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Plan of the lecture

• What are deserts and how do they form?

• Coping with high temperature

• Coping with low water availability

• Coping with low and unpredictable food 
availability



Where are the tropics?
The area between

the Tropic of Cancer and the Tropic of Capricorn

from the lecture of Professor R. Laskowski



Tropics and types of climate
according to Wladimir Köppen

from the lecture of Professor R. Laskowski



Areas of arid and semi-arid climate:
deserts, semi-deserts, dry grasslands



"Trophic" deserts:
areas of low primary production

dry 
mass 
t/ha

Willmer et al. 2000
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Characteristics of deserts

• Low primary production: low food 
abundance

• Low water availability

• In tropical and subtropical zone: high 
temperature

• High daily amplitude of temperature

• Unpredictability of resource (food and 
water) availability



Main deserts

Willmer et al. 2000



Mechanism of formation
of a tropical-zone desert

Equator

Tropic

Tropic



Main deserts

Willmer et al. 2000



Mechanism of formation of a coastal desert: 
Peruvian, North part of Chilean (Atacama)

ocean

cold stream
"upwelling"

condensation

land:
rapid heating,

coastal deserts

cold above 
mountains

condensation

dry

wet air from Atlantic

wet

tropical rain forest,
wet grasslands



Mechanism of formation of a coastal and 
interior deserts in California and Nevada

ocean

cold stream
"upwelling"

condensation

rapid
heating,

dry coast of 
California

cold above 
Sierra Nevada

mountains

condensation

dry

wet

deserts between 
mountain ranges:

Great Basin, Mojave, 
Death Valley

condensation

very dry

wet

cold above 
Rocky

Mountains



Characteristics of deserts:
challenges

• Low primary production: low food 
abundance

• Low water availability

• In tropical and subtropical zone: high 
temperature

• High daily amplitude of temperature

• Unpredictability of resource (food and 
water) availability



Coping with high temperature



EFECTS of TEMPERATURE

• Effects of body temperature on the rate 
of metabolism

• Thermal balance 

• Effect of ambient temperature on the 
rate of metabolism in homeotherms

• Thermal conditions on deserts



•Arrhenius equation (form 1)

k = kmaxe
(-µµµµ/RT)

kmax - maximum reaction constant
(when each collision of molecules results in a reaction)

µ - energy of activation

e(-µ/RT) - proportion of molecules that have 

energy exceeding µ

Thermodynamics: rate of processes
kinetics of chemical reactions,

effects of temperature



•Arrhenius equation (form 2)

kT1, kT2 - reaction constants at temperatures

T1 and T2

Thermodynamics: rate of processes
kinetics of chemical reactions,

effects of temperature

1212 /)(

1T2T

TTTTR
ekk

−
=

µ



•A simplified relation, the rule of van’t Hoff:

A 10C increase of temperature results in

a 2-4-fold increase of the rate of a process

Q10 = V(t+10) / Vt = (Vt2/Vt1)
10/(t2 - t1)

Vt2 = Vt1Q10
(t2-t1)/10

t, t1, t2 - temperature;

V - rate of a process at temperature t

Q10 - an empirically determined coefficient (NOT a physical constant)

Thermodynamics: rate of processes
kinetics of chemical reactions,

effects of temperature
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Rate of biochemical processes: 
combined effects of temperature
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Rate of biochemical processes: 
combined effects of temperature

The van't Hoff's

"Q10 rule" is applicable
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Rate of biochemical processes: 
combined effects of temperature

rapid usage of 

food and water, 

high rotation of 

proteins

low activity, 

inability of reacting 

to external stimuli
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Rate of biochemical processes: 
combined effects of temperature

rapid usage of 

food and water, 

high rotation of 

proteins

low activity, 

inability of reacting 

to external stimuli

cells damaged 

because of freezing

cells damaged 

because of 

overheating



Components of heat balance

Hcd - conduction

Hcv - convection

Hr - radiation 

He - evaporation 
or condensation

tb

ta

ta

tr

tr

tr

(humidity)



