CHAPTER 2

WATER RELATIONS

Water is naturally essential for life but the efficiency with which animals
use water varies remarkably. Witness the almost effortless osmoregulation of
a gull drinking sea water and the agonising thirst of the shipwrecked human.
This chapter will explore this variability and has a similar structure to the
preceding chapter in that we shall first discuss the physical aspects, then
certain fundamental mechanisms involved in the physiological control of
water balance in animals, before moving to actual case studies.

2.1 Physical properties of water

In nearly every introductory biology text, students are informed that water
has ideal physical properties for supporting life. This approach is philosophi-
cally incorrect because water was present on this planet long before life arose
and it would be far more correct to explain that life processes, as we know
them today, have evolved largely around the very peculiar properties of
water. Edney (1977) has written a useful and lucid review of the importance
of these physical properties and this brief description dcpends heavily on his
account.

The molecular structure of water (Fig. 2. 1) as one would expect, deter-
mines its physical properties (Table 2.1). Stronger intermolecular forces are
the reason for its higher melting and boiling points compared with sub-
stances with a similar structure. These intermolecular forces are the result of
attraction between the two hydrogen atoms of one water molecule and the
oxygen atoms of two adjacent molecules. This hydrogen bonding constitutes
an energy store of 20k] mol™'. When water is frozen, almost all the water
molecules are hydrogen bonded. If the ice melts approximately 15% of these
bonds are broken and the breaking of the bonds durmg melting requires the
heat of fusion of ice (6kJ mol™" of water). The remaining hydrogen bonds
must be broken before evaporation of water into vapour occurs and the
energy requlred for this process is much greater (44kJ mol™* at 25°C and
40kJ mol™" at 100°C).

As we all know, water bounces readily off 2 solid surface but it is difficult to
compress. For the latter reason it can be employed in hydraulic systems such
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Figure 2.1 Structure of water molecules, showing the hydrogen bonding between
hydrogen 8*) in one molecule and on an oxygen (57) in a neighbouring

molecule.

Table 2.1 A comparison of the physical properties of water

Heat of Melting Boiling Thermal
vaporisation point point capacity Dielectric
Liquid (cal g mole™") °C) (°C)  (calg™' K7') constant
Water (HOH) 10 440 o 100 1.000 8o.10
Hexane (CgH,,) 7627 -95 49 0.535 1.89
Ethanol (C;H,OH) 9673 —114 79 0.587 24.30
Mercury (Hg) 17447 —38 357 0.033 —

as the flexible hydrostatic skeletons in many aquatic invertebrates. The
flexibility of the skeleton and the poor compressibility of water are exploited
in many invertebrate species to provide an appropriate mechanism for loco-
motion. The high heat of vaporisation of water, and its thermal capacity, are
of crucial importance in the evaporative cooling of animals and the distri-
bution of heat in aquatic habitats. The water molecule is polar and water is
generally well suited to act as a solvent for the variety of biochemicals and
electrolytes which have become incorporated in living organisms during
evolution.

Water is not only an important solvent in the tissues of plants and animals,
but it also takes part in some of the most fundamental biochemical reactions
in living organisms. In plants it is the source of oxygen evolved in photosyn-
thesis and the source of hydrogen for the reduction of carbon dioxide. The
high solubility of carbon dioxide in water, and the dissociation of carbonic
acid in water, allow the development of the most important biological buffer
system, the bicarbonate system. In animals, water takes part in countless
hydration reactions when macromolecules are reduced to their simpler com-
ponents and it is the final product formed in the acceptance by oxygen of
electrons in the cytochrome system.

The melting and boiling points of water are such that it occurs as a solid
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and a gas, but mostly as a liquid at the ambient temperatures which prevail
over our planet’s surface. Most living organisms have evolved to function
within the temperature range at which water is liquid and plants and ani-
mals that have to survive outside this range are obliged to synthesise special
compounds such as cryoprotectants (see Chapter 1). Because of the unusual
hydrogen bonding and van der Waals’ forces operating between water mol-
ecules in a liquid state, water attains its maximum density at 4°C. This
property allows liquid water to accumulate at the bottom of ponds whereas
colder water present at the surface may freeze solid. In this way many forms
of aquatic life are able to survive winters in a fluid medium.

