that differesdn nest temperature between Finland
and the Czech Republic were not bigger than diffege between two consecutive years in
the Czech Republic.

Whole year datalogger records revealed significdiffierences in nests average
temperatures among all measured nests, while arage temperature at localities A, B, C did
not differ significantly. This is quite surprisifigr general ecological studies usually proclaim
that with every 100m of altitude increase thera iemperature drop (Begon & col. 1990).
Previous study in National Park Sumava (¥t pers.com) showed@ temperature drop for
each 100m of altitude increase, this values wetaimdd from measuring temperature in well
connected spruce forest on north-west hill slopes.

In spring 2010 the average nest temperature wa&Q,0while pooled March and
April average nest temperature in 2011 was onl§G.# other words, May temperatures are
the highest in all spring, while in March and Apthle inner nest temperature is similar to
ambient temperature. This is in agreement witheaeesl data concerning spring temperature
increase, which usually occurs in the second hialAmril (see next part). These data also
suggest great importance of May inner nest tempexdbr colony life, which corresponds to
Risch & col. (2005) founding that ant activity halse largest influence on thermal
homeostasis in spring and early summer.

From May onwards a summer temperature plateau ait##5C was reached, nest
temperature was too times higher than air temperalNest at Zelena hora Mountain showed

the most homogenous temperatures of all. On cgntrasts at locality A, the lowest one,
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showed very variable pattern of inner nest tempegatWe can speculate about selection
pressure onto life in higher mountains with ideainperature selected, whereas in lower
locations the temperature conditions may be fauderabhough to allow also survival of nests
with less appropriate thermoregulation.

Maximal and minimal nest temperatures recordeduimmer was 31% and 6.8C
respectively. Study of Frouz & Finer 2007 reportgdilar summer temperatures with
maximal fluctuation between 12.1 to 320 Minimal temperature varies between these two
studies, but we can observe certain maximal teryperdimit, in this case 32, which is
precisely guarded not to be exceeded. Similar gattecurs inApis melifera where
temperature higher than %5 is strongly avoided, because they cause malfeonmsatin
development and bigger brood mortality (Seeley &iHeh 1981). The lethal temperature for
workers F.polyctena is 40 (John 2008).

In autumn a slowly decreasing pattern was evidaoiugh all months. In 2009 a sharp
drop was observed in October, temperatures droppetlfC in a single week. From this day
onwards the nest temperatures stayed low. In 204 @eimperature decrease was milder. The
long-term experiments of Kipyatkov & Schederovagd.91990) indicated regular alternation
in queen reproduction and diapauses. The durafigueen egg laying period is 62-107 days,
after this time the queen enters diapauses. Thysaxplain why the temperature in their nest
suddenly decreased after a certain time even wimebieat conditions did not change
dramatically (Frouz & Finer 2007).

In winter a thermal plateau of inner nest tempeeatsas reached with nest average
temperature 0.4C pooled for all nest and both season. Nest teryreravas higher than
ambient temperature; there was a marked differena& temperature between two measured
years. In 2009/10 all three localities A, B, C skdwidentical winter air temperature, in
2010/11 there was difference among all localiti@s. the contrary, inner nest temperatures
were similar in all measured nest and both years.

Maximal and minimal recorded winter nest tempemtwgcorded was +8C and
-7.2C respectively. Study from Frouz and Finer (20@forted winter fluctuation of inner
nest temperature —6.8 to +%C1 We can say that winter fluctuation of inner rntestperature
were slightly higher in Sumava mountains. Accordimdrrouz & Finer (2007) minimum nest
temperature was reached in February — March. Tadysecorded the lowest temperatures in
February in both years, but in some nests very t@itperatures occurred also in December
2010 (C2), January 2011 (B2) or March 2011 (C4).
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Study of Frouz & Finer (2007) was focused only actérs affecting nest temperature
during summer. Among significant factors was fouhdecombination of location and year of
study, with degree of shading explained the largesportion of variability in daily average
nest temperature. But these factors separatelynatigexplain any significant portion of data
variability. This study do not correspond to Fra@&Finer (2007) conclusions, because there
was found no effect of degree of shading in angeafsons, combination of location (A,B,C)
with year was also non significant. The only oneeagient between these two studies is in
effect of year, which was significant in both sesli

In our study the most important factor influenciegnperature averages in individual
seasons was nest identity. The nest shares aligahyharacteristics as volume, moisture,
altitude and level of shading. Second most imporfiactor was date, which shares insulation
level, precipitation and both air and nest tempeeatEffect of year on daily average nest
temperature was significant in all measured seaandsboth years. Older study of Coenen-
Strass & col. (1980) reported that temperaturénenriest of wood ants depends on climatic
conditions i.e. solar radiation, wind, temperatuaed humidity of the air and soil, as well as
on the ant population density and the size of itheTinese founding corresponds much better
with results of present study.

Concerning environmental factors, there was fourgigaificant effect of mean air
temperature and nest material moisture in all segsehereas volume showed significant
effect onto average nest temperature only in sumAldtude was significant in explaining
nest average temperature in summer and autumn. [Rarsignificant effect onto average
inner nest temperature only in spring and sumnmigecteof nest shading was always non
significant. All mean air temperature, nest moistand volume correlate well with microbial
activity. In many previous studies a dependencaicfobial heat production of nest material
on temperature, moisture, composition of nest natand oxygen concentration was proven
(Coenen-Stass & col. 1980, Frouz & col. 1997). €ation of microbial heat production of
nest material and ambient temperature is very gtbonh it changes with season, the Q10 = 1.8
in winter and 2.5 for summer (Coenen-Strass & d&80). During winter, the rate or
microbial heat production is fairly constant, buihicreases rapidly in spring to four times the
winter rate, and remains constant during the sunmugrths (Coenen-Strass & col. 1980).

During the active phase the heat production of nmegterial from nest center is nearly
twice that of peripheral material. Microbial heabguction can be partly maintained and
regulated by ant activity by loosing and aeratiegtnnterior (Coenen-Strass & col. 1980) and

changing nest material chemical properties (Frouzcd. 1997). There is pronounced
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accumulation of nutrients and easily available sabss and higher pH in ant nests in
comparison with surrounding soil, which provides ttée growing conditions for
microorganisms (Dlusskij 1967, Frouz & col. 1997).

Effect of rain was significant only in spring anghsmer, in this time there is supposed
to be enhanced microbial activity in ant nest, Whitghtly corresponds with moisture
(Coenen-Strass & col. 1980). Rain can negativelgcafthe ant activity, because of limited
foraging (Horstman 1987) and thus lower amount edthbrought inside nest by foragers
previously exposed to solar radiation (Frouz 200896). Non significant effect of nest
shading may be caused due to loose determinatighisfcategory, only three levels were
distinguished. Altitude was significant in explaiginest average temperature in summer and
autumn. Inner nest temperature of nest in high@udé seems to be more homogenous than
at lower localities, all nests at locality C showsmnilar characteristics with average
difference of mean nest temperature orfig Among all nests. Nests at localities A and B
showed much higher variability in mean nest tenmpeea the difference could reaciGs
among nests in the same locality.

