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A.bstract 

In the desert. anirnab L1ce \V8.t l' l'- foo d-;..;hunage::: 
coupled with he<lt. Sorne ecophysiologic<J.l .J.nd phy:-:iulogical th;J.t 
enable 8.nirnals to exist in the ha\'e been ex::unined b v the 
Research F oundJ.tion of N an1ibi;1 ! DRFN l and its Zlffiliates during the 
p3st 40 years. The rnain findings are reviewed here . They include the 
physiological of desiccation e1ncl osn1otic stress. non-
conventional n1ethods of acquiring free \\. 3 ter fro m fog :111d fron1 h urn id 
:J.ir, soil n1oisture and n1etJ.bolic wJ.ter . Further investigations concerned 
the reduction of w.J.ter loss through cuticuLu , re:-:;pir.J.tory Jnd excretory 
processes . the se lection of tolerable rnicroclin1atic conditions. J low 
Inet.J.bolic r.J.t e that reduce::: food J.nd \Vater requiren1ents as well the 
w :J.tcr, losse::: , mechJ.nisn1s of lo::: i ng or u vo iding h heat to le ranee , and 
thennophily . These conditions a nu m2ch:1nis1ns h:1 ve cunse-
q u en c e s to the e col o gy. 0 f part i c u l J. r 111 t 2 res t f'o r fu t: u re re::; ear c h would b L' 

investigation::; of the mech;.1nisn1s re lating to J.n osmotic:ully· 
stressed inner milieu - J.S WJ.ter is compubury - of thcnnophil y - a s 
e nz:nn es of euk.J.ryotes funct io n in a rather rest rictL·d the nn:J.l range. 

Keywords: \'I:J.ter bJ.lance: dcsicc:..ttion : lu:-:;.:-;; e.'(l:l'l'Llt >lL 

m i crocl i n1a te ; low n1 etJ. bo li:.; rn: h tu l L' r:J.nn:: therm o p hdy: b l' ha\. i u ;·: 
physiology: morphology: desert resource man<.1ge1nent 
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Introduction 

Deserts present special condi.tions for life due to their inherent variability . This 
concerns especially a lin1ited supply of water , essential for all organisms , often 
coupled to food shortage and exposure to harsh clirnatic conditions (Maloiy, 1972; 
Hadley, 1974, 1994; Edney, 1977 ; Louw & Seely, 1982; Dawson et al ., 1989; Safriel et 
al ., 1989; Louw , 1990 , 1993 ; Seely, 1990; Cloudsley-Thon1pson, 1991a; Heinrich, 1993; 
Lovegrove , 1993 ; Son1me , 1995; Heahvole , 1996; Bradsha-w, 1997; Degen, 1997; 
Punzo , 2000 ). \ ' arious physiological mechanisms allov.,r animals to cope with these 
conditions and to exist in deserts . These include physiological control of water and 
salts ·within the organis1n , such that osmotic phenomena do not interfere with cellular 
and 1nolecular functi oning (Hadley, 1994 ). Sin1ilarly, control of body ten1perature and 
tolerance of high ten1p eratures ensure the physiological functioning on the cellular 
and molecular level. 

\T../ e dedicate this paper on N an1ib animal ecophysiology to Prof. John Cloudsley-
Thompson, who contributed to our knovvledge of the N an1ib Desert ( Cloudsley-
Thompson , 1990 a ,b.c , 1991 a .b l. As the doyen of desert animal 
Cloudsley-Thompson emphasised the fundan1ental importance for animals in tropical 
desert environments of coping \Vith shortages of water and food and elevated 
temperatures ( Cloudsl ey-Tho1npson , 1962a, b , 1964, 1965a, b, b , 1968a, b, 
1969a , b, 1970a. b. c. 1971. 1972 , 1973 . 1974, 1975 , 1976 , 1977, 1979a, b , 1982 , 1983 , 
1984, 1986 , 1987 , · 1988, 1990a, 1991a. 1993a, b. 1994, 1995, 1996; Carlisle & 
Cloudsley-Thon1pson. 1968; Cloudsley-Thompson & Cloudsley, 1984 ). Cloudsley-
Thon1 pson ·s thinking significantly affected the development of these fields of 
ecophysiological research in deserts of the world . He considered reptiles and 
arthropods to be pre-adapted to life in deserts (Cloudsley-Thompson, 1991). Bradshaw 
( 1991 ) emphasised this by pointing out that desert ectotherms do not differ 
qualitatively fron1 n1esic men1bers of their respective groups except in respect of their 
degree of adaptation necessary to deal \Vith the extren1e ten1poral and spatial 
variation of abiotic and biotic r esources . 

This paper concerns the functioning of animals in the highly variable conditions 
of \\·ater, food and temperature prevailing in the N amib Desert. The N amib Desert is 
relatively \V ell studied, thanks largely to the Desert Research Foundation of N an1ibia 
at Gobabeb (DRFN and its predecessor , the Desert Ecological Research Unit) and its 
affiliates over a period spanning four decades (Henschel et al., 2000a; Seely et al ., 
2000a ). A central progran1n1e connecting various studies over the past forty years has 
been the Long-Tenn Ecological Research Programn1e ( Henschel et al . , 2000b; 
N a-LTER, 2000 l . Developn1ents in the field of ecophysiology in the N amib were 
particularly influenced by Prof. Gideon Louw , as elucidated to some extent in this 
paper (e. g. Louvv , g elonje & Coetzee , 1969; Louw , 1971 , 1972; Louw & Ha1nilton, 
197:2: Louw & Hohn, i972 ; Joubert & Lou w, 1976; Seely, de Vos & Lou\v , 1977; Dixon 
& Louw, 1978; Hadley & Lou\v, 1980; Louw & Seely , 1980; Seely & Louw, 1980; 
\Vithers , Louw & Henschel , 1980; Withers , Siegfried & Louw, 1981 ; Louw & Seely, 
1982: Robertson , Nicolson & Louv.r, 1982; Lou\v, 1984; Louw & Seely, 1984; Nicolson, 
Lou\\' & Edney, 1984; Bartholon1ew , Lighton & Louw, 1985; Seely , & Louw, 
198.:S ; Louw , Nicolson & Seely, 1986: Seely & Louw , 1986; Loutit, Louw & Seely, 1987; 
Hofn1eyr & Louw , 1987 ; Louw , 1990, 1993 ; Skinner & Louw, 1996) . 

In theN an1ib , evaporation exceeds precipitation by a factor of 200 , and this desert 
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contains excellent examples of the principles of desert ecophysiology in animals in a 
water-constrained enyiron1nent (e.g ., \Villoughby, 1967; Coutchie & Cro\ve, 1979: 
Hadley & Louvv , 1980; Withers et al., 1980; De Villiers , 1984; lVIcClain et al., 1985: 
Seely & Griffin, 1986; Downs , 1989; Fielden , 1989; Nicolson. 1990: Roberts, 1991: 
Clarke. 1992 ; Naidu. 1992: · Grube , 1993; Jacobson & Jacobson , 1998). Food 
availability tends to be coupled to highly unpredictable rainfall, and tolerance of 
hunger is important betvveen these infrequent periods of plenty (e.g .. Seely & Louw. 
1980: Nagy et al .. 1993: Henschel, 1994; Lubin & Henschel, 1996; Seyn1our & Seely. 
1996; Seyn1our et al . . 1998). This is c01npounded by daily hot surface conditions and 
extren1e daily ten1perature fluctuations (e.g., Henwood, 1974; Hamilton, 19/5: Curtis. 
198.5a; lVIarsh, 198.5: 1987; Seely & 1\!Iitchell, 1987; Pietruszka , 1988; Lombard, 1989: 
Cloudsley-Thon1pson, 1990a; Lubin & Henschel, 1990; Robinson, 1990 , 1993: Roberts , 
1991: \Varcl, 1991 ). 