Aquatic life also makes use of another important physical property of
water, namely its very high surface tension. Small arthropods, possessing an
exoskeleton that is strongly hydrophobic may be supported above the surface
and will be able to locomote, like gerrids, on the surface of the water. Edney
(1977) points out that small hydrophilic insects living beneath the surface of
the water, but still dependent on atmospheric air, would experience great
difficulty in piercing the water surface were it not for the presence of hydro-
phobic hairs at strategic positions on their body surfaces (e.g. surrounding
the tip of the siphon in mosquito larvae).

We must now consider the vapour phase of water and understand the
important difference between relative humidity, water vapour pressure and
water activity. Water vapour in the air will exert, like any other gas, a
pressure proportional to the concentration of water molecules in that gas
system. This is known as the water vapour pressure or partial pressure of the
water vapour. The higher the kinetic energy (temperature) of the gas system
the more water molecules it is able to accommodate (see Fig. 2.2). Biologists
are frequently interested in the ‘drying capacity’ of air and for this reason
calculate the difference between the actual or measured water vapour press-
ure (P) and the water vapour pressure of the same air at the same tempera-
ture when fully saturated with water vapour (P, see Table 2.2). Thus P, — P
is a useful measure of the potential drying capacity of the air surrounding an
animal with a temperature equal to air temperature, and is referred to as the
‘saturation deficit’. If the animal’s temperature is higher than air tempera-
ture, the saturation deficit should not be used as the definitive measurement
of the drying potential of air, because the vapour pressure of water on the
animal’s surface can be higher than the saturated water vapour pressure of
the air (Lowry, 1969).

Relative humidity (RH) is not an absolute measure of how much water
there is in air. Itis the ratio P/P;, often expressed as a percentage. If we now
examine the graphs in Fig. 2.2 more closely it is evident that, although
commonly used, RH can be a very misleading measure, when considering
the effect of water in air on animals, because the vapour pressure increases
curvilinearly with temperature at a fixed RH (see curves A and B). Two
environments with the same RH do not necessarily have the same amount of
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Figure 2.2 The amount of water contained in air at any one relative humidity (RH)
or water vapour activity (a,), increases exponentially with temperature
(see curves A and B). Notice how much vapour pressure, and therefore
saturation deficit, changes over the temperature range without any
change in RH. Redrawn from Edney (1977).

water in the air. Note also from Fig. 2.2. that although the RH differences
remain the same between curves A and B over the temperature range
(namely 50% RH), the actual vapour pressure differcr?ces are small at low
temperatures but very large at high temperatures. It is a vapour pressure
difference that determines the direction and rate of water vapour movement.
Edney (1977) has applied these principles to a practical example shovym'g
that water vapour in air on the surface of the desert, even though it is
contained in air at a higher temperature and lower RH, will actually move
into a cool scorpion burrow where the air is at a lower temperature and

‘higher humidity (Fig. 2.3). The reason becomes clear when one calculates

the vapour pressure differences. The same principle holds true for Edncy’s
example of water vapour condensing on the cool s.urfacc of a lake (F}g. 2.3).

Considering that it is generally an inappropriate measure of air-water
content, it is a pity that biologists (and meteorologists) have .bccome accus-
tomed to using RH, rather than vapour pressure, to dcscnbt? how. much
water vapour there is in air. However, there is one circumstance in which RH



Table 2.2 Vapour pressure of water below 100°C. Pressure of aqueous vapour over water in mmHg for
temperatures from —15.8 to 100°C. Values for fractional degrees between 50 and 89 were obtained by
interpolation. (Reproduced with permission of CRC Press Inc. Boca Raton, Florida)