We could speculate that nests in mountains havactoeve more proper thermal
homeostasis because due to harsh mountain corgljitturs selection on more proper thermo-
regulation is to occur. But this thought is not poited by data about air temperature because
average air temperature did not differ among ltesliA, B, C. Moreover, temperature
fluctuation at the highest locality C was lowernhat two other localities. What could vary is
the proportion of sunny and cloudy days; in mourgaive often observe night and morning
foggy cover. According to Raignier (1948) nestsFofpolyctenaafter a heavy rain might
experience increase in temperature because ofgy fogver after the rain which decreased
thermal loss. Another explanation could be oftesened inversion weather.

In our study the nest volume was significant omysummer season, although we
could expect much stronger dependence. Volumetaffeoer nest temperature in all seasons
through surface-volume ratio (Frouz 1996, 2000,K&rLinsenmair 1998) and thus the rate
of nest heating of cooling. Heat capacity of nésiudd strongly depend on nest volume too
(Frouz 1996). Nest volume is expected to tightlgrespond with amount of micro organisms
in nest material (Coenen-Strass & col. 1980) anpufation size (Tschinkel 1987, Coenen-
Stras & col. 1980, Mclver & col 1997) thus amourit metabolic heat which could be
produced from internal nest resources. A possieésan for so low level of nest volume
significance should be the fact that we measurdy opper part of nest. Previous studies

showed that underground part Bbrmica nest could be of same size or even bigger than
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upper ground mound (Coenen-Strass & col. 1980 ldbler & Wilson 1990). We were not
able to measure underground nest volume, becaggendiof nest was not possible neither
welcomed in NP Sumava concerning the fatal impatb @nt population survival. Another
problem is exact counting of volume, in our studg approximated nest volume with a
volume of a cone, which is method used by FrouD@20But if nest shape different from
normal “moundy” shape, especially in flat nestg tone approximation may underestimate
the real nest volume. In our study this is the adseests A2 and B3.

To sum up, according to our data we suppose thahgspand summer nest
thermoregulation relies mostly on internal heatrses, such as microbial heating and heat
coming from ant metabolism. Together they resuhigh and quite stable nest temperatures.
This idea is supported by significant effect oftv@®isture and volume, as discussed above.
The effect of insulation is proposed early in sgribut later it may lose its importance in
sense of direct nest heating. However solar radiatiay play a role in nest thermoregulation
by affecting ant activity and metabolism rate (EtKE87, Rosengren & col. 1987, Frouz
2000) and keeping the nest dry (Frouz 2000). Whennest is shaded, nest moisture levels
increase and consequently the isolation propeofi¢se nest material become worse. As nest
moisture increases, however, microbial heat prodoctwhich compensates for the poor
isolation properties, also raises (Frouz 2000). elav, dry nests are more common than wet
nests (Frouz 2000), which should indicate that thishe preferred way of nest thermo-
regulation, while nests with high moisture only toysurvive unfavorable conditions.

In winter the ants are hibernating in undergrouhdnabers (Hdélldobler & Wilson
1990) and microorganisms are limited by low tempee(Coenen-Stass & col. 1980), thus
we could not count any internal source of nest.hMaist temperature in winter is only
effected by air temperature; nest temperaturedoarebut still significantly less fluctuating
than ambient temperatures. This is caused by gpelative properties of nest material (Frouz
1996, 2000), which buffer air temperature fluctoas. A nonsignificant effect of volume in
winter is hardly to understand and may arise froom @appropriate determination of nest

volume (see above).

3. Differences of temperature in depth 5, 10, 15cm

Data from spot sampling by hand, which was condlate period of highest ant
activity (April — September), corresponds well witata obtained from whole year datalogger
records. Average inner nest temperature in all $aspyers was higher than air temperature,

which is in agreement with Frouz (2000).
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Temperature in nest df.polyctenarise from 5 to 15cm of nest depth. This idea
corresponds perfectly with earlier study of Fro20Q0), who found that the average
temperature inside the nest increased from thel&gen to 30cm layer. It is also in agreement
with Coenen-Strass & col. (1980) whose results shighier heat production of nest material
from the center compared with peripheral nest natérhis difference is primarily caused by
different microbial colonization (different speciasd population density), due to different
nutrients (Frouz & col. 1997). Material from thener regions contains a higher proportion of
friable humus, since microbial activity dependmsgly on oxygen, nest interior must be
aerated sufficiently. The differences between teatHlows from nest center to surface
become smaller during the summer, since the peapheaterial is dried out during the warm
season (Coenen-Strass & col. 1980).

These results mean that inner nest temperaturdlysioanot directly correspond to
level of insulation, as in this case the surfageefdashould be the hottest one. Temperature
difference between 10-5 cm, which is directly pndjomal to the thermal flow in the nest, is
in average positive, the heat flows from insidene$t out. This stress out the importance of
inner sources of heat i.e. heat increasing fronrabial activity (Coenen- Stass & col. 1980,
Frouz & col. 1997) or ant metabolism (Kneitz 196rstmann, 1983, Horstmann & Schmid
1986, Rosengren & col. 1987, Frouz 1996, 2000).

Temperature difference between 10-5cm was simiiesugh whole day, except of
midday, where minimal temperature difference wasmtb We assume that high levels of
solar radiation at noon are able to heat the nesénmal to bigger depth and thus reduce the
temperature difference between 10-5cm depth. In Blepth there was found bigger
temperature fluctuation, which corresponds with uZrq2000). Nest surface temperature
correlates with air temperature, the maximal valoeboth were reached between 3-6AM.
Study of Frouz (2000) concerning nest sampling ierént depths do not contain nest
surface temperature, thus the comparison is didalblee temperature difference between 10-
5 was also very homogenous in all measured moattgpt of April, when bigger difference
occurred. We could think about effect of big ambimperature fluctuations together with
smaller ant population size, which is not stablé (f#orstmann 1983, 1987, Horstmann &
Schmid 1986), and thus not big enough to buffesehBuctuations effectively (Frouz &
Finner 2007).

There occurred significant differences of innertriemperature in all sampled depths
(5, 10, 15 cm bellow hill top) among months of measent (April — September).

Consecutive months did not show similar charadiesi®s expected. September temperatures
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were totally different from all other months, innegst temperature was very low, nearly two
times lower than summer temperatures. This corredpwith above written founding, that in
autumn the nest heating is switched off becaus® nbt needed any more (see discussion,
chapter one). May and June were the most diffdremt other months and also form each
other, in May the average nest temperature waslaeryeven lower than in April. This result
does not correspond with seasonal average tempeta from datalogger.

However when we look closer to daily nest tempeeatecords, we can observe high
nest temperatures at the end of April and beginoinglay together with quite high ambient
temperatures (often exceedind®@pat all sampled locations, followed by approxietatwo
week period of lower nest and air temperature (fawvan 16C). Only few nests did not show
a drop of inner nest temperature in this periog¢aél weather. The May spot sampling was
conducted on 20/21May, which was at the end of cold period, thusrésilts from this one
day do not correspond wit whole month average.

