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Introduction

Plant ther mal anal y sis – al though not com pa ra ble in the gen eral at ten tion of the
sci en tific com mu nity with those for mi cro or gan isms, small an i mals and an i mal or
hu man tis sues and iso lated cells - nev er the less of fers a large va ri ety of dif fer ent
as pects. They cover the range from plant tis sue over or gans to whole plants, from
sim ple ther mom e try or thermography over com bus tion and dif fer en tial scan ning
cal o rim e try to adi a batic and iso ther mal ex per i ments, from ger mi na tion of seeds to 
bio chem i cal reg u la tion of heat out put and met a bolic flare-up at bloom ing in
thermogenic flow ers. More over, wood as one of the most im por tant plant prod -
ucts opens an other field of ther mal anal y sis. All of them will be touched – more or 
less in ten sively – in this short sur vey. But at ten tion will be paid mainly to higher
plants to avoid too much broad en ing.

Plant cal o rim e try was al ways as sumed to be dif fi cult since plants are
poikilothermic liv ing en ti ties with an un fa vour able sur face to vol ume ra tio.
Plants need light of spe cial wave lengths to be photosynthetically ac tive. Met a -
bolic rates are – with a few ex cep tions – low com pared to that of an i mals or es -
pe cially mi cro or gan isms. More over, evap o ra tion with its high de gree of en ergy
con sump tion plays an es sen tial role in the life of plants and may cover all other
ca lo ri met ric sig nals if not care fully matched. Ta ble 1 pro vides a list of  heat flow 
rates from dif fer ent plants or plant parts, di vided into non-thermogenic and
thermogenic ob jects. As a rule, one may ex pect at least 1 mW g-1 wet weight
(w.w.) for the first group of plants.

If tem per a ture sens ing is taken as a gen u ine part of Ther mal Anal y sis and
qual i ta tive state ments are al lowed, J. B. A. Lamarck was the first to con trib ute
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to ther mal in ves ti ga tions on plants [1]. He wrote about sev eral mem bers of the
ar oid fam ily that the flow er ing cat kin in a spe cial state of ripe ness or de vel op -
ment is warm to ap pear burn ing (’il est chaud au point de paroître br�lant’), and
not at all at the tem per a ture of the rest of the plant. Arum be longs to the fam ily of 
thermogenic plants that show a met a bolic ex plo sion dur ing bloom ing. Many
fur ther ther mo met ric re sults fol lowed by other au thors [2], but al ways ori ented
to wards tem per a ture, never to en ergy turn over or heat pro duc tion.

Pre sum ably the first ca lo ri met ric re sults were pub lished by Rodewald at the 
end of the 1880th [3, 4]. He in ves ti gated plant ob jects of spher i cal form (ap ple,
kohl rabi, on ion) and by dis trib ut ing a thermopile of 12 or 36 cou ples over the
sur face to de ter mine tem per a ture dif fer ence be tween the bi o log i cal sam ple and
the con stant en vi ron ment (Fig. 1). The cor re spond ing heat flow was cal cu lated
with New ton’s cool ing law af ter a so phis ti cated cal i bra tion, and rates of evap o -
ra tion, ox y gen con sump tion and car bon di ox ide re lease were de ter mined si mul -
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Ta ble 1. Some se lected plant tis sues, or gans and whole plants and their mass spe cific heat
pro duc tion rates (p) per g wet weight (d.w. = dry weight) at am bi ent tem per a ture Ta

or that of the or gan (*). First part: Non-thermogenic plants: Sec ond part:
Thermogenic plants in nor mal state or dur ing met a bolic flare-up. In some cases heat 
pro duc tion rates were cal cu lated from O2 con sump tion or CO2 pro duc tion

Trivial name Botanical name
Ta p Reference

°C mW g-1 w.w.

Non-thermogenic plants

Apple: leaf segment Malus sp. 23 2.8 [16]

Barley roots Hordeum vulgare 24 1.4 [50]

Coast redwood, meristem tissue Sequoia sempervirens 24 0.4 – 1.4 [43]

Coffee roots Coffea arabica 25 2.4 [56]

Spinach leafs Spinacia oleracea 25 0.9 [28]

Tomato, undifferentiated cell
culture

Lycopersicon
esculentum

23 1.7 [98]

Thermogenic plants

Cuckoo-pint Arum maculatum - 385 d.w. [99]

Eastern skunk cabbage Symplocarpus foetidus 0 68 [100]

Philodendron
Philodendron selloum
(spadix)

5 64 [101]

(sterile male flowers) 37* 160 [101]

Voodoo lily; appendix Sauromatum guttatum 26 95 d.w. [102]

Voodoo lily (whole plant); quiescent Sauromatum guttatum 25 1 [22]

Voodoo lily (whole plant); flare up Sauromatum guttatum 25 7 [22]



ta neously. Ap ples and kohlrabies showed mean met a bolic heat losses of 0.13
and 0.37 mW g-1 w.w., resp. The re spi ra tory quo tient (car bon di ox ide pro duc -
tion di vided by ox y gen con sump tion) was prac ti cally 1, the heat out put per mol
O2 or CO2 around 440 kJ, near to the value of 455 kJ mol-1 ex pected from Thorn -
ton’s rule [5]. The au thor sup posed that it was the first time to show that en ergy
pro duced in res pi ra tion pro cesses is nearly com pletely dis si pated via heat flow
and ex ter nal work – in this case evap o ra tion of wa ter [3, 4].

An other very early pa per on (true) plant cal o rim e try should be men tioned
briefly, Pierce’s Dewar-ves sel ex per i ments on ger mi nat ing peas [6]. Within 8
days they heated up from 17 to 56°C, while chem i cally killed peas kept a tem per a -
ture of around 15°C. As it be came ob vi ous that be sides ger mi na tion fer men ta tion
oc curred also in the pea sam ple, peas were ster il ized by chem i cal means be fore
the next run. In this case, tem per a ture rose to about 40°C within 3 days, but no ef -
fort was made to cal cu late the amount of heat re leased in these ex per i ments.

WOOD

Wood be longs be sides fruits and crops to the most im por tant parts of plants and
plays a sig nif i cant role in the daily life, pri vate as well as in en gi neer ing and in -
dus try. As the pres ent re view shall con cen trate on ‘liv ing’, that means ac tively
grow ing or at least me tabo lis ing plant ma te rial, and since a com pre hen sive, ther -
mal an a lyt i cally ori ented wood sur vey ap peared re cently [7], wood shall be ne -
glected in fa vour of other plant parts.

