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Strong and frequent rain is essential
for the existence of tropical rain for-
ests. Heavy showers, however, pose a
threat especially for arboreal insects
which can be washed down from
trees or even be drowned in their
shelters. Queens of the plant-ant
genusCladomyrma, which must bite
nest chambers into their host plant
stems for colony foundation, fre-
quently disappear during heavy rain
and are sometimes drowned when
seeking refuge in their unfinished,
still unclosed chambers due to runoff
water which collects in the hollow in-
ternodes via the entrance holes. Ma-
ture colonies of these ant species face
the same problem of intruding rain-
water endangering ant brood and tro-
phobiotic mealybugs, but they re-
spond with an unusual behaviour only
once previously reported for ants: the
workers ingest the liquid and regurgi-
tate it to the outside until no standing
water remains. This behaviour can be
readily provoked by injecting small
amounts of liquid into inhabited inter-
nodes. The ability ofCladomyrmato
remove water from its nest site ap-
pears to be an adaptation to their obli-
gate colonization of myrmecophytes
(ant-plants).
Cladomyrma is a formicine genus
whose species live exclusively in a
variety of trees and vines from Bor-
neo and the Malay Peninsula. To our
present knowledgeCladomyrmainha-
bits 18 host plant species from 9 gen-

era and 8 families ([1–4], unpublished
results). These ants protect their host
plants against herbivores ([4, 5], un-
published results) and prune (at least
in part) encroaching vegetation. The
ants gnaw open the host plant inter-
nodes and hollow them out by remov-
ing the pith. With both increasing
plant and colony size other internodes
are colonized successively. Eventually
the nest chambers run through stem,
branches and every twig of the host.
These hollows contain brood and tro-
phobiotic pseudococcids which are
cultivated by the ants. As a rule one
nest entrance per internode is found.
In regard to nest structure the host
NeonaucleaMerr. (Rubiaceae) differs
from other host plants ofCladomyr-
ma. Here only internodes which are
swollen ( =myrmecodomatia) are hol-
lowed out and colonized by the ants.
The number of entrance holes per do-
matium varies greatly, on average
about 4–6 are found, depending on
both domatium and colony size.
In all host plants the entrances are si-
tuated more or less at the lateral sides
of the internodes. Thus the risk of
getting runoff-water into the nest
chambers is reduced (exept for the
vertical stem). However, rainwater
may still be able to collect in the nest.
We dissected longitudinally several in-
habited internodes of the treesSara-
ca, Ryparosa, Neonauclea, Cryptero-
nia, and the woody climberSpatholo-
bus. By watering the outer walls of

the internodes we could check from
inside that small amounts of water do
intrude into the nest. Most of the run-
off water, however, passes the en-
trances due to very small callus ridges
around the holes. Rain water may
also penetrate into the nest hollows
through openings of damaged twigs,
the latter being torn open by predators
of ants and brood.
To test howCladomyrmaants react to
the intrusion of water we injected be-
tween 0.2 and 6 ml artificially co-
loured liquid into nest entrances with
a syringe. Table 1 summarizes the re-
sults. In total we performed 16 tests
with nine colonies of threeCladomyr-
ma species,C. nearandrei (Emery; 1
colony, 3 tests),C. maschwitziAgosti
(4 colonies, 6 tests),C. petalaeAgosti
(4 colonies, 7 tests); and in nine host
plants of five various other species:
Saraca thaipingensisCantley ex Prain
(n = 2), Ryparosa fasciculataKing
(n = 1), Spatholobus bracteolatus
Prain (n = 1), Crypteronia griffithii
Clarke (n = 4), andNeonauclea gigan-
tea (Valeton) Merr. (n = 1). On each
plant we fixed the experimental twigs
in a horizontal position to prevent the
injected water from draining away in-
side the nest channels. Prior to the in-
jection of coloured liquid we fixed a
small filter paper (4× 4 cm) beneath
each experimental entrance hole
(n = 16). Within minutes after flood-
ing the internodes (1–15 min, median
4, mean 5.38 ± 4.76) the number of
workers increased noticeably (at least
three-fold the activity level prior to in-
jection) around the affected areas.
Shortly afterwards the first workers
with distended gasters, containing co-
loured liquid (tested by squashing
workers on filter paper), appeared on
the plant surface (3–65 min, median
5, mean 12.08 ± 17.52). There always
passed a considerable period of time
before the first appearance of the
water-ejection behaviour (3–41 min,
median 27, mean 24.92 ± 13.18).
The results are highly variable and
may be due to (a) different amount
used of injected liquid, (b) the num-
ber of workers involved, i.e., colony
size, (c) incomparability of risk levels,
i.e., different number of larvae or
pseudococcids inside the affected in-
ternodes, and (d) species-specific dif-
ferences in behavioural response.