Components of heat balance

Hcd : conduction
Hcv : convection
Hr : radiation
He : evaporation

Ha : accumulation of heat = Δtb ×××× Mb ×××× q
Q : metabolic heat production

Ha = ± Hcd ± Hcv ± Hr ± He + Q

H ≈≈≈≈ c(Tb - Ta)

He ≈≈≈≈ f(Tb, Ta, W%)



Components of heat balance
under a strict homeothermia (Δtb=0)

Hcd : conduction
Hcv : convection
Hr : radiation
He : evaporation

Ha : accumulation of heat = Δtb ×××× Mb ×××× q = 0
Q : metabolic heat production

Q = ± Hcd ± Hcv ± Hr ± He

H ≈≈≈≈ c(Tb - Ta)

He ≈≈≈≈ f(Tb, Ta, W%)



A simplified model of thermoregulation

H = c(Tb - Ta)

T
h
e
 r

a
te

 o
f 
e
n
e
rg

y
 

e
x
p
e
n
d
it
u
re

ambient temperature
body temp.

BMR

B
o
d
y
 

te
m

p
e
ra

tu
re



A simplified model of thermoregulation

H = c(Tb - Ta)
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Thermal conditions on a hot desert
Daily cycle of temperature and humidity

Willmer et al. 2000
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Thermal conditions on a hot desert
Temperature near a clump of a plant

Willmer et al. 2000

Microclimate experienced by small beetles

in, under, and near a desert shrub



Main strategies

• "Endurers" - large body mass,
- thermal inertia;

• "Evaporators" - intermediate mass,
- leave on desert edges,
- daily migrations;

• "Evaders" - small body mass
- escape to suitable

microhabitats



Comparison of distinct strategies

Schmidt-NIelsen, Animal Physiology



The strategy of an "inertial endurer"

Time (within one day)              Time (a few subsequent days)

Changes of body temperature in a dromedary camel
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Willmer et al. 2000

no water with waternight day           night



Selective brain cooling

Schmidt-NIelsen 2008 Animal Physiology

cooled 
arterial

cooled 
venous 
blood

blood

warm 
arterial 
blood

evaporation

Heat 
exchanger in

a rete mirabile



Willmer et al. 2000

Corvus albicollis 

photos: Wikipedia

Gazella thomsoni 

Selective brain cooling



Willmer et al. 2000

Escape underground...

Body temperature in a rodent: the antelope ground squirrel



Willmer et al. 2000

Temperature:
- soil surface

- in burrows of
scorpions
Hadrurus sp.
(3 individuals)

- 20cm deep in soil
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Escape underground...

Time of day (hours)



photo: Anthony Bunnister/NHPA; copied from: Encyklopedia zwierząt gady i płazy; ELIPSA, Warszawa 1993

A lizard:
sand diver

Meroles cunierostris
South Africa

Escape underground...



photo: Anthony Bunnister/NHPA; copied from: Encyklopedia zwierząt gady i płazy; ELIPSA, Warszawa 1993

A lizard:
gecko

Palmatogecko 
rangei

South Africa, 
Namib Desert

food adapted for 
digging in sand

Escape underground...



A lizard: skink
Lenista labialis

Australia,
Simpson Desert

photo: Gunter Deichmann/AUSCAPE Internat.; copied from: Encyklopedia zwierząt gady i plazy; ELIPSA, Warszawa 1993

reduced food;
the lizard "swims" 

in sand

Escape underground...



Heterocpehalus glaber from www.animalpicturesarchive.com (also on Wikipedia)

Naked mole rat (in Polish: "golec")
Heterocephalus glaber (Rodentia, Heteromyidae)



Louw 1993 Physiological animal ecology

Burrow system
of the Damaraland mole rat 

Cryptomys (=Fucomys) damarensis

South Africa, Namib desert

photo: 

Wikipedia

Escape underground...



Temperature
on and below 
ground: a nest of 
leave-cutter ants 
Atta sp.

Willmer et al. 2000

photo: Wikipedia

Escape underground...



Willmer et al. 2000

Temperature and CO2 

concentration
in a termite mound 
(Macrotermes sp.)