Earlier reviews

Pe ri od i cally, re view pa pers on plant heat pro duc tion ap peared in mono graphs
ded i cated to the whole spec trum of bi o log i cal cal o rim e try [8–11] or in spe cial is -
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Fig. 1 Dis tri bu tion of the thermopile cou ples along the sur face of an ap ple. In first ex -
per i ments 12 thermocouples were used, in later ones 36 [3]. Adapted from [3]



sues of sci en tific jour nals from the field of Ther mal Anal y sis [12–14]. They in -
form about in stru men tal tech niques ap plied for plant in ves ti ga tions [15], some as -
pects of plant cal o rim e try [8, 9] or the means to find ‘dif fer ences be tween ap ples
and or anges’ [16, 17]. Spe cial at ten tion should be paid to the com pre hen sive con -
tri bu tion of Criddle and Hansen to the Hand book of Ther mal Anal y sis and Cal o -
rim e try [11], which is a true gold mine for his tor i cal and mod ern as pects of plant
cal o rim e try and fa cil i tates the ac cess to this fas ci nat ing and grow ing field.

In his 1995 sur vey of microcalorimetric tech niques for plant ma te rial in ves -
ti ga tion Wadsö pre sented a num ber of ex ist ing in stru ments and ves sels that
could be used for this end [15]. They would al low for mere batch ex per i ments in
closed am poules with chang ing gas at mo sphere, for stir ring of tis sue cul tures,
for il lu mi na tion in the sense of photocalorimetry, for gas per fu sion and de ter mi -
na tion of car bon di ox ide pro duc tion. Al though multifunctional in stru ment sys -
tems would be ideal tools for more com plex anal y ses and ap pro pri ate phys i o -
log i cal tis sue con di tions, the au thor nev er the less rec om mended the use of sim -
ple static am poules as the most de pend able pro cess mon i tors [15]. His state ment 
is still valid, but mean while he him self pre sented sev eral so phis ti cated so lu tions
for ad vanced tis sue stud ies (see In stru men ta tion).

In the same spe cial is sue of Thermochimica Acta Hansen and his col leagues 
pub lished part 2 of their Plant cal o rim e try [17] that re ports about new tech ni cal
ef forts to ame lio rate plant cal o rim e try, e.g. by cou pling gas chromatographs or
mass spec trom e ters to tra di tional in stru ments. Their work deals with as pects of
thermogenic plants (see be low) and pres ents a broad dis cus sion about mod el ling 
the re la tion be tween growth rate and re spi ra tory vari ables. Re views to the stim -
u lat ing area of thermogenic plants may be found in early sur veys of Leick [2,
18], pa pers of Sey mour [19, 20] and the pres ent au thors [21–24].

Instrumentation

It is ad van ta geous to per form si mul ta neous de ter mi na tions of the rates of heat
and CO2 pro duc tion and ox y gen con sump tion in or der to get a more com plex
pic ture of the un der ly ing plant me tab o lism. But there are lim i ta tions for the ap -
pli ca tion of the corresponding elec trodes when the ves sels are small, the elec -
trodes not sub merged in the so lu tion, the so lu tions not stirred, or the sam ples
solid. To over come such prob lems Criddle et al. [25] made three fold ex per i ments: 
a first run with only the sam ple in the ves sel, the sec ond with an ad di tional con -
tainer for a CO2 ab sorb ing base, and the third re peat ing the first (Fig. 2). The up -
ward shift in the steady heat flow cor re sponds to the enthalpy shift due to the ab -
sorp tion and neu tral iza tion of CO2. This is an el e gant so lu tion for short term
ex per i ments of a few hours, but hardly ap pli ca ble with chang ing at mo spheres or 
long-term in ves ti ga tions.

A fur ther step for ward to si mul ta neous de ter mi na tions were done with a
dif fer en tial heat con duc tion cal o rim e ter hous ing three ves sels for sam ples and
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one as ref er ence. All three sealed 1 ml-reaction ves sels were con nected with
pres sure sen sors [26]. The pres sure sig nal in the ab sence of CO2 ab sorp tion in
the ves sel ren ders the dif fer ence be tween ox y gen con sump tion and car bon di ox -
ide pro duc tion, with CO2 ab sorp tion, how ever, it pro vides the O2 con sump tion
rate. The rate of CO2 pro duc tion may then be de ter mined as the dif fer ence be -
tween both sig nals and ad di tion ally from the shift in the heat flow rate as de -
scribed in the last para graph and shown in Fig. 2. The cru cial point in such ex -
per i ments is to know the vol ume of the head space in the ves sels. The func tion -
ing of the new setup was tested with red wood meristem tis sue [26].

In spite of the suc cess ful plant ex per i ments with the am poule cal o rim e ter,
the Lund school of cal o rim e try de vel oped a gas per fu sion in stru ment for plant
tis sue un der dark con di tions [27]: a com bi na tion of two twin heat flow cal o rim e -
ter with 4.5 ml per fu sion ves sels. The first unit houses the bi o log i cal sam ple, the 
sec ond the CO2 ab sorb ing liq uid that dis si pates –97 kJ mol-1 CO2 heat of so lu -
tion and neu tral iza tion. The gas flow that passes through a prehumidifier and a
CO2 trap be fore en ter ing the ves sel may be changed dur ing the anal y sis. Ex per i -
ments with po tato tu ber slices of about 1.2 g fresh weight were run over 15 h
with max i mum heat out puts of 0.7 mW and CO2 rates of 1.8 nmol s-1 and a ra tio
of –450 kJ mol-1 CO2 [27].

Two years later a photo microcalorimeter sys tem was pre sented with three
twin el e ments of larger 20 ml vol ume: unit 1 the sam ple unit proper, unit 2 the
photocalorimetric ref er ence, and unit 3 the CO2 absorber with an NaOH so lu tion
[28]. This tri ple in stru ment was checked with a 130 mg-leaf-tis sue sam ple from
spinach and a light flow of about 2500 µW (or 8 W m-2). The met a bol i cally ac tive
tis sue dis si pated 0.91 mW g-1 (Fig. 3) and ren dered a pos i tive ra tio of +478 kJ
mol-1 CO2 dur ing il lu mi na tion, nearly iden ti cal with the Gibbs en ergy change of
�Go = +479 kJ mol-1 CO2 for the for ma tion of glu cose from CO2 and H2O at stan -
dard con di tions [28].
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Fig. 2 Heat pro duc tion rate of corn meristem tis sue with out (first and last trace) and
with CO2 ab sorber in the ca lo ri met ric ves sel. With per mis sion from [25]



A photocalorimetric method was de vel oped by the Kazan/Rus sia group on
the ba sis of two dif fer en tial cal o rim e ter, a Calvet-type and a LKB-type one. The
ad di tional mod ule con sisted of a 100 W wa ter-cooled lamp, a set of fil ters to
elim i nate UV and IR light and to se lect spe cial wave lengths in the vis i ble range,
and a quartz light-guide be tween the lamp out let and the ca lo ri met ric ves sel
[29]. This equip ment was suc cess fully ap plied for the de ter mi na tion of en ergy
stor age in the uni cel lu lar alga Chlorella and sev eral ag ri cul tural plants [29, 30].