June nest temperatures were the highest of alichmsi in agreement with Frouz &
Finner (2007). April and June showed similar chimastics concerning temperature in depth
10 and 15cm, but not in 5cm depth. Temperaturésandeeper layers were remarkably high
both in April and June. As a possible explanatioa @ould think about increased heat
production due to brood incubation and queen eginda(Steiner 1924, Kneitz 1964,
Rosengren & col.1987, Frouz & Finer 2007, Kipyatkbwschederova 1990, 1985). In wood
ants two periods of egg laying occur, first is lagkual brood in early spring, later in summer
worker brood is laid. Eggs laid in spring have mBi¢A (Bier 1954 in Holldobler & Wilson
1990), but not all of them necessary hatch as $exoacause their development also depends
on amount of care from nurse workers and qualityutfition. Early in spring the nutrition
relies mostly on fatty reserves from previous sumrfier successful development of sexuals
a combination of blastogenic and thophogenic fadneeded (Holldobler & Wilson 1990).

Two consecutive summer months, July and August edosvmilar temperatures in
shallowest nest layer, 5cm bellow nest surface.r®usimilarities occurred in bigger depths.
In the middle of summer the most surface layer enaipires are affected by sun radiation,
which is similar for both months. However deep restperature did not correspond to sun
radiation, it depends more on inner heat sources\pErature in both 15 and 10 cm depth was
steadily decreasing from June to September. This &greement with study Frouz & Finer
(2007), which showed that early summer nest tentypess were higher than in late summer.

Also it suits to our datalogers records data caringrsummer temperature slopes
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This could be explained by tight correlation betwéener nest temperature and ant
colony reproduction, in spring or early summer higimperatures are needed for brood
development (Kneitz 1964, Coenen-Strass 1985, Rosen& col. 1987) later in summer
there is not so strong need for high temperatureidewnost of brood is already hatched.
Lowering of nest temperature also agrees with founadf Kipyatkov & Schrederova (1985,
1990). The length of queen oviposition period isyvetable, some 80days, after this period
ant queen enters a diapauses. If egg laying staAsgril it will end at the end of June, thus
later in summer there is no need for maintenandegbf inner nest temperature.

This could also mean that high temperatures imgbeof summer may be only artifact
of spring and early summer temperature increaseg theed not to be any further ant effort to
thermo-regulate. It has been shown that once ther inest temperature is increased (by ant
metabolism or insulation) it could stay high andb$# only because of very high microbial
heat activity (Coenen-Strass & col. 1986). Highad nest temperatures also speed up ant
metabolism (Porter & Tschinkel 1993, Nielsen 19%&)ijch in turn results in increased heat
production. A positive feedback works. This coulé kvell possible that the aimed
thermoregulation happens only in spring and sumamet in late summer it runs due to
positive feedback among increased nest temperatmieroorganism activity and ant
metabolism, lets say thaks to inertia only.

August 2009 and 2010 do not show identical charisties in no of sampled depth,
the biggest difference could be seen between debthScm. Temperature in bigger depth is
more independent of air temperature and correspuiittisinner heat sources, ie microbial
and ant metabolism (Kneitz 1964, Coenenn-Strassl& 880, Rosengren & col.1987). The
contrast in 15cm depth temperature in summer momtag be explained by different ant
population size of microbial community compositievhich could be different in two
consecutive years More shallow layers (5, 10cm hjepere more similar in between two
measured years; we could assume that there ocmngst effect of insulation and air
temperature, which was similar in both measuredsyea

Focusing of whole year pattern of temperature caamgsults from spot sampling by
hand support our earlier conclusions based on fdatta dataloger records. There was found
significant effect of locality and individual neshto nest average temperature, together with
effect of day time and date of study. Nests atlipcA express the biggest variability of inner
nest temperature among all nest. This variabildyld be caused by another ambient factor:

closeness to water spring. Nests in narrow vallegecto water could suffer from water
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cooling effect; nests placed higher on hill slope faee from this effect. This could be pretty
seen on example of nest A1, which was out of vadiay exhibit the highest temperatures.

A little surprising was comparison of nests tempemm among localities A, B, C.
Results showed that nests from locality A are $icgmtly different from B, locality B is
different from locality C, but locality A does ndiffer from locality C (t-test, p>0.4). Nests at
localities A and C showed significantly (p<0.05glmer temperatures in all sampled depths
than nest at locality B. Nests from localities A,aBd C do not significantly differ in nest
volume, insulation or shading level or in seasanedrage temperature. Only difference was
found in nest material moisture, nests at locaitghow lower levels than other two localities,
yet this difference is significant between locaiyand C (p=0.04).

Similarity of nest temperature at the highest amdelst locality should have some
explanation in other environmental parameterss fiassible that high temperature of nests is
maintained because of disturbing factors, in cddecality C it may be the higher altitude, at
locality A it could be cooling effect of close watdream in narrow valley. Both these factors
might favor nests with more proper thermoregulatitiowever, there was found no
difference in average air temperature in all ldezdi air temperature fluctuations at locality C

were markedly lower than at two remaining locaditjeee discussion, chapter 2 and 7).

4. Timing of spring temperature increase

In early spring the inner nest temperatures wesg tben a steep temperature increase
was observed. In few days nest temperatures ro86°@or more, the temperature increase
could be more than 20 a day. The slope of nest temperature increasenwmah steeper than
slope of air temperature changes in spring. Steeipg slope of nest temperature changes
could be explained by colony needs in sense of quegosition and brood development,
which both require high temperatures (Kipyatkov &h8derova 1990, Kneitz 1966, Coenen-
Strass 1985, Rosengren & col. 1987, Frouz & Fin@d72. For closer explanation see
discussion, chapter 1. In some nests the stegpetature increase was preceded by period of
mild temperature increase. The nest temperaturease happened from the end of March to
the end of April, the timing of inner nest temperatincrease was significantly different both
among nests and seasons. This is in agreementswitly of Frouz & Finer (2007), who
reported that the spring temperature increasentakd started in all nests in the middle of
April, whereas in the Czech Republic temperatuegtesti to increase in late February and
March in dry nests, and in April in wet nests. Ragen & col. (1987) recorded steep spring

warming ofF.polyctenanest on ¥ April.
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Similar pattern was found in study of Frouz & Firf2007), they reported a massive
increase in nest temperature during spring, wittraye temperature increase up td’@.a
day and maximal daily temperature change more ®@G. The increase of inner nest
temperature was significantly faster that the iaseein air temperature in all nests (Frouz &
Finer (2007). In our study exceptionally quick dngh increase of inner nest temperature was
found in nest Al, the steep temperature increasera@rded on 26.3.2010 between 11 AM
(t=9.8C) and 5 PM (t = 18°C), which means an increase of G%er one hour. In spring
2011 even quicker temperature increase occurred9d®2011 in nest C1, between 11AM
and 2PM the temperature jumped form°@.50 26.6C, making the difference 22Q in three
hours. Since this day inner nest temperature sthiggdand stable.