Temperature Temperature
(°C) 0.0 0.2 0.4 0.6 0.8 (°C) 0.0 0.2 0.4 0.6 0.8 2
—15 1.436 1.414 1.390 1.368 1.345 42 61.50 62.14 62.80 63.46 64.12
—14 1.560 1.534 1.511 1.485 1.460 43 64.80 65.48 66.16 66.86 67.56
-13 1.691 1.665 1.637 1.611 1.585 44 68.26 68.97 69.69 70.41 71.14
—12 1.834 1.804 1.776 1.748 1.720
—~11 1.987 1.955 1.924 1.893 1.863 45 71.88 72.62 73.36 74.12 74.88
46 7565 76.43 77.21 78.00 78.80
-10 2.149 2.116 2.084 2.050 2.018 47 79.60 8o.41 B81.23 82.05 82.87
-9 2.326 2.289 2.254 2.219 2.184 48 83.71° 84.56 8542 86.28 87.14
-8 2.514 2.475 2.437 2.399 2.362 49 88.02 88.90 8g.79 90.69 91.59
-7 2.715 2.674 2633 2.503 2.553 s
-6 2.931 2.887 2.843 2.800 2.757 50 92.51 93.5 94.4 953 g¢6.3 >
51 97.20 9¢8.2 99.1 100.1 101.1 ~
-5 3.163 3.115 3.069 3.022 2.976 52 102.09 103.1 104.1 105.1 106.2 4
—4 3.410 3.359 3.309 3.259 3.211 53 107.20 108.2 109.3 110.4 IIl.4 -
-3 3.673 3.620 3.567 3.514 3.461 54 112.51 1136 1147 1158 1169 m
—2 3956 3.898 3.841 3.785 3.730 >
-1 4258 4.196 4.135 4.075 4.016 55 118.04 119.1 120.3 121.5 1226 ]
’ 56 123.80 125.0 126.2 127.4 128.6 o
—o 4579 4513 4448 4.385 4.320 57 129.82 1310 132.3 133.5 1347 g
58 136.08 137.3 138.5 139.9 141.2
o 4579 4.647 4.715 4.785 4.855 59 142.60 143.9 145.2 146.6 148.0
1 4926 4.998 5.070 15.144 5.219
2 5204 5.370 5.447 5.525 5.605 6o 149.38 150.7 152.1 153.5 155.0
3 5.685 5.766 5.848 5.931 6.015 61 156.43 157.8 159.3 160.8 162.3
4 6.101 6.187 6.274 6.363 6.453 62 163.77 165.2 166.8 168.3 169.8
63 171.38 172.9 174.5 176.1 1777
5 6.543 6.635 6.728 6.822 6.917 64 179.31 180.9 182.5 184.2 185.8
6 7.013  7.111  7.209 7.30Q 7.411
7 7.513 7.617 7.722 72.828 7.936 65 187.54 189.2 190.9 192.6 194.3
8 8.045 8.155 8.267 8.380 8.494 66 196.09 197.8 199.5 201.3 203.1
9 8.609 8.727 8845 8.965 9.086 67 204.96 206.8 208.6 2105 2123
68 214.7 216.0 218.0 219.9 22:1.8
10 0.200 0.333 0.458 0.585 0.714 69 22373 2257 2279 220.9 237
12 10.518 10.658 10.799 10.941 11.085 70 233.7 235.7 237.7 239.7 241.8
13 - 11.231 11.379 11.528 11.680 11.833 71 243.9 246.0 2482 2503 252.4
14 11.987 12.144 12.302 12.462 12.624 72 254.6 256.8 259.0 261.2 263.4
73 265.7 268.0 270.2 272.6 274.8
15 12.788 12.953 13.121 13.290 13.461 74 277.2 279.4 281.8 284.2 286.6
16 13.634 13.809 13.987 14.166 14.347
17 14.530 14.715 14.903 15.092 15.284 75 . 289.1 291.5 294.0 296.4 298.8
18 15.477 15.673 15.871 16.071 16.272 76 301.4 3038 306.4 308.9 311.4
19 16.477 16.685 16.894 17.105 17.319 77 314.1 3166 319.2 322.0 324.6
78 327.3 330.0 3328 3356 338.2 ;
20 17.535 17.753 17.974 18.197 18.422 79 341.0 343.8 3466 349.4 3522 =<
21 18.650 18.880 19.113 19.349 19.587 4
22 19.827 20.070 20.316 20.565 20.815 8o 355-1 358.0 361.0 363.8 366.8 Q
23 21.068 21.324 21.583 21.845 22.110 81 369.7 372.6 375.6 378.8 138:1.8 -
24 22.377 22.648 22.922 23.198 23.476 82 384.9 388.0 391.2 394.4 9497.4 B
83 400.6 403.8 407.0 410.2 413.6 0
25 23.756 24.039 24.326 24.617 24.912 84 4168 4202 423.6 4268 430.2 3
26 25.209 25.509 25.812 26.117 26.426 =
27 26.739 27.055 27.374 27.696 28.021 85 433.6 437.0 4404 4440 4475 =
28 28.349 28.680 29.015 29.354 29.697 86 450.9 454.4 458.0 461.6 465.2 o
29 30.043 30.392 30.745 31.102 31.461 87 468.7 472.4 476.0 479.8 4834 o)
88 487.1 491.0 494.7 498.5 502.2 m
30 31.824 32.191 32.561 32.934 33.312 89 506.1 5100 513.9 517.8 521.8 b3
31 33.695 34.082 34.471 34.864 35.261 2
32 35663 36.068 36.477 36.891 37.308 90 525-76 529.77 533.80 537.86 541.95 m
33 37-729 38.155 38.584 39.018 39.457 91 546.05 550.18 554.35 558.53 562.75 ®
34 39898 40.344 40.796 41.251 41.710 92 566.99 571.26 575.55 57987 584.22
93 588.60 593.00 597.43 601.89 606.38
35 41.175 42.644 43.177 43.595 44.078 94 610.90 615.44 620.01 624.61 629.24
36 44.563 45.054 45.549 46.050 46.556
37 47067 47.582 48.102 48.627 49.157 95 633.90 638.59 643.30 648.05 652.82
38 49.692 50.231 50.774 531.323 51.879 96 657.62 662.45 667.31 672.20 677.12
39 52.442 53.009 53.580 54.156 54.737 97 682.07 687.04 692.05 697.10 702.17 ©
98 707.27 712.40 717.56 722.75 727.98 v
40 55-324 5591 56.51 57.11 57.72 99 733-24 738.53 743.85 749.20 754.58
41 58.34 58.96 59.58 6o.22 60.86