An in ter est ing new calorespirometric in stru ment was pre sented re cently by
L. Wadsö and Y. Li (see Con clu sion) that con nects the ves sels of two twin iso -
ther mal cal o rim e ters by an out side op er ated valve and each of them to a pres sure 
sen sor. This of fers the op por tu nity to study si mul ta neously cal o rim e try and
War burg respirometry in a way sim i lar to that used by Criddle, Hansen and their 
col leagues [25, 26].

In or der to in ves ti gate whole plants and not just ac tive or gans or small sam -
ples, Lamprecht and col leagues [22] con structed a sin gle cal o rim e ter with an
alu minium cyl in der of 9.5 cm in ner di am e ter, 39.5 cm in ner height and an ac tive 
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Fig. 3 Rates of en ergy ex pen di ture (solid line) and en ergy up take (shaded area) (up per
part) and of CO2 ex pen di ture (solid line) and CO2 up take (shaded area) (lower
part) for spin ach leaf tis sue. Dur ing the time of the shaded ar eas the sam ple was
il lu mi nated. With per mis sion from [28]



vol ume of 2800 ml. The cyl in der was con nected via 12 Peltier el e ments (4.0 x
4.0 cm2) to a cor re spond ing rect an gu lar up right cube as heat sink. Three meth -
ods of cal i bra tion ren dered a sen si tiv ity of 52.8 mV W-1 and a time con stant of
13.2 min. The cube was en closed in an iso lat ing Sty ro foam man tle, and the
whole setup housed in an air ther mo stat of an LKB 10700 cal o rim e ter that was
ex panded on top by a wooden box to pro vide the nec es sary height. This cal o rim -
e ter was de signed to house a com plete voo doo lily from the bulb to the tip of the
ap pen dix (about 170 g w.w.). Due to the enor mous heat out put dur ing the met a -
bolic flare-up of more than 1 W and a ca lo ri met ric sig nal of 60 mV or more, it is
pos si ble to run this cal o rim e ter in a sin gle and not in the usual twin mode with
con ve nient base line sta bil ity. A perspex cover of the cal o rim e ter proper al lowed 
for il lu mi na tion dur ing the ex per i ments.

A com pletely dif fer ent way was fol lowed by the group of Roger Sey mour in
Adelaide [31]. To broaden their met a bolic in ves ti ga tions of thermogenic flow ers and
es pe cially of the sa cred lo tus Ne lum bo nucifera they de signed a light and por ta ble
twin heat flow cal o rim e ter that could be used out side in the lo tus pond of the Adelaide 
Bo tan i cal Gar dens. The idea was to have an in verted cal o rim e ter open at the bot tom
that could be put over the blos som from the top and be closed by foam stop pers
around the stalk. The ca lo ri met ric ves sels proper were in verted thin-walled tinned
steel cans with an in ner di am e ter of 80 mm and a height of 145 mm. They were
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Fig. 4 Two cross-sec tions through one ca lo ri met ric unit (top) and the com plete dif fer -
en tial setup (bot tom) of the lo tus cal o rim e ter de signed in Adelaide. The Sty ro -
foam in su la tion and the three foam stop pers are in di cated. With per mis sion
from [31]



placed in two dou ble-walled sty rene wine cool ers (100 mm di am e ter and 185 mm
height). 3-mm alu minium plates were glued to the wine cooler in side bot tom for
better heat con duc tion. The cool ers were equipped with wa ter in- and out lets and con -
nected to a re frig er ated, ther mo static wa ter bath and served as heat sinks for the cans.
A Peltier el e ment (40x40x4 mm3) was placed be tween cans and cool ers in tight con -
tacts to both sur faces. The whole set-up is seen in Fig. 4. This cal o rim e ter had a sen si -
tiv ity of about 25 mV W-1 and a time con stant of 476 s for a drop to 1/e of the ini tial
sig nal. Af ter chang ing the work ing tem per a ture from 10 to 30°C base line sta bil ity
was achieved af ter 1 hour. The base line fluc tu ated less than 0.5 mV dur ing 24 h in
the 50 mV range that was used through out the flower in ves ti ga tions. Such a sta bil -
ity was good enough for the nor mal bi o log i cal fluc tu a tions. The cal o rim e ter was
con structed in such a man ner that si mul ta neous re spi ra tory in ves ti ga tions could be
per formed with out dis turb ing the cal o rim e ter and that the heat flux due to air flow
could be cal cu lated from tem per a ture dif fer ences.

Heat production in plant tissue

In ves ti gating plant tis sues and seeds in a cal o rim e ter, a ca veat is nec es sary: ex -
cept for tis sue cul tures, sam ples are not ster ile and mi cro bial growth may
strongly in ter fere in the ob tained heat dis si pa tion. An ex po nen tially grow ing
heat out put dur ing ex per i ments with plant tis sues is a clear sign of mi cro bial
con tam i na tion. The dan ger can be min i mized by sur face ster il iza tion with di -
luted hypochlorite, ad di tion of mi cro bial in hib i tors and use of so lu tions that do
not sup port bac te rial growth [16].

EARLIER OBSERVATIONS

Early calorimetric plant investigation often concerned germination of seeds. Prat
[8, 9] described Calvet-calorimeter experiments with 1 g of wheat grains of a
resting metabolism very near to zero. After addition of 1 ml water three distinct
phases became visible in the first hours: a mere physicochemical effect with a
rapid increase of heat flow due to water uptake and swelling of the grains and a
drop back under the zero line (‘dead phase’) followed by a steady increase of heat
flow due to the biological thermogenesis (Fig. 5). These phases are typical for
germination, but they can be changed by drying the seeds prior to the experiment
(augmentation of the first peak), illumination of the germinating plants and by
variation of the gas mixture in the head space. Similar germination experiments
were already performed on various seeds in the 1880ties by G. Bonnier with a
Berthelot calorimeter and a thermocalorimeter after Regnault [32] (Figs. 6a, b).
These classical observations were confirmed recently when studying germination
and root elongation in quinoa (Chenopodium quinoa) seeds and looking for the
presence of water transporting channels (aquiporines) [33].