Escape to 
"buildings"...

photo: Wikipedia



Willmer et al. 2000

Life underground...

requires 
tolerance
of a high CO2 

concentration
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If on the ground surface, than how...?

Locomotion on a hot surface: keep your body up!

Desert ant from: www.animalpicturesarchive.com



Willmer et al. 2000

If on the ground surface, than how...?

Locomotion on a hot surface: keep your body up!



Legs up!
A lizard 

Meroles anchieteae 
balances on two legs

South Africa, 

Namib Desert

photo: M. i P. Fogden; copiedfrom: Encyklopedia zwierząt gady i płazy; ELIPSA, Warszawa 1993



Willmer et al. 2000

Locomotion of a sidewinding adder

If on the ground surface, than how...?

Locomotion on a hot surface: keep your body up!



Keep your body up!

The sidewinding adder
Bitis peringueyi

"glides" on the sand surface 
supporting the body
on only two points.

South Africa, Namib Desert

photo: M. i P. Fogden; copied from: Encyklopedia zwierząt gady i płazy; ELIPSA, Warszawa 1993



The sidewinding adder
Bitis peringueyi

South Africa; Namib Desert

photo: C. i D. Hughes, National Geographic, Polish  ed. : wrzesień 1983 (zeszyt specjalny: "100 najlepszych fotografii")

Keep your body up!



Willmer et al. 2000

The spider Carpachne sp. rolling down a dune

If on the ground surface, than how...?

Locomotion on a hot surface: keep your body up!



Springbok gazelle
Antidorcas marsupialis
South Africa, Namibia

Springbok (Antidorcas marsupialis) from: www.animalpicturesarchive.com

If on the ground surface, than how...?



Manipulation with coloration and body orientation

Springbok gazelle 
Antidorcas marsupialis
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Louw 1993 Physiological animal ecology

Dark belts 
absorb light

sun hided by clouds

If on the ground surface, than how...?



A tenebrionid beetle
Cryptoglossa verrucosa

North America, Sonoran Desert

Wax filaments produced by tubercles 
waterproof the surface of elytra

and give a light blue color

Louw 1993 Physiological animal ecology

Manipulation with coloration and permeability

If on the ground surface, than how...?

high   <- humidity    -> low



Willmer et al. 2000

Orientation: H - head towards sun; S - side towards sun

Thorax 

temperature 

in a desert 

beetle

Manipulation with coloration and body orientation

If on the ground surface, than how...?



Willmer et al. 2000

The effect

of elytra color

on body 

temperature of

desert beetles

black elytra                 white elytra
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If on the ground surface, than how...?
Manipulation with coloration and body orientation



Coping with low water availability



Evaporation: water lost by breathing

Changes of 

temperature

and  humidity

of inspired (I)

and expired (E)

air in the African 

ostrich:

breath-by-breath 

analysis

Willmer et al. 2000
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Evaporation: water lost by breathing

Changes of 

temperature

and  humidity

of inspired (I)

and expired (E)

air in the African 

ostrich:

breath-by-breath 

analysis

Willmer et al. 2000
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Water-saving mechanism in nasal turbinates 
(maxilloturbinates)

An increased surface of heat and humidity exchange in nasal channels

Willmer et al. 2000



Cross-sections through nasal turbinates

Willmer et al. 2000

An increased surface of heat and humidity exchange in nasal channels



Cactus Wren from: www.mangroverde.com.

Cactus Wren 
Campylorhynchus 

brunneicapillus
(pol.: strzyżyk kaktusowy)

North America: 

Sonora, 

Chihuahuan



Kangaroo rat (Dipodomys ordii) from Wikipedia

Kangaroo rat (pol.: szczuroskoczek)
Dipodomys sp. (Rodentia, Heteromyidae)

Deserts 

and arid 

habitats 

in North 

America



Inhale Exhale

Willmer et al. 2000

Water-saving mechanism in nasal turbinates



Willmer et al. 2000

Water-saving mechanism in nasal turbinates



Water-saving mechanism in nasal turbinates:
decreased temperature of exhaled air -> decreased water loss