However, if we look separately at
‘increased activity’ (ia) and first ob-
servation of ‘water-bailing’ (wb) for
three categories of amount of injected
liquid (0.2 ml, 2 ml, 3–6 ml, respec-
tively), the median values may indi-
cate a tendency for an accelerated be-
havioural response of theCladomyr-
ma workers to an experimental in-
crease of water injection: (ia)
12.5 min (0.2 ml, n = 4), 2.5 (2 ml,
n = 6), 2.5 (3–6 ml,n = 6); and (wb)
28.5 (0.2 ml,n = 4), 5 (2 ml, n = 6),
31.5 (3–6 ml,n = 4). The latter value
seems to contradict this statement, but
we interpret this ‘delay’ in water-re-
moval as the consequence of massive
flooding of the nest channels. As con-
firmed by direct observation of dis-
sected twigs, workers drowned in
water need up to several minutes to
escape from the flooded internode and
after cleaning themselves may even
try to get back into the flooded area
in order to safe their brood.
In three tests (19%) the water-bailing
behaviour could not be observed di-
rectly (see Table 1). However, both
workers with liquid-filled crops and
droplets on the plant surface were
found, demonstrating that ingestion

and subsequent regurgitation had
taken place. Furthermore, in two of
these three experiments the ingestion
could be directly observed (Saraca
and Ryparosa). While the workers
were circled around the entrance hole,
putting in their heads alternately, the
increasing distension of the gasters
was clearly visible.
In all Cladomyrmaspecies the major-
ity of workers involved in water-bail-
ing activity appear in the entrance
hole, protruding up to the alitrunk or
even petiole, and press out a droplet
until it reaches about the size of their
head. Then, the droplet is dropped off
or smeared around the entrance hole,
resulting in a typical wet spot at the
affected area (Fig. 1). InC. nearan-
drei the workers are able to flick off
the droplet up to 3 cm by a slightly
audible clicking of the mandibles.
In six experiments the droplet-ejection
frequency was counted per two suc-
cessive 10-min intervals (Table 1).
The frequency varied from 25 to 112
droplets per 10 min (median 58, mean
63.42 ± 27.47) and increased from
the first 10-min counting interval to
the second (1st: median 47.5, mean
49.33 ± 17.93; 2nd: median 76, mean

77.5 ± 29.36). During the 2-h con-
stant observation the droplet-ejection
frequency remained on a rather high
level and did not decrease markedly.
However, during spot checks after 9 h
(C. nearandrei in Neonauclea, C. pe-
talae in Saraca) and 24 h (C. masch-
witzi in Crypteronia) no water-bailing
activity was registered, indicating that
the injected liquid had been removed.
Subsequent dissection of the experi-
mental internodes confirmed the com-
plete removal of the injected liquid.
An estimate of the water-bailing ca-
pacity of the ants was derived from
the number and average volume of
the ejected water droplets. Judging
from photographs, the average droplet
diameter is approximately equivalent
to the head length of major and minor
workers, respectively, ca. 1.2 and
0.8 mm for bothC. near andrei and
C. petalae and ca. 1.0 and 0.6 mm
for C. maschwitzi. We did not mea-
sure the proportion of major and mi-
nor workers involved in removing
water; therefore the mean diameter of
major and minor workers is used.
These estimates correspond to an
average droplet volume of 0.52ll for
C. nearandrei, C. petalaeand 0.27ll
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Table 1. Response ofCladomyrmaspecies, colonizing different host plants, to experimentally injected liquid (artificially coloured) into inhabited
internodes (increas. activity, time after injection until an increase in worker numbers – at least three-fold – on plant surface was observed,
distend. gaster, time of first occurrence of workers with distended gaster on plant surface,water-bailing, time of first observation of workers
which bail out water,ejection frequency, droplet-ejection frequency per 10-min counting interval – first 10-min, following 10-min,liquid-filled
crops, crop of workers filled with coloured liquid, tested by squashing worker gasters between filter paper,C. a Cladomyrmanearandrei, C. p
C. petalae, C. m C. maschwitzi, Neo Neonauclea gigantea, Sar Saraca thaipingensis, Spa Spatholobus bracteolatus, Ryp Ryparosa fasciculata,
Cry Crypteronia griffithii, y yes,n no, ? not recorded)