In the 60th and 70th of the last cen tury Zholkevitch and his col leagues in
Mos cow made in ten sive in ves ti ga tions of plant me tab o lism by means of a
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Calvet microcalorimeter and a con ven tional War burg ap pa ra tus that re mained
un no ticed by west ern calorimetrists [34–38]. The aim of their ex per i ments was
to com pare en ergy lib er a tion as re sult of res pi ra tion with heat dis si pa tion to the
sur round ing in var i ous plant and plant tis sue re ac tions: (i) pol li na tion of iso lated 
pis tils of win ter rye di rectly in the ca lo ri met ric ves sel in clud ing swell ing of pol -
len and rapid in crease of en ergy turn over rate [34]; (ii) cel lu lar re dis tri bu tion of
en ergy short time be fore elon ga tion or di vi sion [35]; (iii) es tab lish ing an
intracellular en ergy bal ance in plant tis sue un der vary ing con di tions of wa ter
sup ply [36]; (iv) the re la tion be tween res pi ra tion and heat pro duc tion in slightly
with er ing plants [37]; and (v) low tem per a ture in flu ence on the en ergy me tab o -
lism in cu cum ber leaf tis sue [38].

Kreshek and coworkers [39] analysed the heat production rate during
elongation of Avena coleoptiles in an adiabatic solution calorimeter and
determined rates around 1.2 mW g-1. Comparison with respiration measu -
rements ensured that oxidative metabolism accounted for essentially all energy
changes in the cell. Moreover, it was found that the auxin indole-3-acetic acid
stimulated the elongation by a factor of 10, but heat production rate by only 25
%. This is consistent with earlier findings that this auxin influences the aerobic
respiration, inducing a significant increase at lower concentrations and a
decrease at higher ones [39].

GENERAL OBSERVATIONS

Due to the lim ited space in this re view, only a few ex am ples of plant cal o rim e try  
will be pre sented here in a con densed form. More de tails can be eas ily found in

Fig. 5 Course of thermogenesis in 32 wheat grains (~ 1 g) at 24°C in a Calvet cal o rim e -
ter with the three phases de scribed in the text. Adapted from [9]



the cited ref er ences. A back ground dis cus sion about ki net ics of plant growth
and me tab o lism [40], about the gen eral in flu ence of the al ter na tive ox i da tive
phosphorylation path way on heat gen er a tion [41] and on four meth ods to eval u -
ate the enthalpy change dur ing anabolism [42] may serve as a stim u lat ing in tro -
duc tion to the field.

It could be shown by heat-flow cal o rim e try that the in te grated growth rate
of the coast red wood (Se quoia sempervirens) is cor re lated to the dark met a bolic
heat rate [43]. This ob ser va tion may pro vide a chance to dis crim i nate clones
with a high growth rate. Ca lo ri met rically de ter mined dark res pi ra tion of the
coastal Douglas-fir (Pseudotsuga menziesii) was used to eval u ate its drought
har di ness in 3-years-old seed lings from dif fer ent fam ilies. Heat and CO2 pro -
duc tion rates mea sured from 20 to 50°C to gether with Arrhenius plots ren dered
sig nif i cant dif fer ences be tween drought sen si tive and drought hardy fam i lies
[44]. In creased heat pro duc tion rates were ob served calorespirometrically af ter
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Fig. 6 a) In ves ti ga tion of plant heat pro duc tion by means of a mod i fied Berthelot cal o -
rim e ter in the be gin ning of the 1890th by G. Bon nier [32]. The heat pro duced by
the flower in ves sel (i) leads to an in crease of the air tem per a ture (Ti) and of the
heat sink (Tc). A ring-like stir rer (ag)  en ables a ho mo ge neous wa ter tem per a ture
in the heat sink (c). The ex ter nal wa ter man tle (e) with an other ring-like stir rer
(A) and ther mom e ter (Te) pro tects the cal o rim e ter proper against dis tur bances.
The two smaller pic tures show sim i lar or slightly mod i fied ex per i ments with ger -
mi nat ing peas in wa ter (top, right) and in air (bot tom, right). Adapted with plea -
sure from [32]



wound ing of car na tion (Dianthus caryophyllus L.) shoot tips [45] as to be ex -
pected from the in ten sive ther mo dy namic dis cus sion of re gen er a tive pro cesses
by Zotin [46] and shown for sev eral groups of an i mals from worms to liz ards
[47]. Cor re sponding re sults with strongly in creased heat dis si pa tion (up to six
fold) were re ported for sliced po tato tu bers (Solanum tuberosum L.) [48].

HEAT PRODUCTION UNDER STRESS

In con quer ing the sur face of the Earth plants had to learn how to cope with hos tile
en vi ron ments. Tem per a tures and high salt con cen tra tion in the soil be long to the
most prom i nent stress fac tors. In many cases, plants be came highly adapted to
such con di tions and only re act met a bol i cally to changes in both pa ram e ters. Here,
cal o rim e try of fers the pos si bil ity to de tect sub tle de grees of ad ap ta tion. In a more
gen eral pa per Smith and col leagues dealt with ques tions of me tab o lism, pho to -
syn the sis and growth of dif fer ent plants un der stresses by tem per a ture and salt
[49]. In an other pa per the heat out put of bar ley (Hordeum vulgare L.) root tips un -
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Fig. 6 b) In ves ti ga tions of plant heat pro duc tion by means of a thermocalorimeter
Regnault for peas in wa ter (left and in ner part en larged: right) and for blos soms
(half-right). The black ar eas (R) cor re spond to the “ther mom e ter” mer cury that
ex pands due to heat trans fer and shifts its me nis cus along the hor i zon tal cap il -
lary (tc). The graphs in the cen ter show heat pro duc tion rates as func tion of time
de ter mined di rectly (D) or cal cu lated from ox y gen con sump tion (O) and car bon 
di ox ide pro duc tion (C). Adapted with plea sure from [32]



der sa lin ity stress dem on strated two lev els of in hi bi tion with in creas ing NaCl con -
cen tra tion and a co op er a tive re ac tion re spon si ble for the de crease in me tab o lism
and nu tri ent up take at a high sa lin ity [50]. Con nected with such ob ser va tions are
the changes in the rate of heat out put on ion bal ance shifts seen in ex cised roots of
wheat (Triticum spec.) seed lings grow ing in CaCl2 [51]. Two ion trans port ers
were ap plied ren der ing sig nif i cant va ri et ies in the en ergy me tab o lism of the roots.
Cerulin is known to spe cif i cally block the fatty-acid syn the sis and thus should
pro voke a de crease in heat pro duc tion and ox y gen con sump tion rates. This could
be con firmed ca lo ri met ri cally with ex cised wheat roots [52].