In this paper we review son1e of the n1ain findings of ecophysiological research 
conducted in the Nan1ib. \Ve en1phasise invertebrates . particularly tenebrionid 
beetles that have enjoyed considerable attention (over 180 e .g. , Koch, 1962: 
Hamilton & Seely. 1976; Seely & Hamilton, 1976; Seely, 1983; Nicolson et al. , 1984: 
Cloudsley-Thompson , 1990a; Nicolson, 1990; Roberts , 1991; \Vard & Seely, 1996a, 
1996b l. The study of tenebrionids demonstrates how studies of one key group of 
organisms can be used to illuminate the functioning of a particular ecosysten1. 
Ecophysiology is e1nphasised , although Louw ( 1990 ) pointed out that delineation of 
behaviour versus physiology is prin1arily se1nantic and not really in1portant when one 
is dealing with n1any organisn1s, as both ultimately alter and 1naintain optimal 
cellular function within the constraints of phylogeny. Thus, the question whether 
anin1als show specific adaptations to deserts can be answered in a general way by 
agreeing that an adaptation is ( Louw , 1993; p .x) "any physiological or behavioural 
characteristic which allows an organism to survive and reproduce in a particular 
environn1ent. there·by contributing to its fitness" . 

After describing son1e i1nportant abiotic characteristics of the N ami b. \Ve examine 
how n1any anin1als cope with water scarcity through osmoregulation , by behavioural. 
1norphological and physiological methods of acquiring free water, and through 
reducing vvater loss . Coupled \vith water shortage is reduced primary production, 
ultin1ately resulting in a shortage of food over considerable lengths of time for many 
anin1als, with profound consequences to foraging behaviour and metabolis1n . Lastly, 
we explore hovv ten1peratures in this desert affect its inhabitants in terms of 
thennoregulation : physiological tolerance and thermophily. Besides summarising 
s01ne of the current knowledge of ecophysiology in the N amib, we compare it to 
findings fron1 other deserts and highlight avenues for further study. 

The Namib 

The N an1ib Desert is a 200 k1n-wide coastal strip that stretches for over 2000 km 
fron1 South Africa northwards across western. Namibia into Angola (Fig. 1 ). The 
Benguela Current of the Atlantic Ocean forms its western boundary, and the Western 
Escarpment its eastern delin1itation . In the Central N amib, where Gobabeb is located 
and most of the studies reported here were conducted , the ephen1eral Kuiseb River 
divides the southern Great Sand Sea, comprising various types of dunes , from the 
vast gravel plains that are scattered with inselbergs (Seely, 1987 J. 



{ 
' 

H c 11 .... ; c h cl. R oh c r t !:> o 11 & S cc /.Y 

·, 
\ 

· .. - _ ... · 

S u c c u I en t K ar o C) 

N am .:11 J.n d sub (J o rn .'ll n 
Savanna 

U I !I ll :. J ll U . : lJ 11 k r n 
l 

Figure l: ln :-<;:unib ia , the Desert is situated west of the Great Escarpment, which 
fornb the \\·estern boundary of the Na1naland subdmnain of the Na1na-Karoo Biome . The 
?\an1ib Desert comprises the Nan1ib subdon1ain of the Nan1a-Karoo (darkest shading ) as 
well as the Succulent Karoo l lightest shading) (after Jurgens. 1991 ). 

In1 port ant abiotic factors that affect organisn1s in the N a1ni b (Robin son & Seely, 
1980 J include fog and rain precipitation, hun1idity , ten1perature and its daily range at 
the surface and at depth, substratal grain size , \vind , and surface topography. Wind is 
in1portant , as it affects dun e n1orphology and the con1paction, moisture and n1obility 
of sand. The interaction of wind and sand drives the n1ajor organic resource, the 
detritus cycle, affecting it::; and gradual release (Crawford & Seely, 1994; 
Hanrahan & Kirchner. 1991 J, whil e rainfall affects its production (Seely & Lou\v, 
1980 ; Southgate et o L., 1996 J and brcakdovn1 (Jacobson & Jacobson . 1998) . Because of 
the lov-,r vegetation cover, diurnJ.lly active anin1als arc exposed to heat, exacerbated by 
the desiccating at1nosphere. H eat is gained and lost very q,uickly by the physical 
environn1ent as well as b:' th e orgJ.nisn1s (Roberts, 1991 l. 
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The N arnib has been arid since the end of the Cretaceous Period, vvith the current 
hyper-aridi ty beginning during the IYiiocene (Ward et al., 1983 ). This desert is 
situated at the lowest end of a rainfall gradient that begins at the Indian Ocean in the 
east and declines vvestwards . This decline is pronounced fron1 east to west across the 
N arnib. and there are years when no rain at all falls in the vvestern N amib (Table 1 ). 
\Vet years ( >80 mrn rainfall per annum) are rare, and occurred only tvvo to four tin1es 
in the last century, depending on location . Fog, the other source of vvater , occurs 
n1ainly in the western 60 krn of the N amib (Table 1; Lancaster et al ., 1984: Henschel 
et ol., 1998). Fog ameliorates the potential aridity of the Namib adjacent to the coast 
( Seely et ol .. 1998 ) and is n1ore predictable than rain (Pietruszka & Seely. 1985). Fog 
water is. h ovvever, only ten1porarily available as this source of n1oisture disappears as 
soon as the fog lifts each day and the soil surface dries again (Gut, 1988; Besler & 
Gut 1997 ). 

Table 1. .. A .. nnual nwon one! ronge of'clirnatic conditions across the l './arnib Desert . 
Data sources: DRFiV. :2000,· ivfeteorologica! Seruices oj'1Vcnn ibia : Lon caster 

et al .. 1984: B esle r . 1972. 

ZONE Inland f\Iiddle Eastern 
Foggy Zone Foggy Zone Nnmib Zone Na1nib Zone -----·- - ---- - · - - - -- · 

Dis ta nce frnm Co<.1st ( kn1 l 0-20 20-60 40-90 70-120 
RainfalL mea n ± SD ( n1m ) 10 .1 = 16.4 15 .4 ± 13. 1 21.2 ± 26.0 41.2:±:27 .4 
RainfalL r a nge ( mn1 l 0-90 0-65 2-1 27 6-:37 4 
Fog precipitation, n1ean (mm ! 80.2 183 .6 :30.8 .'3 .8 
Fog precipitation. range (mm J -1 9- L58 88-271 8-48 
Fog day frequency, mea n I.) 118 I::J ') 

<.) 

Temperature. 111ean (°C J 1.5 . 5 19.:3 21.1 21.5 
Temperature , range (° C ) 5 . .5-.'3 6 . 0 1. 7-41.9 1.0-44.9 0.9-39.4 
Daily temperature amplitude . :) . I 17.2 17 .3 13.9 
mean (°C) 
Relative humidity, 1nean (C:f. ) 81 56 50 :36 
Relative luunidity, range (cc. J 21-100 4-100 1-100 1-100 
Evaporation , total (Inm ! 1328 19:35 3470 3697 
Days with Berg Wind 10-1.5 30-60 40-70 60-90 
Ariditv Factor 1.3'7 2.36 0 .87 1.83 

The terrain changes from north to south along the N amib Desert , but the major 
feature is an extreme climatic gradient across the desert from west to east . This 
gradient can be divided into several biophysical zones that lie parallel to the coast 
(Table 1: Besler, 1972: Lancaster et al ., 1984; Hachfeld , 1996; Henschel et al. , 1998): 
(1) coastal foggy Namib zone ; (2) interior foggy zone; (3) middle zone; (4) the eastern 
N ami b . Besides precipitation , other climatic changes from west to east across the 
desert are increasing average and range of decreasing humidity , 
increasing evaporation. and increasing number of days with warm , extremely dry 
easterly Berg winds in winter (Table 1 ) . The steep climatic gradient makes the N amib 
an ideal place to study. as found nowhere else in such a compact form . 
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428 Henschel, Robertson & Seely 