In agreement with our present study Frouz & Fi2®07) reported variable pattern of
spring temperature increase timing in the CzechuB&pcompared to Finland. They assumed
that the increase of nest temperature may be atfdny snowmelt. In Finland relatively thick
snow cover occurs, which melts rapidly and is foka by consequent start of spring nest
heating. Thus in Finland the spring temperatureei@®e started at the same time in all study
nests. In the Czech Republic the snow cover isespard thinner and, as a consequence, on
the top of less shaded nest snow may melt very.eBhnis is supposed to cause difference in
timing of spring temperature increase (Frouz & Fi2@07).

Focusing on factors that could explain timing ofisgp nest temperature increase
following model was found: [h.day] = 313.54 - 0.809*[sun] + 0.01727*[ants] -
5.945*nest.av] + 101.35*[air.av]. This means thiating of spring nest temperature increase
was significantly affected by average spring inmest temperature, average spring air
temperature, nest insulation level and number té aralking (factors ordered according to
amount of explained variability). Last two valuesre obtained from summer season
sampling by hand. This model explained 95.35% b¥atiability and was significant with
p=0.024. When deleting average inner nest temperdtom the model all other factors lost
their significance and there was no factor witmsgigant effect left.

The biggest proportion of variability was explainkeg average nest temperature in
spring. This means that nest starting first in rgpmest heating show also higher average
inner nest temperature in spring. This is quiteidalgbecause they have more days with
increased temperature in comparison to nest gjanith heating late. High air temperatures
connected with sun radiation and insulation coutitknas trigger which starts autocatalytic

process of nest heating (Rosengren & col.1987,iMaa80).
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A cumulative positive feedback of temperature iasee was found in ant nests
(Coenen-Stass & col. 1980; Rosengren & col. 1987)was proposed that first little
temperature increase caused either by sun radiadithrer direct effect of insulation (Kneitz
1966) or heat captured during ant sunning behafdahn 1958); or ant metabolic heat
released from fatty reserves of young workers (Maft980) cause further increase of
microorganism activity and stimulate other workeyswake up and work, which results in
massive heat increase in short time period (Rosengrcol.1987).

In agreement with this idea sunning behavior of @ould be observed early in spring
(Zahn 1958, Rosengren & col.1987, Frouz 1996, 2000¢ higher number of ants sunning
the bigger amount of heat brought inside nest. 1@sults show significant effect of number
of foragers, which is proportionally dependent omole colony size (Mclver & col. 1997),
onto spring heating. Also that effect of insulatmmo spring heating timing was significant,
while insulation effect was significant neither ceming number of days with T>ZD nor
daily average temperature. Maybe the insulatioridccba a little different in spring and other
seasons, for example because of different sun amgéefoliation etc.

Effect of altitude was not significant, yet is seethat nests al locality C, the one with
highest altitude, show more similar pattern of sgnnest temperature increase in both years
than nests in two other localities. Neither nedure nor moisture effect was significant in
context of spring heating. This founding is in gast to majority of theories concerning nest
heat production. The spring temperature increasmildhdepend on nest size, while it
influences both surface-volume ratio and heat gmeapacity, thus the speed of nest cooling
and heating (Frouz 1996, 2000); and ant populasize (Kneitz 1964, Tschinkel 1987,
Horstmann 1983, Mclver & col 1997) and amount ofcnmdrganisms in nest material
(Coenen-Strass & col. 1980, Frouz & col.1997) dblgroduce metabolic heat. However,
some authors deny the importance of ant metabefit to maintaining thermal homeostasis
of nest, placing the main emphasis on the rolenbfnaound as a solar collector (Seeley &
Heinrich 1981) or microbial heating of nest (Coeis#rass & col. 1980).

Coenen-Strass & col. (1980) measured thermal ptodly of nest material, workers
and pupae of wood anEpolyctenaand assumed that the heat produced by ant metaboli
does not play an important role. His results piiatldne microbial activity of nest material as
the main source of heat production. According tel@m-Strass & col. (1980) there is notable
seasonal variation of the heat output of nest nahteaven when measured at stable
temperature 3. During winter the rate of microbial heat prodeustis fairly constant, but it

increases rapidly in spring to four times the wintate and remains constant during the
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summer months. This founding corresponds well witfiole year pattern of inner nest
temperature changes described above (discussiaptestl).

However, Coennen-Strasss & col. (1980) neglectrtipwrtance of ant metabolic heat
in establishment of nest heat balance. He prockhiriat during summer the metabolic heat
increasing as a by product of ant metabolism waoldgtribute no more than 1% of the total
heat output of nest. According to his counts inirgprthe nest material with a uniform
temperature of 1T and a material humidity of 50% possesses a ettty of 3.1 J/ g/C'
and produces a heat flow of 0.04 mW/g. That melatih one day (21.5 h) the temperature
could increase by°C (Coenen-Strass & col. 1980). This is in sharptrest both with our
data showing much more rapid increase of inner teesperature, even more thar’@G day
and result of Frouz & Finer (2007).

Moreover, Coennen-Strass & col. (1980) added thatmidsummer, when the heat
balance is established, the heat capacity of nagrial amounts to 3.1 J gC-' and the heat
output is 0.45 mW/g at 2&. Then it would take only 1.9 h, to raise the terapure from 24
to 25°C. But neither we, nor any of older authors, obsérany quick increase in summer nest
temperature, which according to Coenen-Strass &&8B0) might be as high as’Ca day.

Timing of spring temperature is also influenced st moisture (Frouz & Finer
2007), in the Czech Republic the temperature of regts started to increase earlier than
temperature in wet nests. Our study does not agitbethis founding, as there was found no
significant correlation of inner nest temperatutithwmest moisture. Nests with earliest spring
increase of inner nest temperature in both years west A1 (moisture <20%) and A2 with
C1 (moisture >50%). In nests A1 and C1 the spramgperature increase occurred at the end
of March, which is approximately one month eartiean in other nests, where temperature
increase occurred in last week of April; in nestiA@as two weeks prior other nests. Nests
Al, A2 and C1 do not share any physical charatiesisthey differ in both volume and
shape; also altitude and level of nest shadingddferent. Nests A2 and C1 are on sunny
place with minimum of shade, but nest Al is sitdateforest. Only similarity is that ants in
all these nests are very vital, there was recoashenhcrease of nest volume in case of A1 and
C1 during two years long measuring period.

May be there should be some coincidence with gemétpopulation. In bees there is
genetically given sensibility to temperature, mgesetic variable population can reach better
thermoregulation (Jones & col. 2004). Also in afthgre is variability in temperature
sensibility among the workers, some leave the wexst early in spring, possibly seeking the

info about day length, than they wake up other wskThe ant hill wake up continuously, in

63



May some of workers can be still sleeping while ongy is already working (Frouz
pers.com). The genetic variability of colony shoudrrelate with number of queens in
population and number of fertilization (H6lldoblerWilson 1990). But we do not have any
data about genetic variability of measured nests.