HEAT PRODUCTION AND TEMPERATURE

Seed lings from five pop u la tions of the big sage brush (Ar te mi sia tridentata)
grow ing in three dif fer ent lo ca tions were in ves ti gated among oth ers for heat and 
CO2 pro duc tion in re la tion to tem per a ture [53]. Ad ap ta tion to their site of or i gin
and sig nif i cant stress when seed lings were trans planted to other sites were con -
firmed, by mon i tor ing changes in heat out put and growth. High tem per a tures
from 30 to 40°C meant high stress, low val ues (5 to 10°C) were with out stress.

Chilling-sensitive plants can already be injured by temperatures
significantly above the freezing point (5 to 15°C). When they are brought back
from low to higher temperatures they show a respiratory burst, which can be
easily detected by microcalorimetry [54]. Heat output – connected with the
alternative pathway – of leaf discs increased up to 98 % after chilling in
sensitive species, but only up to 22 % in resistant plants [55]. Coffee seedlings
(Coffea arabica L.) belong to the sensitive group and are hindered in growth by
temperatures below 15°C, closely correlated with the reduction of heat
production rates. An Arrhenius plot of the heat rate revealed a break in the line
at 15°C, sign of a metabolic transition at this temperature [56]. Further chilling
connected experiments are described for soybean (Glycine max) cultivar leaves
[57], for husk tomato (Physalis ixocarpa) leaves [58] and for dormant
vegetative apple (Malus sp.) buds [59]. Seeds from different populations of the
cold-desert subshrub winterfat (Eurotia lanata) germinated at temperatures
between 0 and 20°C. Heat and CO2 production rates were determined at the
same temperatures rendering metabolic efficiencies and specific growth rates. It
became obvious that the seedlings’ responses reflected the climate at the site of
their origin [60].

HEAT PRODUCTION OF THERMOGENIC PLANTS

True thermogenic plants that pro duce heat for their own sake and not as by-prod -
uct of usual met a bolic ac tiv ity are found in sev eral plant fam i lies, for in stance in
Araceae (arum lil ies), Nymphaeaceae (wa ter lil ies) and Nelumbonaceae (true lo -
tus) (see e.g. [19, 20, 23, 61]). The spe cific heat out put of flow ers of such plants
can reach that of a hov er ing hum ming bird or raise the in flo res cence tem per a ture
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35 K above that of the en vi ron ment [19]. Some of them are even able to reg u late
their tem per a ture (in the sense of warm-blooded an i mals) for hours or days [62].
Sev eral rea sons for this as ton ish ing phe nom e non are pre sented in the lit er a ture: in 
a first place the vo lati li sa tion of odour mol e cules to at tract in sect pollinators and
the pro vi sion of a heated shel ter for these in sects as well as the pos si bil ity to
bloom at low tem per a ture and to pro tect sen si tive parts in the flow ers. The bio -
chem i cal back ground of the met a bolic burst is (i) a shift from the nor mal to a cy a -
nide-in sen si tive path way ren der ing only one third of the ATP amount ob tained by 
the usual phosphorylation and dis si pat ing the re sid ual en ergy as heat and (ii) even
more im por tant a strongly in creased res pi ra tion rate [63].

Most of the thermogenic plants are large and soil-bound so that in flo res cen -
ces as place of heat pro duc tion have to be cut and in ves ti gated sep a rately from the
rest of the plant. More over, these or gans are usu ally so large that only few cal o -
rim e ters are large enough to house a whole in flo res cence. Thus, they must be used 
as tis sues slices. Prob lems ac com pa ny ing slic ing of plant tis sue (and thus min i -
miz ing dif fu sion bar ri ers for ox y gen) are ar rest ingly de scribed for voo doo lily
(Sauromatum guttatum) tis sue show ing a heat out put of  174.7 mW g-1 dry weight 
for a 10 mg sam ple, but 9097.1 mW g-1 (!) for a 0.1 mg piece [64]. The voo doo
lily is the only mem ber of the thermogenic fam ily that is able to flower just from
the corm with out soil and wa ter, pre des tined for a ‘whole-body’ cal o rim e try. In a
spe cial plant cal o rim e ter de scribed above com plete voo doo lil ies were in ves ti -
gated. Figure 7 shows the met a bolic burst of a 155 g lily in the early morn ing
hours of D-day with a max i mum ca lo ri met ric sig nal of 60 mV or 1020 mW, ren -
der ing 6.8 mW g-1 w.w. for the whole plant, but about 100 mW g-1 for the met a -
bol i cally ac tive ap pen dix. In te gra tion of heat out put over a 4.5-h pe riod co mes to
11.6 kJ, the ox y gen con sump tion in the same pe riod to 11.4 kJ. This un der lines
that the flare-up is car ried by a strongly in creased res pi ra tion in ten sity [22]. The
pre-his tory of flow er ing in the voo doo lily was in ves ti gated ca lo ri met ri cally for
the five days pre ced ing the met a bolic burst [65]. The au thors used tis sue slices
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Fig. 7 Anthesis of a voo doo lily (S. guttatum) of 155 g wet weight in a 3-li ter heat
flow cal o rim e ter. The de crease in heat pro duc tion af ter 5:00 h is an arte fact due
to the de creas ing ox y gen con cen tra tion in the cal o rim e ter. With per mis sion
from [22].



from three parts of the ap pen dix and de ter mined the in flu ence of sal i cylic acid
as nat u ral in ducer of  heat pro duc tion and of the head space at mo sphere. The
same au thors de tected an os cil la tory be hav iour of the heat pro duc tion in the
thermogenic male cones of two cy cad spe cies (palm ferns) with max i mum am -
pli tudes of 14 to 18 mW g-1 w.w. and con firmed the pres ence of the al ter na tive
re spi ra tory path way [66].

The first true calorespirometric in ves ti ga tions on plants with a com bi na tion 
of a gra di ent layer cal o rim e ter of the Benzinger/Kitzinger type and an ex ter nal
gas analyser con cerned the sev ered spadix of Philo den dron selloum, a mem ber
of the arum fam ily [67, 68]. Its spadix warms up to 38 to 46°C in de pend ent of
the am bi ent tem per a ture chang ing be tween 4 and 39°C. It in di cates that this or -
gan en forced its me tab o lism when the tem per a ture de creased. While heat ing en -
dured for sev eral hours un der nor mal con di tions, it re duced to 1 to 2 hours for
cut sam ples. Nev er the less, they ob tained the same max i mum re spi ra tory heat
pro duc tion around 50 mW g-1 w.w. Ad di tionally, bomb cal o rim e try was ap plied
to de ter mine the heat con tent of cut ster ile male flo rets (the main seat of heat
pro duc tion with a max i mum rate of 150 mW g-1 w.w.) be fore, dur ing and af ter
the met a bolic burst.