Seasons in the N amib are not as pronounced as in other temperate regions and 
are mainly characterised . by desiccating, easterly Berg winds during winter, 
sometimes resulting in sand storms, as opposed to the dominant, humid, moderately 
strong westerly sea breeze and plain-mountain wind during summer (Lancaster et al., 
1984). Average air temperatures change little with season (Table 2), and extreme 
values decline by a mere 5-7 QC in winter (Fig. 2), despite substantially lower solar 
radiation. However, daily amplitude in air temperatures is 16-17 QC throughout the 
year (Table 1 & 2), and this is even more pronounced on the soil surface. There are 
often extremely strong temperature gradients at near-surface height above the 
ground and near-surface depth below the ground (Fig. 2) . Surface ten1peratures also 
change with time of day and season, but daily temperature ranges are negligible at 20 
cm depth and seasonal ranges are negligible at 120 cn1 (Fig. 2). 

Table 2. Climatic conditions at Gobabeb (56 km from the coast) in the Middle .. rv:an-z,ib 
Zone , showing annual n1ean, sum1ner n1ean (October-March), winter mean 

(April-Septen?ber) and total range . Data sources: DRFN 2000; Lancaster et al. , 1984. 

IviEASURETviENT PERIOD i\nnual 
Rainfall ( mrn ) 21.2 ± 26 .0 
Fog (mm) 30 .8 
Air temperature ( QC ) 21.1 
Daily air ternperature arnplitude ( QC) 17 .3 
Daily maximum surface temperature ( QC ) 53 .6 
Hun1idity (C;( J 50 
Daily Evaporation (mm ) 9.5 
Daily Sunshine Hours '(h ) 10.4 
Daily Solar Radiation (TvfJ .m-2) 19 .2 
\Vind Speed (nlls ) 2.9 
Daily Wind Duration (h/day) 17 .0 
Predon1inant Wind Direction 

Sun1n1er 
18. 2 
14 .5 
23.1 
16 .4 
59 .8 
55 

10 .9 
11.2 
23 .6 
3 .0 
18.3 

SW&NW 

Winter 
9 .0 
16 .3 
19.2 
17.1 
47 .5 
44 
8 .2 
9 .5 
13 .8 
2.8 
15.6 
SE 

Range 
2-127 
8-48 

1.0-44.9 
4.0-30 .0 

41-75 
1-100 

7.9-26 .1 
0-28 
0-24 

Macro- and micro-climatic patterns of the N amib vary on spatial scales of tens of 
kilometres to c..entimetres and on time scales of decades and years, to seasons and 
hours . N amib animals thus have a wide variety of different conditions available to 
them that may affect their times and places of activity and non-activity. 

Water 

Problems of water gain , balance , reduction of water loss, tolerance of \Vater loss, 
and consequent osmotic phenomena have been a focus of much study in desert 
arthropods ( Seely, 1989 ). Desiccation may be tolerated physiologically or avoided 
behaviourally. Methods of acquisition of free water are especially important for the 
detritivores such as tenebrionid beetles and thysanurans that predominate in this 

because water is required to process desiccated detritus. Herbivores (N agy et 
al., 1991) and predators (Fielden et a.l. , 1990) do not face the same because 
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• Jan Min • JanMax ···A··· JuiMin · ·-•·-·JulMax 

10 20 30 40 50 60 70 

Temperature (C) 

Figure 2. Nlean daily range of at various levels above or below the ground 
during the hottest (January J and coldest (July) 1nonths. Derived from Lancaster et al. 
( 1984 ). 

their food is comparatively water-rich, vvhile some flying insects can generate water 
through metabolic activity (Louw & Hadley , 1985) . Different water problems exist, 
however, for herbivores and predators respectively. Herbivores ' food sources often 
contain high levels of potassium, resulting in alterations of osmotic relations within 
the ;milieu interieur' of the herbivore . Predators frequently consume prey with 
greater electrolyte concentrations than the predator's O\Vn body fluids, resulting in a 
water deficit in terms of the ultimate ability of the animal to excrete these ions 
(Bradsha\v, 1997 ). These osmotic consequences of consumption must also be dealt 
with rapidly for most organisms to survive. 

Two methods exist for desert organisms to counter the effects of water loss . 
Either they reduce the water loss or they develop a tolerance to the osmotic stresses 
that develop as waste accumulates and water is lost. 

Acquiring Fr.ee vVater 

Fog is a predictable source of water near the N amib coast (Pietruzska & Seely, 
1985 ). Iviany anin1als have evolved novel mechanisms for accessing this water( Lou\v , 
1972; Seely, 1979 ; Seely & Griffin, 1986). For example, the enden1ic tenebrionids, 
Onv1na.cris unguicula ris and 0 bicolor, fog-bask on dune slopes, allowing fog to 
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condense on their bodies and trickle down .to\vards their n1ouths (Han1ilton & Seely, 
1976; Seely & Griffin , 1986) (Fig . 3 ). Similarly , the sidewinder adder , Bitis peringueyi l 
drinks fog v..'ater that condenses on its cold body (Lou\v , 1972; Robinson & Hughes, 
1978 l . The tenebrionid Lepidochora discoidalis constructs a trench in sand that 
enhances condensation of fog Vv' ater , enabling the beetle to drink it from the sand 
surface (Seely & Hamilton , 1976). The scorpion Parabuthus uillosus imbibes fog water 
that has condensed on grass stems ( Polis & Seely. 1990). as do several tenebrionids . 
Spiders drink \Vater from fog-drenched trap-doors (Henschel , 1997). Fog v:vater that 
condenses on soil is above field capacity, which facilitates drinking (Lou\v , 1993; 
Seely, 1979 ). One drink by fog imbibers is equivalent to 12-14Ci( (maximum 42Cft ) of 
their original body \Veight tSeely, 1979 ). Acquisition of \Vater from fog plays an 
in1portant role for the N amib food vveb (Fig. 4 l . 

Figure 3. OnymacrZ:s bZ:color bee tl es fog-basking on a dun e cresit. Photo M .R .?eely. 
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white lady spider ----wasp 

FOG 
j 

IJrv ae golden mole __ __.,.owls 

/ FOG FOG 

I 
small insects ___ _____.. dune lizards sidewinder 

gemsbok dune larks 

Figure 4 . The role of fog 3S W3ter source in the );J.n1ib dune food-web (J.do.pted fro1n Seely. 
198/1. 

Soil capillary \Vater is a source of water for N amib termites . such as 
Psanunotern1es allocerus. The:y use their hypopharyngeal pseudergates to drink 
( Grube & Rudolph. 1995 ). Free water is not available t o many micro arthropods 
because of problen1s of scale arid \Vater tension. which can result in drowning . 

The ability to absorb water vapour from unsaturated air has been recorded for 
larvae of N an1ib tenebrionids Onyn1acris spp. l Coutchie & Crowe, 19/9 J and several 
thysanurans (Edney. 19/1: Heeg, b: Noble-Nesbitt, 19/5 ). The thysan,Jran 
Ctenolepisma longicaudata is able to absorb water from air at a relative humidity as 
low as 60 S{. The rnechanism appears to depend on ion pumps that create an osmotic 
gradient sufficient to draw water vapour from unsaturated air (Noble-Nesbitt , 1975; 
:VIachin. O'Donnell & Coutchie, 1982; Ivlachin. 1983 ). Sorne tenebrionid such 
as Onymacris plana, have a very low threshold for \Vater vapour absorption that 
might dep-end on KCl supersaturation ( rviachin & O'DonnelL 1991 ). Tenebrionid 
larvae use a specialised structure, the cryptonephridial complex, in the recta] cavity 
to absorb water vapour & O'Donnell. 1991 l. In Thysanura , the structures 
involved are also located in the rectal cavity. 