Non significance of nest moisture or volume in study could also coincidence with
little amount of available data for comparing tigiiaf spring temperature increase between
both years. There are missing data in 2010 beazfusgatalogger loss and in 2011 because too
early extraction of dataloggers from nest. StudyFduz & Finer (2007) reported that the
spring temperature increase in Finland startedlinests in the middle of April, whereas in
the Czech Republic temperature started to increatse February and March in dry nests,
and in April in wet nests. Thus we hoped when etiing dataloggers at the end of April we
will obtain sufficient data about inner nest tengtere increase. The opposite was true,
because nests in Sumava mountains were late ingspgmperature increase compared to
nests from Czech lowland near Tabor. The dataloggeaction in 2011 happened on"22
April, which was at time of ants’ biggest buildiagtivity. This time was chosen to allow ants
to repair nest damage caused by current datalogescéon and digging of old ones in

shortest possible time. This way we hope not to tiné reproductive effort of colony.

5. Number of days with T>200C, number of freezing ays

According to this study ants maintain markedly htgimperature (T>200C) in their
nests for relatively short period of year, approxiely 100 days. But this number differed
among individual nests, ranging from 62 to 172 d&@wvever no significant difference was
found when comparing localities A, B, C, and betwéso measured years 2009 and 2010.
This is in agreement with Frouz & Finer (2007), wéh¢he average number of days with
increased temperature was 65 — 129. Their residts show no significant difference in
number of day T>2 between locations and seasons, but significdfdreinces occurred
among nests. In our study we can observe highéogef increased inner nest temperature
(172 day) but this is true only for nest Al. Withdhis nest the duration of period with
T>20°C will drop to maximal value 132 days; this resuftatch more precise with study of
Frouz & Finer (2007). Nest with the smallest numb&days with T>28C in whole year
2010 was nest B2, the smallest one, which couldhnfitle microorganisms and smaller ant

population size, both these factors could resulowm amount of internal heat production. In
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average day with T>2C occurred in 80% of all summer days. Only in n&ktall summer
days exhibit higher inner nest temperature th&& 20

Stable number of days with markedly increased teesperature found between the
Czech Republic and Finland (Frouz & Finer 2007) alsd between two localities of different
altitude — lowland near Tabor (Frouz 2000, Froud &mer 2007) and Sumava mountains
(present study) should arise from synchronizatibhigher nest temperatures with the queen
oviposition (Kipyatkov & Schederova 1985, 1990)p¥atkov & Schederova (1990) gave the
duration of endogenously driven egg laying pericd 68 — 106 days, which closely
corresponds with the duration of period for whictisamaintained daily average temperature
higher than 2C.

Focusing of factors influencing number of days with2@C significant effect of
altitude and average whole year nest temperatusgfouand. This model explained 98.62% of
all variability. Neither nest volume nor moisturasvsignificant, but they played an important
role in the model, and they increased the propomibexplained variability 99.66%. Shading
of nest and summer sun insulation level did nowslmportant effect. Study of Frouz &
Finer (2007) did not count any statistical modgbleiing number of days with temperature
increased above 20, thus there are no results to compare.

Number of freezing days in whole year 2010 wasverage 62.75 days. Again there
occurred differences among nests individual nesits, duration of freezing period between
49-83 days. There was also big differences in nunolbedays wit T<6C between winter
2009/10 and 10/11. Minimal number of freezing dappeared in nest C3, while maximal
was found in nest C2. An interesting fact is thathbthese nests are situated at the same
locality, the highest one. There are marked diffees in physical characteristics of these
nests; volume of nest C3 is the biggest found (I)Svhile volume of nest C2 is only 0.23m
Nest C3 also shows higher moisture (58.15%) than(¥5256%). Moreover, nest C2 is
situated in meadow, under single big tree whileiC continuous forest. Very exceptional
was also nest A2, which got never frozen in wird@t0/11 and spring 2011. Unfortunately
we do not have data from whole year 2010 thankkatalogger loss, thus we cannot compare
nest A2 to other nests. But we can assume thabuiidvbe the one with lowest number of
days wit T<6C of all. Nest A2 it is very flat, its volume wasunted to 0.63rh nest moisture
is high, reaching 51.58%. We guess that populationthis nest is big and very viable
according to personal experience from manual measemts.

Model explaining number of days wit T%D found as significant only effect of nest

volume. Altitude effect was behind the limit of sificance (p = 0.07), but it also contribute
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to model explanatory strength; nest volume togethigh altitude explained 74.57% of
variability in number of days with T€Q. Effect of nest moisture, level of shading and ai
temperature was not significant. We could assuraé ftieezing of nest is passive process,
depending only on volume of nest, let say on serfamlume ratio, heat storage capacity and
insulative properties of nest material, which amenparable to properties of commercial
insolents (Frouz 1996, 2000). Nests with biggeunw are assumed to buffer air temperature
fluctuations more effectively. In winter ants aretreated into underground hibernating
chambers thus they cannot affect the temperatigieneeof nest (Rosengren & col. 1987,
Holldobler & Wilson 1990). Moisture effect was rgignificant in our study, in summer it
affects microbial activity significantly, but in wier the microbial activity is limited by low
temperatures (Coenen-Strass & col. 1980).

6. Daily temperature regime

Daily temperature regime in summer was quite usidefor all nests independent of
size or location. The highest inner nest tempegatacurred in the evening or during the
night, than temperature was decreasing to morningmam. In some nests the minimum was
shifted to midday or early afternoon. Similar réswere reported by Frouz & Finer 2007 in
dry nests, where the nest temperature peaked ievitr@ing around 6 PM and then decreased
during the night. In wet and shaded nests temperancrease was delayed, with maximal
temperatures around midnight. This was true fotsiesth in Finland and the Czech Republic
(Frouz & Finer 2007). Concerning these foundingnakts in Sumava Mountains behave as
dry, even though in some nests the moisture ofmasgrial could be higher than 50%. Yet no
of nests was totally shaded during the whole day.

Evening peak of inner nest temperature corresparnitiis massive return of foragers
(Rosengren & col. 1987, Frouz 2000). The thermadrgy accumulated in the workers’
bodies together with low thermal capacity of drgtmaterial (Frouz 1996) could raise the
temperature of nest substantially. Similarly, a shas exodus of workers in the morning
could result in a temperature depression. A singféegct was observed by Horstmann (1987)
after F. polyctenaworkers left the nest, because of the introductibbasius fuliginosusnto
the nest. The strong effect of ants leaving a d@stican be explained by the fact that ants in
dry nests are not only an important source of tlaérenergy (due to metabolic heat
production), but also an important heat reseraie(to high thermal capacity) (Frouz 2000).

Thus the daily regime of inner nest temperatuigrnesngly affected by solar radiation,

thanks to ant activity, but not by direct nest hmeatAs reported in present study 3 the heat in
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nest flows from inside out (for more details sescdssion, chapter 3). The number of
foragers going out of nest corresponds tightly wiéist surface temperature, which is affected
by solar radiation income (see chapter 9). Gooddimig conditions thanks to sunny weather
can also contribute to better nest homeostasisghehmetabolic rate of well fed ants. Food
supply was reported to affect the ability of thestned produce additional metabolic heat
(Coenen-Stass & col.1980, Horstmann 1983, Frou2QR0

In early summer pattern with minimal temperaturegha morning was more often,
later minimal daily temperature was shifted to naigchours. But it did not happen in all
nests. A possible explanation is that early in semtnere is bigger role of sun radiation, later
in summer the importance of metabolic heat produmgdnts increase due to population
growth (Horstmann 1983, 1987, Horstmann & Schmi@&)9Around midday the biggest ant
activity (number of forages on trail) was recorddédys the number of ants actually staying
inside nests is lowered around midday, which maysealecrease of inner nest temperatures
despite high ambient temperature. Ants are not rlapbonly as a source of metabolic heat,
but also as a storage capacity (Frouz 2000).