Direct and indirect calorimetric field experiments on flowers of the sacred
lotus Nelumbo nucifera were performed in an outdoor pond of the Adelaide
Botanical Gardens [31] by means of the light, transportable differential
calorimeter already described above. Its adjustable water-bath heat-sink allowed 
to deceive the flower and to simulate a cold environment during day and a warm
at night. Thus, it could be shown that heat production in lotus flowers depends
on the ambient temperature and not on the light cycle [69]. The flowers kept
their temperature rather constant at 30.7 and 34.2°C at mean set calorimeter
values of 18.4 and 30.4 �C, respectively. The maximum heat production
dropped from 0.51 W (60 mW g-1 w.w.) to 0.25 W (30 mW g-1) at high
temperatures. Figure 8 presents the outcome of a five-day experiment in the
lotus pond with a reversed daily temperature regime of the calorimeter (15°C
cool during the day, 30°C warm at night). Tr and Tc represent the receptacle and
the calorimeter temperatures. Neglecting the over- and undershoots, one
observes plateau phases in both half-days. The receptacle was always warmer
than the calorimeter, but at a decreasing difference with time. Longer periods of
constant metabolic heat production rates 4p (upper part of the figure) and of dry
heat loss 4l (lower part) are seen in the graph interrupted by metabolic bursts
when the calorimeter temperature was lowered. During these periods the
differences between Tr and Tc amounted to 12.3°C, in the other time only 3.8°C
– a clear sign of the stated thermoregulation.

In ad di tion to the field in ves ti ga tions, cut flow ers were placed in the same
gra di ent layer cal o rim e ter ar range ment as used be fore for the Philo den dron
spadix [67, 68]. An en ergy cal cu la tion showed that the met a bolic heat pro duc -

200 CHAPTER 8



tion was al most com pletely bal anced by evap o ra tive heat loss and that there was 
no con ser va tion of en ergy in met a bolic pro cesses dur ing thermogenesis.

This lo tus field re search was – to our knowl edge – the first out door ap pli ca -
tion of di rect cal o rim e try to plants while there were al ready a num ber of in di rect 
field in ves ti ga tions on sev eral ar oids in clud ing Philo den dron and east ern skunk
cab bage or on the trop i cal wa ter lily Vic to ria cruziana.

OTHER TECHNIQUES

Ther mal anal y sis – in the ti tle of this mono graph – means not only just iso ther -
mal microcalorimetry, but also other tech niques like com bus tion cal o rim e try,
dif fer en tial ther mal anal y sis/dif fer en tial scan ning cal o rim e try, thermogravi -
metry or in fra red false color thermography. But as the daily rou tine and the
main in ter est of the au thors fo cus on microcalorimetry, these other fields will be
touched more mar gin ally say ing noth ing about their im por tance in ther mal anal -
y sis. In clud ing some pa pers in this re view en ables the deeper-interested reader
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Fig. 8 Graph of a 5-days outside experiment on a flower of the sacred lotus Nelumbo
nucifera. The right ordinate gives gains (upwards) and loses (downwards) of the
metabolic heat production  4p calculated from the oxygen consumption rate and
for the dry heat loss 4l. Due to heat take-up in the 6 m long hose from the water
thermostat to the calorimeter and the warming by the flower the mean low
calorimeter temperature was 18.4 °C at a thermostat setting of 15°C. For more
information see text). With permission from [31]



to track the ac tiv i ties of the cho sen au thors and to get ac cess to re lated fields by
their cited ref er ences.

COMBUSTION CALORIMETRY (CC)

Com bus tion cal o rim e try is one of the old est tech niques in Ther mal Anal y sis dat -
ing back to Black, Crawford, Lavoisier, and Count Rumford; in its mod ern form
to Berthelot. In its ear li est ap pli ca tion en ergy con tent of wood played an es sen tial
role. Later on, other plant ma te rial like leaves, fruits and roots were en closed and
CC is now a days an im por tant tool in eco log i cal en ergy bal ances. Re cently, a con -
tri bu tion by one of the pres ent au thors (I. L.) ap peared in the Hand book of Ther -
mal Anal y sis and Cal o rim e try [70] cov er ing the whole field from in stru men ta tion
(see also [71]), sam ple prep a ra tion and ex per i men tal ap proaches to ap pli ca tions in 
dif fer ent ar eas in clud ing plant ma te rial. There fore, this sec tion may be kept short.
Mean while, fur ther pa pers were pub lished from the San ti ago group around Prof.
Nunez Regueira deal ing with ca lo ric val ues and flammability of liv ing for est spe -
cies or for est waste bio mass and the risk of wildfires in Galicia [72–76] from
which a risk in dex map of this area emerged [77]. Wild fires rep re sent an enor -
mous prob lem in Spain as they dev as tated thou sands of square kilo metre for est
and bush land in the last 40 years with a value of bil lions of Euro.

DIFFERENTIAL SCANNING CALORIMETRY (DSC)

In a re view on bi o logic ap pli ca tions of DSC [12] plants played an im por tant role 
with ques tions con cern ing the state of wa ter in plant cells, of cold re sis tance,
supercooling, freez ing cryo-protection and de hy dra tion, but also of wood, its
com po nents and fun gal deg ra da tion and fi nally of an cient plant ma te rial like pa -
pyri or fig-tree bark for his tor i cal pa per pro duc tion. More in for ma tion on DSC
used in wood anal y sis may be found in a hand book surview [7].

While in the ‘clas si cal’ DSC fresh or dried mil li gram sam ples of plant ma -
te rial are in ves ti gated in the range from room tem per a ture to about 600°C, with
scan ning rates of sev eral K min-1 and in air as well as in in ert at mo sphere, a
mod ern al ter na tive for plant in ves ti ga tion was opened fol low ing an in sem i nat -
ing pa per by Sturtevant and co work ers [78] on heat pro duc tion of murine
macrophages in a strongly re duced tem per a ture range and at low scan rates. This 
tech nique is fre quently ap plied to day in groups of plant calorimetrists [79].
Some ex am ples were al ready cited in the ‘chill ing’ para graph [57–59] and only
one shall fol low con cern ing the tem per a ture de pend ence of tis sue me tab o lism
from bar ley (Hordeum vulgare L.) roots [80]. In stead of a step wise in crease of
tem per a ture as in true iso ther mal ex per i ments the sam ple was slowly scanned
(2.4 to 3.5 K h-1) from 5 to 45°C (Fig. 9). This rate was suf fi ciently slow so that
the tis sue me tab o lism oc curred at a steady, quasi-isothermal state at each time.
This is un der lined by the 4 square points at the curve ‘CM72 + ISO THER MAL’
that re sult from iso ther mal cal o rim e try at 5 K dif fer ent tem per a tures. Smooth
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curves re sult for all bar ley cultivars up to about 30°C where a three fold in crease
in ac ti va tion en ergy be comes ob vi ous. While this change was re vers ible, the
next one at 34°C lead to an ir re vers ible de crease of the heat rate to nearly zero.
In the whole DSC thermogram from 5 to above 30°C no phys i cal state changes
of mem branes or pro teins be came vis i ble al though sen si tiv ity was high enough
to show them [80].