Willmer et al. 2000



Schmidt-Nielsen, Animal Physiology

Water balance in a kangaroo rat over 1 month

Conditions: Food: 100 g dry barley grain, no drinking water;

Temperature: 25C;

Humidity: 25%

Water gain Water loss

Source ml Source ml

Metabolic water 

(oxidation)

54.0 Evaporation 43.9

Food 6.0 Urine 13.5

Faeces 2.6

Total 60.0 Total 60.0



Food substrates as a source of energy...
and water

Louw 1993 Physiological animal ecology



Increasing level of activity

Water balance in active insects

W
a
te

r 
lo

s
s
 r

a
te

 [
m

g
/(

g
h
)]

C
O

2
p
ro

d
u
c
ti
o
n
 [

m
l/
(g

h
)]

In a honey bee:

• A large increase in 

metabolic rate

• A smaller increase 

of water loss

Louw 1993 Physiological animal ecology



Cycling respiration in an ant

- decrease of O2 content
- increase of CO2 content

Sable Systems
time (minutes)

0 4 8 12 2016

Changes of gas content in the air flowing through a respirometric chamber



• Hypotheses: 
• cycling changes of 

metabolism?
• cycling ventilation?

Cycling respiration in insects



Respiratory system in insects:
direct oxygen delivery from air to working cells

Willmer et al. 2000



up to 10 mln 
tracheoli 
per fiber !

Willmer et al. 2000

Respiratory system in insects:
direct oxygen delivery from air to working cells



Respiratory system in insects:
direct oxygen delivery from air to working cells

Willmer et al. 2000



opened closed

muscles:
opening

closing

Willmer et al. 2000

Respiratory system in insects:
mechanism of ventilation control



Mechanism of 
cycling ventilation

spiracle movements:
flattering - open - closed

intratracheal pressure

Tracheal gas composition:
PO2 - oxygen content (%)

PCO2 - CO2 content (%)

Gas exchange:
Oxygen uptake

CO2 output

Willmer et al. 2000



• Hypotheses: 
• cycling changes of 

metabolism?
• cycling ventilation

Cycling respiration in insects



Cyclic ventilation: water savings

Willmer et al. 2000



Respiratory water recovery

A tenebrionid
beetle

Willmer et al. 2000

condensed 
water returned 
to the body
via the anus



Water acquisition:
condensing water vapor by tenebrionid beetles

Mechanism:

• elytra covered by hydrophobic layer

• from which ultra-hydrophilic bristles („hair”) are 

sticking

• water condenses on the hydrophilic bristles

• and flows down along hydrophobic „ditches”



http://www.science-art.com/gallery/24409/24409_8292007213617.jpg

A tenebrionid beetle from the Namib Desert

Stenocara gracilipes



A tenebrionid beetle from the Namib Desert

Onymacris unguicularis

http://www.biomimicryinstitute.org/downloads/Inspiring_Organisms_Library_climate_change.pdf



żródło: Wikipedia

A tenebrionid beetle from the Namib Desert 
Onymacris unguicularis



http://www.units.muohio.edu/cryolab/education/documents/SandroAdaptationLesson.pdf

A tenebrionid beetle from the Namib Desert 
Lepidochora discoidalis

• The beetle builds 
trenches

• Water from mist 
condenses on the 
edges of the trenches



Acquisition of water from the vapor
without its condensation

Desert "sand cockroaches" Arenivaga sp.

A. floridiensis

A sand roach from deserts of 

South-Western USA

(probably A. investigada)



Acquisition of water from the vapor
without its condensation

The mechanism described in Arenivaga investigada

Willmer et al. 2000
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Water: the most potent solvent