In autumn there was found no universal temperatagime, the pattern of daily
temperature changes could differ between two cartiseecdays, it could even be inverse. In
winter no fluctuations of inner nest temperatureuned. In agreement to our study Frouz &
Finer (2007) reported that during winter nest terapges showed almost no diurnal
fluctuation.

Rain could affect the daily temperature regime mdaaly; rain could have two
opposite effects onto inner nest temperature. tst ftase due to heavy rain and cold
temperatures ants may be hold in the nest (Horstnk887); thanks to increased ant
aggregation the temperature inside nest is suppsegise because of increased metabolic
production same as increase heat storage capkoiyz 2000). In our study we observed this
pattern in some nests in late spring or summernést temperature pattern was inverse to air
temperature pattern. When air temperatures stéotettrease again above threshold for ants
foraging a massive left on nest occurred, thisltedunto a drop of inner nest temperature.
Raignier (1948) described an increase of temperdtusome nests df. polyctenaafter a
heavy rain. He postulated that the increase in ézatpre was caused by a foggy cover after
the rain which decreased thermal loss.

However after longer period of rain ants could suffrom limited food income
because of limited foraging and their metaboliste decrease (Coenen-Stass & col., 1980,

Horstmann 1983, Frouz 2000). Another negative eféécrain is limited amount of solar
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energy which could heat the nest surface or coaldlisorbed by ant bodies during foraging.
The import of heat energy by ants previously sumhbgtis by some authors considered as a
major source of heat for dry nest during summeo{Er2000), thus when ambient conditions
are not suitable for this transport of sun energy the nest, the nest temperature may drop.

Results from spot sampling conform above mentiopatiern of daily temperature
changes. Maximal temperatures occurred in evenirduong night, since than a decrease of
inner nest temperature was recorded. Minimal vatd@&sner nest temperature occurred either
in morning hours or around midday. However mosttsx@®m locality B shower slightly
different regime of daily temperature changes, wittreasing trend from midday minimum
to morning maximum. There was observed no dropnokl nest temperature between
midnight and morning. In nest B2, the smallest dhe, inner nest temperature follows air
temperature changes tightly.

Continuous 10 hour measurement revealed differencetily temperature regime
among individual nests. Temperatures in nest AZzwery stable. This nest is flat, so little
heat loss could be expected thanks to favorablaee#olume ratio. Volume of nest A2 is
0.63n7 but thanks to its shape we could expect some ustila@ion of our counts; there is
also supposed to be big part of nest undergrouadt Moisture is high reaching 51.58%, thus
the amount of heat produced by microorganisms shioellvery important in maintaining nest
temperature homeostasis (Coenen-Strass & col.198®)guess that population in this nest is
big and very viable according to personal expeednem manual measurements.

It could be objected that the daily regime of riestaused not by ant metabolism but
directly by solar radiation income. Due to a bigssi@f ant mound, its excellent isolative
properties (Frouz 1996) and big heat storage chpatimay take some time to the solar
radiation to heat the nest deep enough to nestiant&Similarly this mechanism could be
responsible for prolonged cooling of nest with lavorning temperatures. But this idea is
rebutted by the fact that the heat in nest floveenfrinside out (see discussion, chapter 3).
Only with few exceptions the temperature in dedpger was higher than temperature of
shallower layer at any day time. Also the heat deraperatures exceeded temperature of

sampled layers in most cases.

7. Daily fluctuation of inner nest temperature
Fluctuation of nest temperature was significanttweér than air temperature
fluctuation in all season and both years. All négbt®ugh whole year showed very similar

level of inner nest temperature fluctuation. In t@mthe fluctuation were identical for all
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nests. Only in summer there could be observed bigifferences among nests in temperature
fluctuation (table 3, appendix). Frouz (2000) reedr that early in the spring, nest
temperature decrease closely follows the decreasaritemperature, because the thermo
stability of nest is not well established yet (KnkE964). Solar energy is important as the first
source of energy able to heat the ant nest (Roser&icol. 1987, Frouz 2000). Solar energy
is trapped both by the nest and the bodies duoragfng and then brought inside nest (Zahn
1958). Later during spring, the nest temperatureolmes gradually more and more
independent of air temperature. The number of iacteases during the season, increases the
heat capacity of the nest and makes the metabe#lt production by ants more important
(Horstmann 1983, 1987; Horstmann & Schmid 1986.eRgsen & col. 1987).

According to these results we could expect highmtdiation of inner nest temperature
in spring and lower fluctuation in late spring asummer. But we found opposite pattern,
with highest nest temperature fluctuation in sumnsemmer fluctuation was also the most
variable among nests. But also Frouz & Finer (20@f)orted significant differences in
average daily temperature fluctuation during summenths between individual location and
years. Our result show that small nests showedememgl bigger fluctuations. This could
result from lowered isolation and heat storage ciépaf nest with small volume, same as
from smaller amount of microorganism (Coenen-St&ssl. 1980, Frouz 2000) and ants
able to produce metabolic heat (Horstmann 19837;198rstmann & Schmid 1986).

In winter we recorded extremely similar levels eshtemperature fluctuation, which
is in agreement with previous studies (Rosengreco& 1987, Frouz & Finer 2007). This
pattern could not arise from ant or microbial atyivwhile both are inhibited by low
temperatures. In winter we can count only on efi@icsnow and nest material isolative
properties, which help to buffer big air temperattluctuations. The high level of inner nest
temperature stability, similar for all nests in sdlasons and both years, point to strong effect
of internal heat sources in nest thermoregulatasher than effect of environmental factors,
such as air temperature, precipitation or insutatirom our results it seems that internal heat
sources have bigger effect onto nest thermoregulatiecause even nests of similar size,
placed close to each other, i.e. having similarpemrature conditions, often show significant
difference in inner nest temperature.

On the contrary, air temperature fluctuation amadocglities A, B and C were
significantly different in all seasons (Tukey HS&t, p<0.001). Air fluctuations at locality C
were nearly two times lower than fluctuations af @mperature at localities A and B in

spring, autumn and winter. In summer the differenéefluctuation range was smaller.
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Founding that at higher altitude there occur smalle¢ temperature fluctuations was
surprising, because it is in contrast both to pemkexperience and general wisdom that there
are more temperature extremes in mountains. Magim@drature fluctuation on Zelena hora
Mountain is buffer by cloud or fog, which occur defery often. Also we could think about a
little bit different position of air measuring didger. All dataloggers were placed in forest
(see metodic), but forest at locality C was cordusiwhether at localities A and B may be
considered sparser. Under continuous canopy thereften higher and more stable
temperature than in open plains (Cheng & col. 2008)

Focusing on factors that explain the variabilitydaily temperature fluctuations in
different seasons, the best model i.e. model wighdst proportion of explained variability,
was counted for summer. In summer the fluctuatias explained by nest identity, average
air temperature and air temperature fluctuationp alear and date of study together with
altitude and nest moisture showed significant effétis model explained 98.69% of all
variability in nest temperature fluctuation. Thelyomonsignificant parameters were nest
volume and shade category.