Ant
colony

Observ.
period
(h)

Amount
injected
liquid
(ml)

Increas.
activity
(min)

Distend.
gaster
(min)

Water-
bailing
(min)

Ejection
frequency
(droplets/
10-min)

Liquid-
filled
crops

Droplets
found on
plant
surface

Droplets
found on
filter
paper

Workers
observ.
ingesting
liquid

C.a/Neo #1 2 2 3 3 5 58; 108 y y y n
2 2 2 3 3 78; 76 y y y n
2 2 1 4 4 ? y y y n

C.p/Sar #2 2 4 4 5 21 ? y y n n
2 6 1 3 27 ? y y n y
3.5 6 1 5 n ? y y n y

#3 2 2 7 8 39 44; 58 y y n n
C.p/Spa #4 2 3 6 17 36 40; 76 y y y n

2 3 4 9 41 51; 112 y y n n
C.p/Ryp #5 1 6 1 4 n ? y y n y
C.m/Cry #6 2 2 1 65 n ? y y n n

#7 1 2 5 19 35 25; 35 y y y n
#8 1 0.2 10 ? 25 ? ? y y ?

1 0.2 14 ? 31 ? ? y y ?
#9 1 0.2 15 ? 27 ? ? y y ?

1 0.2 11 ? 30 ? ? y y ?



for C. maschwitzi. At the observed
average ejection frequency of approx.
6 droplets/min, 10.7 h (forC. nearan-
drei, C. petalae) and 20.6 h (forC.
maschwitzi) would be required to re-
move the experimentally injected
2 ml. These results agree roughly
with the observation of ceased water-
bailing activity after 9 and 24 h, re-
spectively.
Until now Cladomyrma species are
the only mutualistic plant-ants known
to drain their host cavities as de-
scribed above. We do not know yet
how other plant mutualists avoid dam-
age through water intrusion. Prelimin-
ary data on Crematogasterspecies
which are obligate tenants ofMacar-
anga spp. in Southeast Asia indicate
that these ants do not bail water out
of their domatia. We tested the re-
sponse of threeCrematogastermor-
phospecies, associated withM. triloba
(Bl.) Muell. Arg. (n = 5), M. hullettii
King ex Hook. f. (n = 1), andM. hos-
ei King ex Hook. f. (n = 1) to the
flooding of their internodes. During
5-h observation neither water-bailing
behaviour nor droplets on the plant
surface or filter paper was registered.
The only other ant exhibiting water-
removal behaviour was first reported
in the pseudomyrmecine genusTetra-
ponera. T. near attenuata, which is
closely associated with Malaysian
giant bamboo, and exploits its host
plants in a parasitic way, keeps its in-
ternodial nests in the culms dry in the
same way asCladomyrma [6]. The
ability to egest water from bamboo
internodes enablesTetraponerato uti-
lize them as long-lived, secure nesting
and feeding site.
However, two other ant species, also
showing a non-mutualistic specializa-
tion on nesting in bamboo,Polyrha-
chis arachneand P. schellerichae, do
not bail out water from their internode
nests [7, 8]. Instead, during heavy rain
workers of P. schellerichaeblock the
nest entrance with their heads and thus
apparently prevent influx of rain water
[7]. In Echinoplasp., a formicine spe-
cies living in polydomous colonies in
the hollows of dead twigs, water re-
moval could not be provoked. After
water injection the workers left their
nest chambers, trying to smear off ad-
hering water, and moved to another
nest site [9].