Reduction of T.l{ater Loss 

Anirnals lose water by the excretion of nitrogenous waste and by evaporative 
losses from respiration or cutaneous/integumentary losses . Water reducti on by these 
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routes involves dealing \\·ith basic processes leading to these water losses, namely, 
reducing excretion and tolerating · osmoregulatory consequences of waste 
accumulation , and reducing respiratory and integumentary evaporation. 

Tenebrionicls are capable of surviving extensive dehydration, as studies on larvae 
( Coutchie & Crowe, 1979: l\1achin , 1981) and adults (Cooper, 1982; Naidu & Hattingh, 
1986, 19.88; Nicolson, 1980. 1990) have sho\\'n. Dehydrated tenebrionids use 
haemolyn1ph as a reser,·oir for regulating tissue water levels. The mechanisn1 
involves reversible sequestration of ions in the fat body (Nicolson, 1980). On;nnacris 
n2arginipennis is a good example . Its haemolyn1ph volun1e can decline by 60o/r, yet 
tissue \Vater volun1e ren1ains constant and its osmolality rises by only 147/· (Nicolson , 
1980l. use of a diuretic hormone by the Na1nib tenebrionid On ..... ,,nacris plana appears 
to be puzzling, but it appears to facilitate haemolymph regulation, by facilitating the 
excretion of n1etabolic \vastes from the haemolymph . Water used in this process is 
recovered fron1 fluid secreted by the l\1alpighian tubules, before \vaste is expelled 
fron1 the body (Nicolson & Hanrahan, 1985 ; Nicolson , 1991, 1992) . 

Hadley ( 1994 ) has pointed out that for arthropods v.·ith tracheal systems. 
functioning of the n1etabolising cells is 1naintained for as long as possible if 
haen1olyn1ph is use ·1 : s a water reservoir. This is especially adYantageous for desert 
fauna \vith access to available water. By contrast , those arthropods that use 
their haen1olyn1ph respirator)' purposes are at a disadvantage because they have a 
reduced ability to use f1eir haen1olyn1ph as a reservoir to maintain tissue \Vater. 

:rvr(Jst scorpions have regulation of their hae1noly1nph, but tolerate resulting 
osn1otic stresses. An exception L\ .. this general rule is provided by the N an1ib thick-
tailed scorpion Parabuthus 1..'7)/osus. \vhich has a good capacity to regulate its 
haen1olyn1ph (Robertson , Nicolsot1 & L'JUW , 1982). 

Reptiles norn1ally need to regulate their body fluids to ensure physiological 
functioning . However. desert reptiles seem to tolerate hypernatraemia , i.e. excessive 
levels of sodiun1 in their blood . When the osmotically active potassium ion is 
considered, the situation is different. increases cell excitability and 
in1pedes its proper functioning (Rankin & L'avenport, 1981 ). This problem is solved by 
extra-renal excretion via powerful salt glands, which preferentially excrete potassiun1 
ions . These glands are particularly efficient in desert species, such as the N an1ib 
chan1eleon Cha1noeleo namaqucnsis (Louw, 1993). Reptiles and birds can also stop 
\\:ater being lost through \Vater absorption by the cloacal-colonic complex (Bradshavv. 
1997). 

lvfetoboLic water 

Nicolson ( 1990) pointed out unusual aspects of the physiology of Nan1ib 
tenebrionids con1pared to 1nost arthropods. They generally have lower water content 
possibly due to a heavier integun1ent and , somehn1es, extensive fat reserves . 
I'v1etabolic wr1ter can n1ake a substantial contribution to their water econon1y 
tNicolson , 1990), e.g., replacing approximately 1/ 3 to 1/ 2 of the water lost to 
in the extren1ely fast-running tenebrionid Onyn1a.cris plana (up to 4.12 n1g.g- 1.hc1 ). 

This is less in the slower-moving O .unguicularis 0.35 n1g.g·1.h·1 (Cooper, 1982), \vhilsL 
in a resting 0. unguicularis, 1netabolic water contributed only D. 02n1g.g-1.h ·l 
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tBartholomevv et aL, ·1985; Lou\v et al., 1986) . This range in vvater production shovvs 
the substantial advantages of intense locomotory activity in situations vvhere vvater 
loss, gain and thermoregulation are at a premium 1991 ). 

Son1e N an1ib rodents produce n1etabolic water frOin dry seeds (\Nithers et al .. 
1980) . This remarkable ability enables them to survive in environn1ents such as 
deserts where there 1nay be severe lin1itations on available vvater. In the N ami b. 
advective fog is an in1portant source of moisture for 1nany animals. Coupled with 
their ability to produce highly concentrated urine through highly n1odified kidney 
structures (Dovvns & 1991), these adaptations allow rodents to survive in arid 
environments . The ability to survive on dry food is not , hovvever, exclusive to sn1all 
n1a1nmals , amongst endotherms: the grey-backed finch-lark and Stark's lark can also 
survive exclusively on dry food (\Nilloughby, 1967). The abilities of all these anin1als 
relate to restricting \Vater loss to the absolute minimum phys iologically possible . 

Vapour Pressure Relations 

Burrows and psa1nmophily provide microclin1atic retreats for n1any anin1als 
during the day when surface ten1perature is high and humidity low ! Seely & l'viitchelL 
1987) . This 1nay contribute to reducing water loss. Edney ( 1971. 191-L 1977 ) pointed 
out the considerable advantages of using vapour pressure rather th<ln relative 
hun1idity in order to understand \Vater vapour flow . During the day . water vapour 
fl ows into the retreat : even if the retreat has a higher relative htunidity than the 
outside environn1ent . Vapour pressure differences , created by ten1perature 

LO\V vapour 
pressure 

pressure 
N1C1HT 

Vapour n1oven1ent driven by 
differences in atmospheric 

vapour pressures 

High vapour 
pressure 

Lovi vapour 
pressure 

Figure 5. Illustration of how vapour pressure differences are generated between the 
botto1n of a burrow and its entrance due to the te1nperature differences betwee n the 
surface and the ground . The switch in vapour flow is caused by th e diel changes in 
te1nperatures at different levels. 
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differences. drive this \vhere the vapour moves from the higher vapour 
pressure to the lower l Fig. 5 'J. i\nin1als in burro\:vs or v.rithin the near-surface sand 
1a,:.:er are in a non-desiccating environment during the heat of the day. At night \vhen 

ten1peratures drop. the \'apour pressure gradient reverses and \Vater vapour 
the retreat ( Lou\\'. 1993 ) (Fig. :J i. Perhaps this is used by burrov.·ing anin1als as 

a signal to begin activity. 

E uapora.tiue water Loss 

Since the cuticle is the n1ajor route for \Vater loss in arthropods. n1any species 
ha\·e various fon11s of integtu11entary water-proofing (Hadley , 1994). Epicuticular 
" ·axes are the n1ajor protection against desiccation in all insects . Important in hot 
deserts is the occurrence uf a threshold ten1perature. beyond \\'hich pern1eability of 
cuticle drastically increases ( Hadley·. 1994J . This en1phasises the in1portance of 
c'ffective thennoregulation frmn a water conservation perspective . 