Also Frouz & Finer (2007) found significant effeof nest moisture onto daily
fluctuation of inner nest temperature. Moistureifnaly affects activity of microorganisms
(Coenen-Strass & co0l.1980, Frouz & col. 1997, Fr@@D0), thus it helps to keep nest
temperature both high and stable. Strange is noifisignt effect of nest volume onto inner
nest temperature fluctuations. We could assumehiiggier nests will also have bigger heat
storage capacity, more favorable surface-volume @td thus lower fluctuations of inner
nest temperature. But this is not that case. Ne&inwe also correlates with size of ant
population (Horstmann 1983, 1987) and microbial camity (Coenen-Strass & col.1980),
but as discussed earlier, our method of volume neatdbe exact enough because of
measuring only upper ground mound and underestmatlume of flat nests.

In autumn there was found significant effect of ryed study, followed by nest
identity, air temperature fluctuation, average taimperature and altitude. Neither effect of
volume nor moisture was significant. In winter asgring similar dependence of nest
temperature fluctuation on environmental variab@s found. As significant we could count
nest identity, average air fluctuation and nestrw; in spring rain effect add to these
factors. Nest moisture wasn't significant in bo#ses. We could assume that significance of
volume in winter and spring corresponds to iso&fwoperties of nest material, which help to

puffer big fluctuations
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8. Night change of inner nest temperature

The slope of temperature changes during the nightn(24 to 3 hours) was used to
compare the individual temperature patterns of rinmesst temperature caused by inner heat
sources only. This time was in all cases betweensstiand sun rise of next day, thus direct
effect of insulation was excluded. During that tithe ants maintained thermal homeostasis
by purely internal sources (Frouz 2000).

The most common pattern of night temperature changall season was slight
decrease in range of -0.4 t6Qa night. In winter no change of inner nest terapse
occurred in more than 50% of all cases. In spriegative slopes count for 55.5% of cases,
maximal changes were up t8Ga night. Significantly higher proportion of neigat night
temperature change occurred in summer, the propodi negative slopes was 74.8%. This
means that nest temperature decrease was more ¢otharmincrease, the drop was usually
in range 0.1 —°C. In autumn negative slopes count again half btades, exactly 53.5%.
Our results are in agreement with Frouz (2000) veéported that negative slopes, indicating a
decrease in temperature during the night, were fmegeient than the positive ones. In study
comparing thermoregulation of wood ants on soutthngradient (Frouz & Finer 2007),
slightly different results occurred. In Finlandgetimost frequent were situations when night
nest temperature slightly decreased or increaskile w the Czech Republic the distribution
was bimodal, with rapid decrease being the mostnecomfollowed by rapid increase (Frouz
& Finer 2007).

An explanation of high proportion of negative nigktnperature change slopes in
summer could be as followed: In spring nights tbstmnterior is heated by ant metabolic heat
together with microbial activity, high temperatuge needed for queen egg lying and sexual
pupae development (Kneitz 1966, Coenen-Strass B@tengren & col. 1987, Kipyatkov &
Schederova 1990). More ants aggregate inside mestolnl spring nights, when ambient
temperature is low, than on summer night, in whadls may stay outside thanks to higher
ambient temperature (Frouz 2000). Thus both hestymtion and heat storage capacity could
be lower in summer nights due to lower number ¢$ nesent in nest.

Focusing on factors that explain night temperatin@nge, we found significant effect
of nest, altitude, year and either air temperafluetuation or mean air temperature in all
seasons. In summer also nest moisture effect wgsfisant. As mentioned above the
moisture level correlates strongly with activityrafcroorganisms (Coenen-Stras & col. 1980,
Frouz 2000) which are important source of innert.h@aspring there added significant effect

of volume and rain, in autumn of rain only. Thewk influence the thermal stability of nest,
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the bigger volume the bigger heat storage capacitythe lower surface-volume ratio. Both
of theses slow down nest cooling (Frouz 2000). Y@wlso corresponds with population size
(Horstman 1983, Tschinkel 1987) and number of dntsturn affects metabolic heat
production (Kneizt 1964, Coenen-Strass & col. 18@sengren & col.1987). Rain can affect
moisture of nest which could both increase microlaietivity and decrease inner nest
temperature via decrease of isolative propertiesast material and thus bigger heat loss
(Frouz 2000, 1996). Neither volume nor moist weignificant in explaining night
temperature change in autumn and winter. Our moebgidained about one quarter of all
variability in night temperature change in all seaEs

According to Frouz (2000) the slopes of night terapge changes correlated
positively with nest moisture, nest volume and degof shading, and negatively with the
average temperature of individual nests. No caielavas found with the meteorological
conditions of individual night. Frouz (2000) postids that slope of temperature changes
during the night seems to be driven by internal festors, particularly nest moisture level
and nest size. Same results were found in latetysivestigating diurnal and seasonal
fluctuation of wood ant nest temperature in theddzRepublic and Finland (Frouz & Finer
2007). However, they found no effect of rainfalhioh is contrary both to our study and the
Raignier (1948) hypothesis that night increase estriemperature is caused by rain and a
consequent shield of foggy cover, which reduceniaétoss via heat radiation.

Our results showed significant effect of altitudeta night change of inner nest
temperature, but it was in opposite direction th@nexpected. The change among nests at the
lowest locality A (mean -0.38 a night) was bigger than in localities B and G&m -0.18
and -0.2C a night). This correlates quite well with ambiéamperature fluctuations which
were nearly two times lower at locality C, the amiéh highest altitude, (mean 4@ a day),
than at locality A and B (mean 7.3 and°€@lay). Strange is combination of small night nest
temperature change and high air fluctuation atliycB.

According to personal experiences from field we extpd that the night drop of
ambient temperature in higher altitude will be sger than in lowlands. The idea was that
harsh mountain climatic conditions force nestsdbieve more proper thermal homeostasis,
because even a small mistake should be fatal. fiieme only minor fluctuations of inner nest
temperature during the night will occur. But outadahowed the very opposite results. The
average air temperatures did not differ among Ibealwith different altitude, moreover daily

temperature fluctuations of air temperature athiigaest locality C were the lowest one.
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Looking for another possible explanation a wordnes to fog and rain. The
proportion of sunny and cloudy days could vary aghtatalities with different altitude. In
mountains we often observe night and morning foggyer. According to Raignier (1948)
nests ofF. polyctenaafter a heavy rain might experience increase irptgature because of a
foggy cover after the rain, which decreased theldosd. Maybe this is the reason for lower
decrease in inner nest temperature among nestsigim &titude. The year average
precipitation (mm) is slightly higher at locality, Gut the difference among studied localities
is not significant. Unfortunately there are no dabeut proportion of cloudy or foggy days

for testing this hypothesis.