100 760.00 765.45 770.93 776.44 782.00
101 787.57 793.18 798.82 804.50 810.21
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Figure 2.3 (a) Even if the relative humidity inside a scorpion burrow is higher than
outside, water vapour will move inwards if the temperature is suffi-
ciently low inside the burrow. (b) In spite of air at the surface of a Jake
being saturated with water vapour, its vapour pressure may be lower
than that of the air above it so water vapour will condense on the lake.
Redrawn from Edney (1977).

is the appropriate variable. Some animals and plants take up water from air
using hygroscopic salts or concentrated electrolyte solutions. In this case, it is

indeed the RH of the air that determines whether the water vapour in it is
accessible to the organism. ‘

2.2 Physics of water movement

The movement of water and of solutes in and out of fAluid compartments is an
exceedingly complex subject but our purpose will be served by reviewing a
few key principles.

The rate of diffusion of water can be described by Fick’s well-known
diffusion equation in its simplest form:

ds de

d: dx
where ds/d¢ is the instantaneous rate of movement of substance; D the
diffusion coefficient, which is a measure of the ease of diffusion, for example
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the permeability of the membrane; 4 the diffusion area; and dc¢/dx the con-
centration gradient of the substance moving (moles per unit distance). We
conclude that, in a way analogous to heat exchange, the rate of diffusion is
largely governed by the diffusion area involved but, instead of temperature
gradients, concentration gradients are the driving forces.

Osmosis, the movement of solvent between solutions, is also a complex
physical process and opinions differ among physical chemists about the exact
mechanisms involved. A highly simplified kinetic model, however, will be
used as our example. In this model we assume that the molecules of both
solvent and solute are perfectly round spheres and there are two solutions
separated by a thin and ideally semi-permeable membrane. Then according
to Fig. 2.4A, because of the higher water concentration on the left-hand side,
the number of random collisions of the water molecules with the membrane
per unit area and per unit time will be greater on the left-hand side than on
the right-hand side of the membrane. This difference will result in a net flow
of water from left to right.

The mechanism illustrated in Fig. 2.4A does not easily explain the fact
that osmotic permeability often exceeds diffusion permeability. Rankin and
Davenport (1981) offer a possible explanation for this difference. They
suggest that osmotic water flow does not occur by random diffusion as
depicted in Fig. 2.4A, but via membrane pores shown in Fig. 2.4B. These
pores are water-filled and a pressure gradient is set up within them, down
which the water molecules will pass. The motion of molecules along the pore
becomes more ordered and less random.