I\-1any tenebrionids and several other taxa te.g ., curculionidsJ in the Nan1ib ha\·e . 
n1 orphologically intricate wax bloon1s that are secreted by dermal glands (Hanrahan 
et u! .. 1984: :rvicClain & Gerncke, 1990 J. There is a positive correlation betv.7 een 
incidence of wax bloon1s and aridity (T\1cClain et al .. 1984 , 1985. 1986 ). Furthermore. 
beetles \\'ith blo01ns (e .g .. Zophosis nuziszeclzi J are active on the surface of sand dunes 
for longer periods than those without bloon1s (e .g. , Zoph os is m ora le si) (lVlcClain et ol .. 
1991 J. Bloon1s reflect a large proportion of the visible light spectrum. Tvvo hypotheses 
on the function of the bloo1ns concern their role for thern1oregulation (e .g .. light 
reflectance l and for in1proved ·water-proofing. The thern1oregulatory vie\vpoint led to 
the 1naxithern1y hypothesis of Hamilton ( 1973 .l. An alternative hy-pothesis, na.ruely. 
conservation of n1oisture by resisting water vapour diffusion. has. however. ga1ned 
better support ( Haclley & Louw : 1980; Nicolson, 1990 ). For example, cuticular water 
!Clss through elytra for the ?'\an1ib tenebrionid On_I'Jnacris plana v;as found to be 0.7:) 
_ug·.cn1·1.h·1.n1n1·1 Hg. I\icolson et al . \1984) noted that this is the lowest cuticular 
pt:·rn1eability reported for an insect and i::; con1parablc to that of de::;ert scorpions. 
Blocnns develop at lo\\. hun1idity dVIcClain et al . , 1984 ) and restrict lus:) uf 
\Y at er \'cipour. functioning as passive diffusion barriers . This is analogons to intricate 
structures covering th e spiracles of the tick h . .-odcs ricinus that act as barriers t o 
passi\·e diffusion nf\vater vapour (Pugh et al ., 1988 l. 

The next n1ost crucial route for loss of \Vater for arthropods, is the respiratory 
route . Spiracular control is a widespread n1ethod of saving water by arthropods \\'ith 
trachea . This can be enhanced with structural n1odifications . Insects, 
tenebrionids, 1nay also conserve \Vater by using the discontinuous ventilation cycle 
(DVC l (Bartholomew et al .. 1985 : Lighton , 1993 ; Louw et al ., 1986). Tenebnonids have 
et sub-elytral cavity into \Vhich the spiracles open. Various functions have be.en 
suggested for th is space: tl1ern1al buffering, space for water storage and reduction of 
watC?r loss (A.he 8.rn. 1970: Cloudsley-Thon1pson. 1975: Slobodchikoff & \Visen1an, 
l9Sll (fig . GJ. Nicobon ( 1990 ) suggested that the anaton1y in1plies that the n1ain 
function of this is to 1ninin1ise water 10ss. 

For large verteuratcs, cndothcrn1y pose:-) problen1s in relation to evaporati ve 
water loss. Respiration in vo lves exchange of gases over a rvery large area of 
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Figure 6. Factors that affect water gain and loss of a tenebrionid beetle (redrawn after 
A.hearn. 1970 J. 

the lungs. This can result in considerable water loss as \Vater-saturated air is 
exchanged. Sorr1e vertebrates such as the ostrich have , solved this problen1 
and exhale air that is only 70S'r saturated ( \Vithers et al . , 1981 ). 

Finally, when food is n1etabolised and the internal n1ilieu perturbed enough to 
cause osmotic stress coupled with forn1ation of toxic co1npounds. then resultant waste 
products of catabolism must be eliminated . The mechanism by which waste is 
elin1inatecl is crucial in a water-lin1ited environment such as a desert. 

Excretory sy stems and products 

Evolution has provided organisms with a plethora of physiological and anatomical 
mechanisms for_ disposing of nitrogenous wastes ( Schmidt-Nielsen, 1988!. Excretory 
systems have been modified in many ways depending on the environments in which . 
organisms exist. Aquatic organisms use highly soluble toxic ammonia for N waste 
disposal. lYiany terrestrial organisms use non-toxic urea, which requires water to be 
expelled. In desert organisms there is a premium on reducing vvater loss while at the 
same ti1ne maintaining solute balance. In terrestrial environments, the excretion of 
toxic soluble ammonia is not an option: while use of urea is too wasteful. Waste must 
be converted into a non-toxic form that should not be osmotically disruptive: 
preferably non-soluble ; before being eliminated: there are many ways to achieve this 
(Table 3 ). 
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animal 
<tmphibians 
reptiles 
cricetid rodents 

bird::; 
tenel-nionicls 

Henschel, Robertson & Seel_v 

Table 3. Excretory syste1ns a.nd products 

cor1cer1truting 
bladder urea 
salt gbnds 
kidney 
kicl nev 
intestine 
rectal comple:-;: 
l\L..1lpighian tubule_? 

urate salts 
albntoin 
unne 
urate 
urate 
gu<.lnine. xanthine 

·---- - ·---· 

Son1e desert a1nphibians have n1odified the basic physiological n1echanisn1s of 
their order. vVatc:r conservation n1easures, however, tend not to depend on modified 
excretory bioche1nistry except for urea forn1ation, and storage and absurption of water 
frnn1 the bladder l Shoen1aker. 1988 l. vVithout Loops of Henle, frogs cannot produce 
urine that is at t1 higher concentration than plasn1a . Certain frogs, like ClzironLanti::; 
xcran1pe!ina, ha\'C becmne uric otelic (Louw, 199:3), and can accun1ulate urea in their 

The physiology of th e N an1ib a1nphibians is. however. unknown . Their 
appears to pri1narily relate to burrowing, the <lbility to ren1ain quiescent for 

long periods ( Channing, 1976 ), and ceasing to produce unn e when water-restricted 
l D<lvvson et al., 1989 l. 

Physiologic:::tl n1echanisms used by desert reptiles appear to be con1n1on to all 
reptiles , i .e. they are pre-adc1ptations or exaptations, rather than adaptations 
(Brads haw. 1988 l. Niodifications of the excretory systen1 seen1 to depend on· the 
degree of aridity . In xeric habitats, reptiles produce urate salts that bypass the 
bladder ( Schmidt-Nielsen: 1988 l . Dry pellets are excreted after water and salt h<lve 
been re-absorbed (Bradshaw, 1986, Schmidt-Nielsen, 1988: Lou\v, 1993 l; excess 
potassiun1 is excreted via salt glands (see above) (Rankin & Davenport, 1981 ). Thus. 
n1ini1nal \Vater is lost during excretion . vVl1en water is abundant. however , desert 
reptiles can produce urea and avoid the n1etabolic cost of uric acid synthesis 
lSchinidt-Nielsen. 1988 l . 

The Loops of Henle allow n1an1n1alian and avian kidneys to produce hyperosn1otic 
concentrated urine ( Louw et at .. 1972; Downs & Perrin, 1991 J. Cricetid rodents, which 
are prin1arily ureotelic , produce the insoluble protein, allantoin. within their urine, 
thereby 1narkedly reducing the zunount of water required for excretion ( Butfenstein et 
al ., 1985; Downs & Perrin , 1991 J. Large man1mals have a sirnilar capacity to produce 
concentrated urine, although not quite to the same degree as desert rodents (Hofn1eyr 
& Louw. 1987; Louw, 1993 ). Birds are less capable of concentrating their excreta, but 
they can resorb water from various parts of their lovver intestine before they excrete 
highly concentrated urate salts ( Lou w , 1993 ). 

iYiorphological structures and physiological of desert invertebrates 
c3n effectively produce concentr3ted waste products and can recover large proportions 
of water frmn waste before it is voided (Ahearn & Hadley , 1976; Nicolson, 1991 J. 
Insects have rectal pads that are involved in absorption of water , before excreting 
urate salts . In beetles , the rectal pads form a cryptonephridial cmnplex . vVork done on 
N amib tenebrionid larvae, Onyntacris plana and 0 . 1narguupenn.ls, has sh,own that 
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this structure can be extre1nely efficient for \Vater recovery. This is a function of the 
considerably larger area of the rectal c01nplex in Onynracris spp. as compared to the 
non-desert species Tcnebrio 1nolitor (lYlachin & O'Donnell, 1991) . Desert arachnids do 
not appear to have special excretory n1echanisn1s con1pared to their n1esic 
counterparts, but they do extract n1ore water before voiding waste products, mainly 
insoluble guanine , xanthine and uric acid. l\'Ialpighian tubules are largely responsible 
for concentrating the wastes, and in scorpions , the enlarged ileun1 of the gut greatly 
enhances this function (Foelix, 1982; Hadley, 1990 , 1994). 