THERMOGRAVIMETRY

Thermogravimetry alone or cou pled with mass spec trom e try is not so of ten ap -
plied to plant tis sue. In thermogravimetric ex per i ments the weight loss of the
sam ple is de ter mined dur ing a heat ing up pro gram with usu ally con stant heat ing
rates of a few K min-1. The ob tained sig nals show, as a func tion of time (or tem -
per a ture), the in crease in tem per a ture (T), the rel a tive weight loss in per cent
(TG, tak ing the ini tial weight as 100%, thus start ing with a weight loss of 0 %),
the first time de riv a tive of this loss (DTG) and the dif fer en tial ther mal anal y sis
sig nal (DTA) as the tem per a ture dif fer ence be tween the sam ple and the ref er -
ence cru ci ble. By con ven tion, exo ther mic peaks point up ward, en do ther mic
ones down ward.

Com mer cial raw plant drugs, ma te rial con sist ing of leaves, flow ers, roots,
rhi zomes and bark, were heated up to 900°C at a rate of 5 K min-1 and the ob tained 
DTA, TG  and DTG curves were ana lysed [81, 82]. More over, the non-me tal lic
and me tal lic el e ments in the sam ples were de ter mined. It be came ob vi ous in the
ma jor ity of cases that sam ples taken from the same plant spe cies ren der sim i lar re -
sults within the five kinds of plant ma te rial listed above: Fig. 10 shows a typ i cal
set of curves (T: sam ple tem per a ture) for three dif fer ent flow ers. Only one fur ther
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Fig.  9 DSC thermograms of 3 bar ley cultivars from 5 to 45°C (CM72) and 25 to 45°C
(Arivat, Numar). The graph (CM72 + iso ther mal) com pares the DSC
thermogram with 4 iso ther mally ob tained data points (�) in 5 K steps. With per -
mis sion from [80]



ex am ple of plant thermogravimetry shall be pre sented here, a cou pling of a mod i -
fied thermobalance with a mass spec trom e ter [83] for the in ves ti ga tion of two her -
ba ceous plants with high bio mass pro duc tion po ten tial. Small sam ples of a few
mg were heated from 20 to 900°C with a rate of 20 K min-1. This is slow enough
to re solve the dif fer ent steps of tem per a ture de pend ent bio mass de com po si tion:
start ing with mois ture evo lu tion and fol lowed by de com po si tion of hemicellulose
and cel lu lose. The si mul ta neous mass spec trom e try data pro vide in for ma tion
about the low mo lec u lar weight vol a tile prod ucts of py rol y sis as func tion of tem -
per a ture and thus to gether with the DTG curves also in for ma tion about the un der -
ly ing deg ra da tion mech a nism. They are es sen tial for the un der stand ing and op ti -
mi sa tion of dif fer ent bio mass con ver sion tech niques [83].

IR THERMOGRAPHY

In fra red false-colour thermography [84] is well in tro duced in var i ous fields of
in dus try, re search and med i cine (in clud ing vet er i nar ian), but only re cently more 
in ten sively used for sur face in ves ti ga tions of plants. Thermographic cam eras
col lect near in fra red ra di a tion in the wave length range from about 5 to 15 µm,
has a typ i cal sen si tiv ity of 0.1 K at 30°C and may dis crim i nate be tween points of 
2 mm dis tance and 0.2 K tem per a ture dif fer ence. The de tected IR ra di a tion is
pro por tional to the tem per a ture dis tri bu tion over the sur face of the ob ject. The
cam era trans forms this IR pic ture into a false-colour pic ture in the vis i ble range;
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Fig. 10 DTA, T, TG and DTG curves ob tained dur ing ther mal de com po si tion of three
flow ers. A: Scotch heather (Calluna vulgaris); B: coltsfoot (Tussilago farfara
L.); C: yar row (Achilla millefolium L.). Sam ple size about 100 mg, heat ing rate
5 K min-1. The DTA curve con sists of one weak en do ther mic and two pro -
nounced exo ther mic peaks. With per mis sion from [82]
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Fig. 11 Thermographic and vi sual im ag ing of cell death (yel low parts) in bacterio-op sin
to bacco 32 h (up per two pic tures) and 40h (lower two) af ter first de tec tion of a
ther mal ef fect. The max i mum tem per a ture dif fer ence amounts to 0.6 K.
With per mis sion from [85] (See colour section, p. 347).

Fig. 12 Holly leaves (Ilex sp.) dur ing freez ing shown in false colours of a 2 K tem per a -
ture range. Pic ture B was taken about 3 min af ter A. The pale blue to whit ish ar -
eas (A,B) in di cate an ini tial exo ther mic ef fect of low in ten sity, the yellish
colours (B) a sec ond stron ger exo ther mic ef fect. Green ar rows point to wa ter
drop lets put on the leaves be fore cool ing started. With per mis sion from [90]

 (See colour section, p. 347).



colours or grey in ten si ties can be freely cho sen to ren der an op ti mal res o lu tion
for the in ter est ing tem per a ture range. In re cent years in creas ing, but still small
num bers of pa pers were pub lished con cern ing plant IR thermography ded i cated
to freez ing and ice nu cle ation, in fec tions, leaf en ergy bal ances, met a bolic
flare-up in thermogenic flow ers and seed ing qual ity as sess ment. A few shall be
pre sented in this sur vey.