Passive diffusion, which we have been describing, is a simple form of trans-
port during which no energy is released. The process depends on the kinetic
energy of the substances involved and takes place down electrochemical
gradients until equilibrium is reached on both sides of the membrane. Active
transport occurs when substances are transported against electrochemical
gradients. The exact process is still not fully understood but involves the
continual expenditure of energy, mostly derived from the metabolism of
ATP. Carrier molecules also appear to play an important role in this process
as they can combine reversibly with many substances being transported
across membranes. -

When discussing actual animal examples we shall emphasise that water
itself is never actively transported but on occasion the osmotic gradient is
altered in such a way that water appears to move against it. One of the most
dramatic examples of this phenomenon is provided by rectal reabsorption of
water in insects, which we shall discuss later. As a basis for understanding
the possible mechanisms involved in rectal reabsorption, the transport mech-
anisms across an epithelial cell in Fig. 2.5 should be studied. Active transport
of Na* leads to a high osmotic concentration within the infolding. Water is
then drawn osmotically into the infolding and the increased hydrostatic
pressure results in a bulk flow of liquid into the tissue fluid.
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Figure 24 (a) A simplified model of passive diffusion of water molecules from a
dilute to a concentrated solution (@, water; O, solute). (b) Uniform
flow of water molecules through a membrane pore during osmosis.
Redrawn from Rankin and Davenport (1981).

2.3 Terminology

To facilitate the reading of texts and papers, the following elementary termi-
nology should be understood.

Today, the concentration of chemical solutions is almost universally
expressed in molarity. A 1 molar solution contains 1 mole of solute per litre of
- solution and a 1 molal solution contains 1 mole of solute dissolved in 1 kg of
solvent. In dilute aqueous solutions the numerical difference between molar-
ity and molality is small but in concentrated solutions it becomes significant.
Osmotic concentrations in the tissue fluids of animals are usually expressed
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Figure 2.5 A model depicting the transport of water via the intercellular cleft of an
epithelial cell. Water follows the active transport of Na* and as the
volume of the cleft does not change appreciably, water is transported
into the tissue fluids. Modified from Schmidt-Nielsen (1983).

in osmoles (1 molal = 1 osmole). Because osmotic activity depends on the
number of particles in solution, osmolality depends on the molality of a
solution as well as the extent to which the solute dissociates. The osmolality
of a NaCl solution, for example, theoretically should be twice the molality,
though in practice the dissociation is never complete. Tables are available for
calculating the osmolality of electrolyte solutions. The osmolality of sea
water is about 1000 mosmolkg™' and that of mammalian plasma about
300 mosmol kg™ *.

Osmotic concentrations are usually measured indirectly by measuring
another colligative property of the solution, such as depression of vapour
pressure or depression of the freezing point. Instruments are available which
measure freezing point or vapour pressure depression automatically and
provide a direct digital readout in milliosmoles per kilogram.

If two solutions have the same osmotic concentrations they are described
as being iso-osmotic. If the osmotic concentration of one is lower than a
reference solution it is said to be Aypo-osmotic, whereas the reference solution is
now described as being hyperosmotic to the former solution. The terms iso-
tonic, hypertonic and hypotonic encountered in medical texts are less precise
and should not be used.

Some marine invertebrates, particularly those living in estuaries where the
osmotic concentration of the external medium fluctuates with the tide, do not
regulate the total osmotic concentration of their internal tissue fluids, so that
the osmotic concentration of their tissue fluids is the same as that of the
external medium; they are called osmoconformers. If they are also able to

-tolerate a wide range of salinities they are described as being euryhaline. In
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contrast, an animal which cannot tolerate a wide range of salinities is known
as stenohaline. Animals which regulate the osmotic concentration of their body
fluids are known as osmoregulators. By combining this terminology with that of
the chapter on temperature we can come up with some rather overwhelming
Jargon, e.g. homeothermic, ectothermic, stenohaline osmoregulator, which is a reason-
able description of a fast swimming tuna fish.