Food 

Bi01nass production in the N amib is the lowest reported for any terrestrial 
ecosystcn1 (Seely & 1980 ). Low n1etabolic rate co1npensates for the erratic and 
unpredictable nature of available food resources , a feature that is com1non to other 
deserts . Reduced 1netabolic activity si1nultaneously solves In any problems besides 
requiring less food, such as reducing the an1ount of water needed to eliminate 
nitrogenous end-products of metabolic processes (Fielden et al ., 1990 ), and reducing 
oxygen consun1ption so that a psarnn1ophilous exis tence is pennitted , even by 
n1a1nn1als. 

The Na1nib Golden Iviole Ercmita Lpa granti na1niben sis has a 1nuch lower 
n1etabolic rate than is expected for ( Fielden et 1990; Seymour & 
Seely, 1996 ). This is. however , not unique, as the Naked 1viole Rat can be regarded as 
a poikilotherm (Buffenstein & '':{ahav, 1991. in Louvv, 1993 ). These are probably 
adaptations to the unpredictably fluctuating levels of food , coupled with the energetic 
cost of foraging and any advantages relating to water conservation accruing from the 
lo\v 1netabolic rate are merely fortuitous by-products. 

So1ne diurnal poikilotherms have even lower 1netabolic rates than would be 
expected in a hot environ1nent . such as the Nan1ib . The Namib Day Gecko Rhoptropus 
ofer has a very lovv standard n1etabolic rate , simil ar to the nocturnal xantusiid lizards 
(Peterson. 1990 ), a condition that was confirn1ed for the field n1etabolic rate (Nagy et 
al . , 1993). Food shortage was given as the likely reason for these low n1etabolic rates . 
Water conservation could also be in1portant. Lizards with low metabolic rates n1ay 
obtain all of their water from their prey without needing to drink free water (N agy & 
Peterson, 1987 ). 

The advantages of low n1etabolic rates have been exploited to the full by 
arachnids . These animals , especially scorpions , have very low metabolic rates 
con1pared to most other arthropods . Calculations of the metabolic rates of sparassid, 
eresid and zodariid spiders in the N an1ib (Henschel , 1994; Lubin & Henschel, 1996; 
Rossl & Henschel , 1999 ) show that they are considerably lower than those of spiders 
else\vhere: including those fron1 other desert areas, nearly a magnitude less than for 
lycos icl spiders fr01n Europe . Lubin & Henschel ( 1996 ) concluded that most 
individuals in a population of S eothy ra henschcli (Eresidae ) die of starvation; 
ironically, these spiders increase their foraging effort with increasing state of hunger 
in order to rnaximise their chances of capturing the scarce prey . 

Sand assists son1e animals in relation to food . Some desert anin1als have the 
ability to sense acoustic vibrati ons that are transn1itted by sand , such as Rp.yleigh 
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\\'aves. to detect prey or the availability of detritus . This is seen in spiders (Henschel, 
1990, 1997 ), scorpions (Brown ell. 1977 , 1984; Bro\vnell & Farley. 1979l, tenebrionids 
lHanrahan & Kirchner , 1994 l. and vertebrates (Narins et al .. 1997 l. 

Scorpions are supren1e in the \vorld of low n1etabolic rates ( Polis, 1990 ), which 
n1akes then1 very well-adapted to cope \\'ith food and water shortages . The N an1ib 
scorpion Parabuthus L'illosus has incredibly low oxygen consun1ption and a heart-beat 
rate of only 4-5 beats.1nin- 1 when resting, increasing up to 178 beats.min- 1 at rare 
ti1nes ofhigh activity (Bridges et al ., 1997; Robertson et al ., 1982). 

Heat 

The thermal rejiLge 

. A . .nin1als use the different 1nicrocli1nates that exist within desert environments to 
their advantage to ensure that their thern1al tolerances are not exceeded. Size plays 
an irnportant role . Sn1all ani1nals, with high surface-area-to-volume ratios, can 
benefit thermally by using the thern1al n1osaic to gain, lose or avoid heat. Diurnal 
arthropods tend to use behavioural mechanisms to cool (Robertson et al., 1982), with 
less need for water-costly e\·aporative cooling. 

Different affect larger \·ertebrates \\'ith their higher thern1al inertia. 
Because of their lo\ver surface-area-to-volun1e ratio they cannot gain heat as quickly 
but they also do not lose it as quickly. They often depend on evaporative cooling, 
coupled to \Vater recycling 1nechanis.n1s that can be quite efficient (e .g., ostrich; Louw 
et ul.: 1969; \Vithers et ol. , 1981 ). Vertebrates, small and large, often seek or create 
suitable Son1e exan1ples of the former from theN amib are sand-diving 
by the ultrapsan1mophilous lizard J'vferoles anchietac (Louvv & Holn1, 1972), and 
inactivity· under shady trees by baboons of the Kuiseb canyon during tin1es of heat 
and \\'at er stress (Brain. 1990a, b l. An exan1ple of a vertebrate changing its 
1nicrocli1nate is the Sociable \Veaver. Philctarius socius , whose large communal nests 
re1nain cool f\\-illinn1s & du Plessis , 1996 ). 

Heat cannot always be avoided , e.g. , when escaping fron1 predators , or pursuing 
prey. Physiological n1echanisn1s arc:; then essential for losing this heat efficiently: 
while 1ninin1ising water loss . This is especially i1nportant for hon1eothern1ic 
endothenns, such as birds and Inam1nals, that use various n1echanisn1s (Table 4). 

Con1pared to the large vertebrates, it is relatively easy for small vertebrates <l 

arthrdpods to avoid excessive heat. They can find thern1al respite in sand (Seely. 
1983 ; Seely & IviitchelL 198/ l, uncle' rocks (Lamoral, 1979: Huey et al., 1989), under 
plants (iviarsh: 1990l or in plant canopies (\Vard & Seely, 199Gb! . Edney 1974, 
1977 l pointed out the ad\·antages of burrows and psan1n1ophily \vhen daily 
ten1perature ranges are large at the surface . During the hot hours , there is a steep 
thern1al gradient in the upper layers of the substratun1, so that at 12 cn1 depth the 
te1npera tu re is approxin1a tely 3f)°C con1 pared to 7 0°C at the surface ( Seely & IVIitchell, 
1987; Lubin & Henschel, 1990 ). At a depth of 20 cn1 and beyond, the ten1perature only 
changes on a seasonal basis with little daily variation, vvhereas the daily variation at 
the surface can be over 60°C ( Robinson & Seely, 1980; Seely & J\.1itchell, 1987; Seely et 

. al., 1988; Seely, 1989) (Fig. 2J. Anin1als that penetrate tlrle substratu:r;:n can choose 
fron1 its range often1peratures . 
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Table 4. l\lfechanisnrs of' heat regulation in Nan2ib n1anvna.ls and birds 

l\fechnnism from Namib Source ---- --------------------
c1daptive h)'perthernli'-1 
orientation 

thin pebge to e:1Ssist cooling 

heat reflectance 
thermal shield 
counter-cmTent systems 
carotid rete (Rete mirabilis l 
ophthalmic rete 

gular fluttering 
panting & sweating 
cranial radiators 

Ol')'X 

oryx 

springbok 
springbok 
ostrich 
ostrich 
ostrich 
springbok 
ravens 
ravens 
ungubtes 
helmeted guinea fowl 
ostrich 
double-banded sandgrouse 
humans 
humans 
h LllllLlllS 