Only few processes concern pure water:
- Evaporation associated with respiration

- Absorption of condensed water

Most processes concern solutions:
- thermoregulation by sweating

- drinking liquid water

- excretion

- regulation of osmotic pressure

- regulation of hydrostatic pressure



Water: the most potent solvent

Only few processes concern pure water:
- Evaporation associated with respiration

- Absorption of condensed water

Most processes concern solutions:
- thermoregulation by sweating

- drinking liquid water

- excretion

- regulation of osmotic pressure

- regulation of hydrostatic pressure

Water-mineral regulation



Key processes
in water-mineral regulation

• Osmosis
• Ultrafiltration
• Selective diffusion through plasmatic 

membrane channels
• Regulation of membrane permeability
• Active transport through membranes
• Co-transport supported by osmotic 

gradients



Basic designs of excretory organs 
Ultrafiltration Secretion

Willmer et al. 2000



Design of
a mammalian kidney

Willmer et al. 2000



Relation between kidney morphology
and urine concentration in mammals

relative surface of medulla
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Willmer et al. 2000



http://www.tau.ac.il/lifesci/departments/zoology/members/kronfeld/images/

Spiny mouse Acomys cahirinus
(Near East, North Africa)

Urine concentration can exceed 9000 mOsm 



http://animaldiversity.ummz.umich.edu/site/resources/susan_hoffman/acomys.jpg/view.html

Spiny mouse Acomys russatus 
(Near East, Negev Desert)



http://www.treknature.com/gallery/Middle_East/Cyprus/photo140674.htm

Spiny mouse Acomys nesiotes 
(Cyprus)



Nephron - a countercurrent "amplifier"

Loop of 
Henle

collecting 
duct

cortex

medulla

proximal tube distal tube

regulation by 
wasopressine 
(ADH)
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Willmer et al. 2000

active transport



• Reptiles do not have the Henle's loop

• Birds have very short loops

• How can they dwell in arid habitats?

Relation between kidney morphology
and urine concentration



The most important forms
of nitrogen excretion

Schmidt-NIelsen 2008 Animal Physiology

Ammonia            Urea                   Uric acid



Form Toxicity Cost Solubility

ammonia high no high

urea low low high

Uric acid low high low

converts to crystal form

The most important forms
of nitrogen excretion



How do birds and reptiles
cope with low water availability?

- Urine (not very concentrated) is removed to cloaca

- Water is resorbed in cloaca

- Uric acid forms crystals:
the osmotic pressure is not increased!

- The „urine” can be almost dry



Water retrieval in cloaca

Willmer et al. 2000

How do birds and reptiles
cope with low water availability?

reptiles                              birds 



Other excretory systems



Malpighian 
tubule system 

in insects

hindgut and 
rectum

midgut

Schmidt-NIelsen 2008 
Animal Physiology

Malpighian 
tubules



Resorption of water in insects
dwelling in arid habitats

Willmer et al. 2000

• Active pumping of ions to the Malpighi 
tubes

• Osmotic "sucking" of water from hindgut 
in a counter-current exchanger

solution concentration (mOsm)



Basic designs of excretory organs 
Ultrafiltration Secretion

Willmer et al. 2000



Salt glands in desert reptiles and birds
(similar to glands in some marine animals)

blood

outside medium

Active transport of Na+/K+ cations into chloride cells works as a 

pump drifting the transport of chloride anions (Cl-)

Willmer et al. 2000



Coping with low food availability



Louw 1993 Physiological animal ecology

Food availability



photo: P. Koteja

Food availability:
clumps of plants on a desert

(South Sinai)



Food availability

Risk of foraging 

failure is lower 

during 

cooperative 

foraging

Louw 1993 Physiological animal ecology



Louw 1993 Physiological animal ecology

Eusocial mammal !
Damaraland mole rat

Cryptomys (=Fucomys) damarensis

South Africa, Namib desert

photo: 

Wikipedia

Social life...



Heterocpehalus glaber from www.animalpicturesarchive.com (also on Wikipedia)

naked mole rat 
Heterocephalus 

glaber

Eusocial mammal

• casts
• only "queen" 

reproduces



Social life...

Photo: Wikipedia

Meerkat Suricata suricatta



SUMMARY:
adaptation of animals to desert habitats

• Minimizing overheating risk: fossorial 
(underground) microhabitat

• Water economy:
• minimizing evaporation

• condensing urine

• water acquisition from water vapor

• Low rate of metabolism, extended lifespan 
(a topic for a separate lecture!)

• Life in groups: sociality