9. Ant activity

Ant activity, measured as a number of foragers inglion trail and number of nest
openings, is significantly influenced by surfacenperature, altitude, insulation and nest
material moisture. Surface temperature, which m torresponds with insulation level and
air temperature, affects ant activity positivelyhig is in agreement with Challet & col.
(2005), who reported quicker and thus longer distamovement in antlessor sanctaat
higher temperature. Similar results were foundtudyg of Horstmann (1987), which showed
that the number of ants running out of or into nlest depends mainly on temperature (with a
maximum near &), and to a small degree on day-time. Disturbangdrs are darkness and
rainfall. As already mentioned higher temperaturg@éneral speeds up the metabolism rate
(Nielsen 1972, Coenen-Strass & col 1980, Porter8L98oncerning our study a simply
conclusion can be made: the higher the temperdahegemore ants walking. Number of
foragers going out of nest shows perfect match veifs explained by nest surface
temperature.

Ambient temperature also influences number of npshings. At higher temperature
opening more nest entrances may help in reducmgtier nest temperature by increasing air
circulation. This principle was described in morg species, i.eF.polyctena(Horstmann &
Schmid 1986)Acromyrmex heyeri{Bollazzi & Roces 2010b), Atta sexdens (Roces &
Kleineidam 2000). On the other hand, higher tentpeegameans quicker desiccation of nest
material (Bollazzi & Roces 2010b), which is notdaable due to negative effect onto larvae
development, which have thin water permeable cliéicLow moisture is also limiting factor
for microorganism activity (Coenen-Strass & col @9Brouz 1996).

In our study the results show that opening of n@shels corresponds with insulation

negatively, the higher the surface temperature féhweer nest entrances are opened. The
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number of entrances corresponds positively witht nesisture. We can assume that higher
surface temperature causes the ants to close pesings to avoid nest desiccation; ants trade
of nest moisture to nest temperature. Bollazzi & &% (2010b, c) found the very same
behavior in thatch amt.heyeri.For each of the three temperatures investigatedadimber of
openings was significantly lower at low humiditynclitions than at high humidity. The fact
that workers closed nest openings during the dasat despite high temperature, indicates
they trade off a thermoregulatory response, ie.gpening of apertures on the thatch at high
temperatures, for maintenance of internal nest tityn{Bollazzi & Roces 2010b,c).

There is a positive feedback between increasedaetntity inner nest temperature.
During foraging ants are exposed to solar radiatod in this way, heat energy is imported
into the nest by ant bodies (Zahn 1958, Frouz 20@0gnvironmental conditions are not
favorable for foraging, e.g. during rainy days,stigource of thermal energy is limited
(Rosengren & col. 1987, Frouz & Finner 2007). Alsod supply affects ant metabolism and
thus the ability of the nest to produce additiomatabolic heat (Coenen-Stass & col.1980,
Horstmann, 1983, Frouz 2000).
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SUMMARY

We investigated thermoregulatory behavior in woed genusFormica Average
inner nest temperature was higher than ambientdeatyre in all seasons. Temperature of ant
nest was highest in the deepest layer, which maeishe heat flows from inside out. The
whole year temperature regime was as follows: mngpa steep temperature increase was
observed, in summer a plateau of high temperatw®irced and during autumn nest
temperatures decreased to winter thermal plateatterR of nest temperature was strongly
affected by nest identity, date and ambient tentpezan all seasons.

Average inner nest temperature in all seasonsrddfamong individual nests, but not
between localities with different altitude. Averagmbient temperature did not differ between
these localities. The most important factors inilciag seasonal average nest temperature was
nest identity, date, year and nest moisture irs@lsons. In summer also nest volume was
significant, effect of altitude was significant sammer and autumn. To sum up, during ant
activity period the most important effect onto sead nest average temperature had those
factors, which correspond positively with microbealant metabolic heat production.

Timing of spring temperature increase was differantong individual nests, it
happened from end of March to end of April. A moeéebplaining this difference found
significant mean spring nest and air temperatugetteer with insulation level and number of
foragers. In spring we can observe sunning behafidoragers, which enable transport of
captured sun radiation to the nest, and thus sppetest heating. The period of high inner
nest temperature (T>20) was similar in all nests, in average 100 daysis Thumber
correlates well with length of queen ovipositiorripd. Factors influencing length of period
with increased nest temperature are mean whole nestrtemperature and altitude. Neither
volume nor moisture effect is significant. This foling is in contrast to previous studies
concerning wood ant thermoregulation.

Ant activity counted as number of foragers on tcaitresponds positively with nest
surface temperature, which in turn is affected byt@mperature and insulation. Building
activity shows opposite pattern; number of nestnopges decrease with high surface
temperature, but increase with higher moisturesAraide of nest temperature to humidity.

Daily fluctuations of inner nest temperature wemvdr than air temperature
fluctuations. All nest showed very similar leveltetnperature fluctuation, yet in small nests
it was slightly higher. Air temperature fluctuatialiffered significantly between localities

with different altitude, the lowest air temperatéicectuation was found at the highest locality.
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Night nest temperature usually slightly decreasestraght. In summer this negative change
of nest temperature was more common, probably dueidsing heat source and heat storage
capacity, while foragers could stay out of nestirdyuisummer nights. Both daily temperature
fluctuation and night change of inner nest tempeeatvere strongly affected by nest identity,
air temperature and year of study. Altitude showgphificant effect on night temperature
change in all seasons, on daily temperature fltictmanly in summer and autumn. Effect of
volume was significant only in spring and winter.

According to our results we could assume that thérmomeostasis of ant nest in
spring and summer i.e. in period of ant highesiviygtis influenced mainly by inner heat
sources — microbial activity and ant metabolisrsulation seems to have direct effect on nest
temperature only in early spring; in summer insalagffects nest temperature indirectly, via
ant activity. In winter there is pronounced effetnest volume which corresponds with
isolative properties of nest material. Number @efting days correlates with nest volume
only, the bigger the nest the lower the number reeZing days. The thermoregulatory
behavior of wood ants is driven by endogenous factoamely colony needs in sense of

gueen oviposition and brood development. Both e$¢&hrequire high temperature

CONCLUSION

Main research question of this study was, whethegude affects thermoregulation behavior
of wood ants. Our results showed high stability tlérmoregulation behavior, all nests
independent of size, moisture or locality showeghilar long period of increased nest
temperature, approximately 100 days. There is atsdifference in average seasonal nest
temperature at localities with different altitudelowever looking on individual nests
separately statistical models revealed signifiatitude effect onto length of period with
high inner nest temperature. Altitude affects algght change of inner temperature in all
seasons and daily fluctuation of nest temperatusummer and autumn. Altitude affects air
temperature fluctuation in all seasons too. Thusavedeny our zero hypotheses proclaiming

that there is no correlation of thermoregulatiohdeor with altitude.
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