Taylor. 1969 
T;.1y·lor, 1969 
Hofmeyr & Louw. 1987 
Huf'meyr & Louw. 1981 
Louw et al .. 1969 
Louw. 1981 
\Vithers. 1983 
Hofmeyr & Louw. 1987 
Luuw. 1993 
J\litchell et al.. 1981 
Louw. 199:3 
CrO\ve & \Vithers. 1919 
\Vithers et aL.. 1981 
Hinsley, 
Louw. 1993 

199:3 
Baker. 199:3 

Likew·ise. the l:1yer of air above the substratum offers a thern1al gradient. On a 
hot day, the air ten1perature declines by 9-10 oc in the first cn1 above the surface 
(Nicobon et 198<-1: Seely, 1989: 1991) (fig. 2l. Stilting or climbing onto 
projections offers an obvious thenn:1l advantage in tern1s of convection for arthropods 
that lift then1selves off the hot surf<.1ce r Han1ilton , 1973: Henv;ood, 1975a, b: lVIcClain 
et al . , 1984: 1985a: }I<.1rsh. 1985: \Vard & Seely, 1996a. bl (fig. 7) . 

Figure 7. Ocyrn_vnnex ant respiting on top of a stone where the air is cooler than on the 
surrounding ground. Drawn from a photograph by Tviarsh in Louw ( 1993 l . 
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Thcnnuphil.1' 

The ability of reptiles (Bradshaw, 1988J and insects (Curtis & Seely, 
1987: Seely et ol., 1988 J t o \\·ithstand elevated body ten1peratures, heat t olerance and 
thern1ophily. can be regarded as pre-adaptations or exaptations ( Gould & \ 1rba , 1982; 
BrndshavY, 1988 J to desert habitats 1989 ). A diverse range of desert species 

thern1ophiles , functioning at n ear-lethal ten1peratures. and exploiting niches not 
a\·ai]able to the less heat-tolerant species (Hamilton, 1973 ; Henwoocl , 1975a, b; 
T\larsh , 1985. 1987 ; Lubin & Henschel , 1990 ; Cerda et a.l ., 1997 ). Thern1ophiles are 
inclined to be very skilled users of the thermal n1osaic. They often feed upon other 
a ni1nal s that succu1nb t o the heat . Thern1 ophily allows populations of sub-dmninant 
species t o into thern1al niches that the don1inant species cannot tolerate 
( Ce:>rda et al .. 1997 l . 
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Tror.h )'I'm \Tmex s. neomc:riccLnu s 

1\ !on omnrium alnmnnun 
A! on am ori u m uatra n um 
Onvmacris rugatipen 11 is 
Pogon omy nnc.Y riese rton un 

Formica peripilosn 

Pogonomyrrnex rugosus 

Seothyrn h.cnsch.eli 
Cat ag!yp his cursor 
Physodcsm ia globo .sa 
0 ny m acris plana 
Jfvrmecocvstus rumainc:i 
Ocytn_\'rmc.-r bnrbiger 
Ocym.vnnex robustior 
_\.]yrmecocystus depili s 
1HvrmP.cocystus mimicus 
Cucta triL'irgata 
Campon otu.s dctrit us 
Pogon om_l' nne_y californicus 
Cataglvphis bom6·vcin a 

49 .0 
49 .0 
49 .0 

49.0 

49.0 

49 .0 
49 .0 
50.0 
50.0 
;) 1.5 
:s 1.4 
51.5 
52 .9 
::5.3.:3 
5.3.-± 
5:3 .8 
5.'3 .8 
:).=). 0 

Schum<:1clwr & 
\Vhitforcl, 
l\Iarsh. 1987 
l'viarsh. 1987 

Namib Roberts et n! .. 1991 
u<.l \V hi tford & Ettcrshan k. 

197G 
Chilnwlnw Schumacher & 

\Vhi tford. 19/ 
Chihuahua vVhitford & 

19/5 
N e1n1ib 
Spain 
N<.Hnib 
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.-\nt 
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Certain pre-requisites are. necessary for a thern1ophilous existence . The 
animal needs extremely accurate thermal sensory information due to the lethal 
consequences of exceeding the critical thermal n1axi1num ( CTTvn, \vhich is the 
threshold temperature at which they begin to show thermal stress. In some 
thermophiles, CTIVI is very close to the lethal temperature . CTiVI's of N an1ib 
arthropods are compared with those of other deserts in Table 5 . Thermophiles n1ust 
have iso-enzymes that function optimally at temperatures far beyond the optimurn 
temperature at which most organisms' enzymes function effectively. If proteins are 
dan1aged, then the cells need to repair them to restore cellular function. This often 
involves the use of heat-shock proteins (Polla et al., 1998 I . 

ivlany animals in the N amib , cursorial and sedentary, have adopted a 
thennophilotlS existence, indicating its advantages . A few exan1ples are given. 

Ants - Oc_yrnynnex borbiger usually forages at the hottest ti1ne of \vhen 
surface sand temperatures are up to 70°C. These temperatures are well above the 
temperatures at which metabolic proteins are denatured. l\llarsh ( 1985) showed that 
the rate of temperature exchange of Ocy1nynnex barbiger vvith its surroundings was 
such that by the use of thermal refuges (Fig. 7 ), it could easily cope with extreme 
heat. Seldom did the body temperature of Ocy1nyrnlex get anynvvhere near its CT::VI of 
51.5°C, allowing it to be active during the heat of the day. This enabled Ocyrn_vnnex to 
feed on arthropods that succurnbed to the heat Eight other N amib ants had similarly 
high CTlYI's irrespective of their activity periods (l"/Iarsh : 1988 ; Tt.-il'Dle 5J. The c!·qne ant 
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Canzpon.otus detritus ! Curtis, 1985a, 1990; Curbs & Seely, 1987) has an extren1elv 
high that increases frmn 52.8 to 53 .8°C as the relative hun1idity decreases fron1 
lOO to 55r1r . There \vas no difference between different caste me1nbers ( Curtis, l985a i. 

Spiders - The spoor spider Seoth_)'ra henscheli of the N an1ib , has the highest 
CTM yet recorded for a· spider. 49°C ( Lubin & Henschel, 1990). This spider builds its 
web in sand, constructing a 15-20 cn1 deep burrow belovv a horizontal capture web on 
the surface (fig. 8: Lubin & Henschel, 1990). The \.veb has lobes , which are edged ·with 
structurally sticky cri bell ate silk ( Opell, 1993) \Vith which thermophilic ants are 
captured. Seothyra continues to capture prey even \Vhen the web reaches 70°C, far 
beyond its CTl\1. The spider accomplishes this by shuttling between the hot surface 
\veb and the cooler depths of its burrow (Turner et al. : 1993). In the shortest burrO\\. of 
5.7 cm. the temperature can reach 45 .1 ± 2.4°C, but n1ost burrows are deeper than 12 
cn1, v.'here the temperature does not exceed so that the spider can choose fron1 a 
l5-35°C range of ten1peratures ( Lubin & HenscheL 1990 J. The precise shuttling 
pattern of the spider keeps it just belovv CTJ\1, i1nplying accurate sensory inforn1ation. 
probably originating fron1 the tarsal organ (An ton & Tichy. 1994: Ehn & Tichy. 1994 J. 