The use of both water transport and
fanning to cool overheated nests is a
common phenomenon in social bees
and wasps [10]. The opposite behav-
iour, removing moisture from the
nest, is also known in social Hymenop-
tera. Workers of the wasp speciesPo-
listes acutiscutis, P. chinensis and
Polybia occidentalis [11, 12] suck
water from the wet nest surface and re-
gurgitate it to the outside. In ants this
behaviour is virtually unknown. Re-
sponse to flooding of the nest, how-
ever, is described in some ant species,
for example workers ofPheidole ce-
phalica react to as little as a single
drop placed in the nest entrance by
leading nestmates to alternate en-
trances or even initiate colony evacua-
tion [13].
Emigration to other nest sites, an often
observed behavioural response of ants
to nest disturbance, is not possible for
obligate plant-ants such asCladomyr-
ma. They rely entirely on their host
plant, which provides shelter and nutri-
tion (via trophobionts).Cladomyrma
colonies never leave their host and
will die together with their ant-plant if
the latter is destroyed. The water-bail-
ing behaviour seems to be an effective
countermeasure to flooding, especially
for initial colonies which inhabit only

few internodes. Here runoff water
which collects in the nest chamber
may not only threaten some brood
and trophobiotic mealybugs but also
endanger colony development as a
whole. Further investigations are re-
quired to determine whether other ar-
boreal twig-dwelling ant species have
developed specific mechanisms which
allow them to live in habitats where
heavy rains and floods are common
phenomena.
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Fig. 1. Water-bailing ofCladomyrma maschwitziinhabiting Crypteronia griffithii. A worker
regurgitates a droplet and smears it around the entrance hole. Diameter of droplet ca. 0.6 mm
(Photo: J. Moog)
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Natural and laboratory-prepared metal
adducts of soil fulvic acids (FA) were
subjected to flash pyrolysis to assess
the effect of cations in the products
released. Striking differences were
found as regards the type, concentra-
tion and speciation form of the metal
(Fe, Al, Mn and Cr). Long-chain al-
kylbenzenes were characteristically re-
leased from the natural and laborato-
ry-prepared metal adducts of Fe and
Al. The cation-induced effects were
not observed in physical mixtures of
FA with the corresponding oxides or
salts. The results suggest processes as
(a) formation of non-volatile organo-
metallic adducts, (b) metal-catalysed
alkylation of aromatic fragments, and/
or (c) cation-dependent changes in the

thermal stability of the three-dimen-
sional, paracrystalline structures of the
FA.
Pyrolysis – gas chromatography/mass
spectrometry (Py-GC/MS) is a widely
used technique in the structural eluci-
dation of a variety of natural macro-
molecules such as the complex, recal-
citrant and polyfunctional organic
fractions in soils and sediments, gen-
erically referred to as humic sub-
stances (HS).
Analytical pyrolysis was first applied
to the molecular characterization of
HS two decades ago [1–5]. These pio-
neering works were severely criti-
cized, mainly due to the fact that the
mechanisms of pyrolysis were particu-
larly obscure. Nevertheless, in the late

1980s this technique became very
popular, and a wealth of works on
pyrolysis of HS have been published
in the past few years.
The HS are classified by standard op-
erative criteria based on their pH-de-
pendent solubility. The fulvic acids
(FA), which are soluble in the H+

form, are the less studied humic frac-
tions. In spite of the low mol. wt. of
FA, pyrolysis of FA gives low yields
of volatile compounds, whereas pyro-
lysis of the other HS (humic acids
and humins) gives much richer pyro-
grams, the major products being char-
acteristic for carbohydrates, lipids and
lignins. These analytical problems are
related to pyrolysis of organic ma-
trices with free carboxyl groups [6].
Based on pyrolysis studies, some
authors have recently postulated a FA
structure consisting of polycyclic hy-
drocarbons connected by alkylaro-
matics units [7]. This model is ques-
tioned by other authors, arguing that
most products may be pyrolysis arte-
facts [8].
So far the pyrolytic studies on FA
have been carried out with purified
FAs in the H+ form; however, because
of their high chemical reactivity, the
FAs occur in soil linked to clay
minerals, oxides and cations.
Significant effects of mineral matrices
on flash pyrolysis and pyrolysis-field
ionization have been reported for soil
humic acids [9], lignocellulosic prod-
ucts [10, 11], polysaccharides [12,
13], coals [14] and kerogens [15–17].
In this study we studied by Py-GC/
MS three natural FA metal adducts
extracted in acid media from Podzol