2.4 The measurement of evaporative water loss and water turnover
rates

The simplest method of determining water loss from an animal is to weigh
the animal over specific time periods and account for all other avenues of
weight loss. For example, if the animal does not defecate or urinate, the
major measured weight loss would be the result of evaporative water loss
(EWL). Admittedly, the animal will also be losing carbon in the form of
CO,, which is usually ignored but can be measured by analysing the gas
exchange of the animal or estimated from the metabolic rate. This so-called
‘gravimetric’ or weighing method generally requires only the simplest appar-
atus. However, very precise electronic balances are available today which
allow the investigator to record the weight of large animals continuously and
accurately. They are specially dampened so that movements of the animals
are electronically compensated. These balances have been used to record the
weight of large mammals standing in direct sunlight under hot conditions
and also that of men pedalling exercise bicycles. The continuous loss in
weight which is recorded is the result of EWL from sweating and/or thermal
panting, provided that defecation and urination are taken into account.

The gravimetric method does not provide a minute-by-minute estimate of
water loss from animals, which is a distinct disadvantage to those biologists
interested in relating a specific activity of an animal with rates of EWL. To
measure EWL instantaneously, use is made of modern electronic sensors
which are very sensitive to ambient water vapour. These sensors can be
placed downstream of an animal in an enclosed space, and continuous
measurements made of the temperature and RH of the excurrent air. These
measurements then can be compared with the temperature and RH of the
excurrent air when no animal is present in the system, or an additional
sensor can be incorporated into the system upstream of the animal enclosure
for comparative purposes. By subtracting the water vapour in the incoming
stream from that in the excurrent stream, the water vapour lost from the
animal can be calculated (Fig. 2.6). The amount of water vapour in the air
can be calculated from the temperature and vapour pressure (or RH) using
appropriate tables (Handbook of Physics and Chemistry) (see Table 2.3).

Both of the described methods for measuring EWL have the very real
disadvantage that the animals employed in these experiments must be res-
trained under artificial laboratory conditions. It is, however, possible to
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Figure 2.6 By measuring the relative humidity and temperature of the incurrent
and excurrent air, as well as the flow rate over the animal, the evapor-
ative water loss of the animal can be measured instantaneously.

Table 2.3 Weight in grams of a cubic metre of saturated aqueous vapour (from Smithsonian
Tables). (Reproduced with permission of CRC Press, Boca Raton, Florida)

Temperature
°‘C oo 1.0 =20 30 40 50 6o 70 8o 9o
-20 1.074 0.988 0.909 0.836 0.768 0.705 0.646 0.502 0.542 0.496

—10 2.358 2.186 2.026 1.876 1.736 1.605 1.483 1.369 1.264 1.165
-0 4.847 4.523 4.217 3.930 3.660 3.407 3.169 2.946 2.737 2.541
+o 4.847 5.192 5.550 5.947 6.360 6.797 7.260 7.750 8.270 8.81g
+10 9.399 10.01 10.66 11.35 12.07 12.83 13.63 14.84 15.37 16.21
+20 17.30 18.34 19.43 20.58 21.78 23.05 24.38 25.78 27.24 28.78
+30 30.38 392.07 33.83 35.68 37.61 39.63 41.75 43.96 46.26 48.67

measure total water turnover rate, though not EWL separately, in the field
by using isotope dilution techniques. The most commonly used isotope is
trittum (3H). When tritiated water (3HOH) is injected into an animal it soon
mixes with the natural water pool of the body and its concentration in the
body fluids reaches equilibrium. As time proceeds the isotope disappears
from the tissue fluids and if this rate of disappearance or wash-out time is
measured, the rate of water turnover in the whole animal can be estimated.
In practice, the animal is captured and injected with a known dose of SHOH.
Serial blood samples are then taken over several hours until the isotope has
become equilibrated. The animal is then released to behave normally in the
field under natural conditions before being recaptured at predetermined
intervals for blood sampling and eventual calculation of the water turnover
rate (Fig. 2.7).

2.5 Water balance

Whenever one is confronted with the task of evaluating the water relations of
an animal, it is advisable to do so by a systematic examination of the water
balance, which depicts all the possible avenues of loss and gain (Fig. 2.8).
Water balance has been described by Maloiy et al. (1979) as an open flow-