Spider 
capturing 
prey 

Web 
0 Noon C 

Capture threads 
Temperalure !>and suriace 
= 55°C- 75°C 

Collar door 

Burrow 
_ __.- Temperature-----

------- = < 49.0° c 
Cool 

Figure 8. Capture web and burrow ul' the eresid spider Seoth_vra on a Narnib dune. The 
spider ren1ains below its lethal temper8 tu re by retreating to the bottmn of the burrow 
(rightJ, and n1aking rapid forays when prey is trapped in the web on the sand surface 
I left). Adapted fron1 Lubin & Henschel ( 1990) and Henschel & iLubin ( 1992).' · 
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Ant-lions - The neuropteran predatoc Cueta triuirgato., has an extren1ely high 
CTTvi of 53 .4°C . It constructs a shallow pit in sand, and uses this to capture 
thern1ophilous ants such as Ocyn1_v rnzex barbiger. In the heat of the day. one side of 
the pit is son1e 10°C cooler than the other, and the ant-lion orientates itself \vi thin the 
pit according to the shade. allowing it to forage whenever its prey is active tTviarsh, 
1987) . 

Tenebrionid beetles- Despite n1echanisn1s to cool down (\Vard & Seely. 1996a. 
b), the diverse range of apterous tenebrionicl beetl es enden1ic to the N a1nib are highly 
heat-tolerant vvith unusually high body ten1peratures (Nicolson et al., 1984: Seely et 
al ., 1988; Roberts et ol .. 1991) , higher in the Nan1ib than in other deserts . Their 

range fron1 47 fo 52°C (Han1ilton, 197:3 , 1975 ; Roberts et aL ., 1991) lTable 5l. 
The specific physiological and cellular n1echanisms beg study. 

The thern1oregulatory techniques i11clude son1e novel ways of using convection to 
lose heat. such as running to cool down by Ony1nacris planet (Roberts. 1991 .l. :-vlale 
O.plana. that spend longer periods on the hot surface than the fen1ales \Enders et al.. 
1998: Polis et al .. 1998 ), are n1ore thermally labile , heating up and cooling down at 
6°C. rnin- 1 as con1pared to fen1ales at 4°C .n1in-1 (Roberts. 1991 l. Perhaps the 
extraordinary wide elytra of the males increase their surface are::t to dissipate heat 
\vhen they increase wind convection by sprinting at the fastest speeds known for 
insects , 90 cn1 .s- 1, smne even achieving 115 cn1 .s- 1 (Nicolson et al .. 198-± l. Furthern1ore. 
running generates metabolic water (Nicolson , 1990 ). 

Various hypotheses have been proposed to explain the high ten1peratures of 
Na1nib tenebrionids (e.g ., 1naxithern1y: Han1ilton, 197:3 : po.ssive tolerance of diurnal 
conditions : Seely Pt al. , 1988 ). l\Iany of the predictions were. ho\\·eve r. not confirmed 
by further investigations (Pietruzska, 1988: \Varcl , 1991 l. 

Conclusion 

Deserts are important environments to study so as to understand the effect of 
highly variable and often harsh conditions on biotic systems. This understanding is 
becoming increasingly important in vievl of possible large-sc::1le environmental 
changes. The N amib is a show-case for the characteristics that animals need to exist 
in conditions of water- and food-shortages , coupled with high ten1peratures. This 
desert provides an ideal laboratory for the study of biological interactions and abiotic 
factors , especially in the dunes . A large proportion of the is located in 
protected parks and it can be used to illustro.te how an ecosystem responds to abiotic 
factors in . the near-absence of anthropogenic factor:::. compared to other similar 
ecosyste1ns vvhere anthropogenic influences prevail (Seely et al . 2000 l. This n1ay 
enable one to recognise \vhich ecosystem characteristics are affected by climatic 
changes and which by management factors, ultimately allowing one to identify those 
managen1ent factors that are contributing to desertification ( Zeidler , 1999 l. 

rviany of the characteristics that facilitate an organisms' existence in deserts are 
multi-functional and inter-linked (Safriel et al., 1989 ). For example, in tenebrionids , 
adaptations to cope with food limitations and heat are focused around primary 
considerations of water-balance (See ly, 1983 ). Inter-linked factors of physiology, 
morphology and behaviour allow desert organisms to cope successfully with an 
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environn1ent characterised by high variability of many paran1eters. This variability is 
cmnposed of spatial and te1nporal heterogeneity; often extren1e unpredictability 
(occurrence and magnitude ) of food (plant production). water, predators, con1petitors 
and n1ates. Organisms have evolved in these environn1ents to use the predictable 
features (detritus, fog, thennal refugia ) in order to deal \vith the extren1e and 
unpredictable features of this desert . N an1ib tenebrionids serve as good exan1ples of 
specialisation for existence in these particular desert conditions. 

Key features include 

physiological capability to tolerate desiccation (e.g .. using the haemolyrnph as 
an osn1otic buffer , tolerating osmotic stress and waste accumulation); 

ability to acquire free water from fog , hun1id air and soil capillary \Vater and 
production of metabolic water; 

reducing \Vater losses by modifying cuticular, respiratory and excretory 
processes (e .g., respectively : vvaxy blooms, controlled exhalation , \Vater 
recovery before producing insoluble , dry or highly concentrated excreta); 

occupation of optimal or tolerable n1icroclimatic conditions in a seen1ingly 
harsh environment , including efficient ase of gradients in vapour pressure and 
ten1perature above and below the ground surface; 

lowering of 1netabolic rate so as to reduce the food and \Vater requiren1ents as 
\vell as the \Vater losses (via r espiration . cutaneous/integumentary and 
excretory routes ); 

nun1erous mechanisn1s increasing the rate of heat exchange or avoiding heat 
ga1n; 

physiological and n1orphological n1echanisms that increase heat tolerance and 
thern1ophily, the latter n1aking the best use of the heat to gain resources. or to 
reduce predation and cmnpetition. 

The physiological and ecophysiological conditions and mechanisn1s of N an1ib 
anin1als have far-reaching consequences to their ecology, such as habitat selection, 
relationship to resources, reproduction , population dynamics , and community ecology 
(Seely , 1991 ). For instance , endurance of the desert's resource shortages, underlies 
the tendency for many desert anin1als towards K-selected life history strategies 
(tenebrionids, Seely, 1982; sparassicl spiders, Henschel, 1990), the absence of a proper 
off-seaspn (Curtis, 1985b ), aseasonal and iteroparous reproduction (Seely, 1983 ; 
Robinson, 1990 ), and bet-hedging (Seely, 1983 ). On the other hand, different features 
allow ani1nals to exploit the unpredictable , short periods of plenty. For instance, son1e 
species (these tend to be r-selected ) shov.: a 1nassive response towards rain, if it 
occurs, increasing their populations dramatically ( Seely & Louw, 1980l. 

Recent advances in ecology have exposed a nun1ber of areas where n1ore 
knowledge of the physiology of desert animals is required . These include the 
extraordinarily rapid responses of popula tions, and associated physiological 
n1echanis1ns, to the rapid increase in resources presented by pulsed productivity 
caused by episodic rainfalls . Furthermore, for several features descDibed in this 
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paper. it \:_VOuld be irnportant for research to progress beyond ecophysiology to the 
physiological and biochen1 ical processes involved. Then11ophily in a desiccating 
environn1ent is an in1portant 

The Na1nib is not hostile to rnuny of its inhabitants. By contrast. some do 
exceedingly well , particularly those whose ecophysiology adapts then1 to desert 
conditions where 'lack of water· and ·extreine heat' are norn1al (Bradsbav . .:, 1988: 
Seely, 1993). Such changes in based on in1proved understanding and 
awareness of the functioning of the desert and its ultin1atc1y facilitate 
the ability of environ1nent:1l n1anagers at all levels to n1anage deserts on a 
sustainable basis ( Secly et u!., 2000b l . 
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