Chaerle and Van Der Straeten re cently pub lished a pa per that could ren der
the ti tle for this chap ter on thermography: ‘Seeing is be liev ing: im ag ing tech -
niques to mon i tor plant health’ [85]. It deals with the IR ob ser va tion of
stress-induced changes in plants be fore the hu man eye can de tect them, with
screen ing for mu tants of in creased stress tol er ance and with the ap pli ca tion of
such re sults for plant en gi neer ing [85]. In the same sense, the presymptomatic
thermographic vi su al iza tion of plant de struc tion by to bacco mo saic vi rus in fec -
tion was dem on strated by the same au thors [86, 87]. Al ready 8 h be fore the vi -
sual de tec tion le sions were clearly vis i ble in the IR pic tures as ‘hot spots’, 0.3 to
0.4 K warmer than the sur round ing (Fig. 11). These spots were colocalized with
later on formed le sions due to an ac cu mu la tion of sal i cylic acid, a com pound
that is known to stim u late heat pro duc tion in thermogenic plants (see be low), to
in duce thermogenicity in non-thermogenic leaves [88] and to serve as a sig nal
against patho gens [89].

One of the ma jor gen eral plant stresses is freez ing, an ef fect of enor mous
im por tance for wild plants as well as for crops and thus for ag ri cul ture also.
Freez ing in plants is ac com pa nied by an (exo ther mic) heat re lease and tem per a -
ture in crease of up to 1 K that can eas ily be de tected by thermography. A num -
ber of pa pers (e.g. see [90–93]) ap peared ded i cated to nu cle ation of ice and its
prop a ga tion, mainly in plant leaves and buds (Fig. 12). Fig ure 13 shows ice nu -
cle ation and prop a ga tion in a bean leaf in duced by a 2 µl drop let of a Pseu do mo -
nas syringae so lu tion (left) and a drop of deionised wa ter (right) (A). Since the
wa ter drop loses heat by evap o ra tion it is cooler than the leaf and out side the
cho sen tem per a ture scale (2 K) at the lower end (black). The drop let with the
‘Ice+ bac te ria’ freezes first (B), gains a higher tem per a ture out side the tem per a -
ture range at the up per end (white) due to the exo ther mic heat of freez ing and
serves as cen tre for ice nu cle ation through out the leaf (B to E). At the end, when
the freez ing of the leaf and the exo ther mic pro cess came to an end, the leaf
turned blue (in false colours), only then the wa ter drop started to freeze and to
ob tain heat and a higher tem per a ture (change from black to white).

A spe cially in ter est ing field for IR thermography is that of the al ready men -
tioned thermogenic plants, a group of plants mainly con sist ing of spe cies of the
arum lily fam ily and a few wa ter lil ies. Hanna Skubatz and col leagues pre sented
an im pres sive col lec tion of IR pic tures of eight mem bers of the Arum lily fam ily,
the tem per a ture dis tri bu tion along these plants (mainly in their ap pen di ces) and
res pi ra tion data from the most thermogenic tis sues [94]. The same au thors
thermographically fol lowed the met a bolic burst of the voo doo lily (Sauromatum
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Fig. 13 Ice nu cle ation and prop a ga tion in a bean leaf shown by false-col our thermo -
graphy. The tem per a ture range was cho sen 2 K. Black and white parts are out of
range at the lower and the up per end, resp. For fur ther ex pla na tions see text.
With per mis sion from [91]

Fig. 14 Thermogenic ac tive eve ning flower of the gi ant wa ter lily V. cruziana in false
col our. At air and wa ter tem per a tures of 24.0 and 31.0°C, resp., the cen tre of the
blos som shows a tem per a ture from 30.9 to 33.5, sig nif i cantly above the air tem -
per a ture. The white area in the left up per cor ner rep re sents the arm of the in ves -
ti ga tor. With per mis sion from [23]

 (See colour section, p. 348).

 (See colour section, p. 348).



guttatum) [95], as was done in the same year by one of the pres ent au thors (I. L.)
[21, 22]. Sim i lar Arum in ves ti ga tions on the tem po ral and spa tial dis tri bu tion of
heat pro duc tion were ded i cated to the Lords and La dies (Arum maculatum) show -
ing two main cen tres of met a bolic ac tiv ity, the ap pen dix and the male flo rets [96].

In the course of thermoanalytical green house in ves ti ga tions on the gi ant
trop i cal wa ter lily Vic to ria cruziana, IR thermography was ap plied in ten sively,
for flow ers as well as for the struc ture of the huge float ing leaves [23, 24, 97]. V.
cruziana and V. amazonica in crease their flower tem per a ture up to about 10 K
above am bi ent and re lease an at trac tive sweet odour of pine ap ple or fruit salad.
The most thermogenic tis sue is found in the in ner stam ina that are not di rectly
vis i ble from the out side. Thus, the in fra red pic ture (Fig. 14) shows the hot test
part (33.5°C) around the ‘tun nel’ that leads through the paracarpels into the flo -
ral cham ber and that was closed in the mo ment when the pic ture was taken. As
the flower was 10 cm above the wa ter, the tem per a ture dif fer ence against air
(24.0°C) and not against wa ter (31.0°C) counts.

Conclusion

In re cent years, plant cal o rim e try has fin ished its sleep ing beauty dor mancy that
lasted more or less con tin u ously since the be gin ning of last cen tury and re al izes
quite a num ber of sci en tif i cally at trac tive princes around it. They ap peared with
new ar mours and weap ons and are ea ger to ded i cate their life to her beauty. New
so phis ti cated cal o rim e ter al low in ves ti ga tions that were ex cluded be fore, com bi -
na tion with other highly spe cific in stru ments ren ders more in for ma tion than gath -
ered ear lier by cal o rim e try alone, rigid and flex i ble light guides il lu mi nate the oth -
er wise dark ves sels and open the field to pho to syn the sis ex per i ments, in fra red
thermography pro vides a means to de ter mine tem per a ture dis tri bu tions with out
in jur ing or even only touch ing the ob ject. Imag i na tion and tech ni cal skill are
asked for fur ther de vel op ments in plant cal o rim e try that will for sure come.

A special issue of Thermochimica Acta in 2004 will be dedicated to the
outcomes of the XIIIth Conference of the International Society for Biological
Calorimetry Energetics of Adaptation and Development – From Molecular
Mechanisms to Clinical Practice that took place in Würzburg / Germany 2003.
Many contributions deal with photocalorimetry and its application to plant
systems as well as with conventional heat flow and combustion calorimetry for
plant cells. Among other, topics like A new calorespirometric instrument,
Calorespirometric ratios and metabolic efficiency, Energy processes in model
plant cells, Heat production and respiration of wheat roots, Calorimetric studies
of vegetable tissue wounding, Life zones for key plant species can be predicted
with calorespirometry and temperature measurements; Photo-Bio-Calorimetry of 
Chlorella vulgaris growth, Energetic evaluation of forest formations by bomb
calorimetry will be approached. This issue is recommended for further
information.
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