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An Investigation of the 
Physical Chemistry of Water

and its Effect on Plants

Water, water everywhere –
but what do you really know about it?

Lets have a look at water and plants.
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Physical Properties

Chemical Properties

It’s everywhere!

Importance to Life

WATER







Lets start with some physical and chemical properties of water and see how that affects plant life.  











This makes life possible



Water exists in 3 states

It’s a gas!

It’s a solid!

It’s a liquid!



First water exists in three form on Earth.  This is relatively unusual in the universe.  









There are 3 physical states of water





Liquid

Gas

Solid



If we think about the three forms of water as different states of the same substance, we’ll see how water functions.  









They can switch back and 

forth depending on temperature





Liquid

Gas

Solid



We know that these states can switch back and forth depending on temperature.   









You know that it takes heat from the environment to melt ice!





Liquid

Gas

Solid

Melting

 requires heat energy



When water changes from a solid (ice) to a liquid, heat must be added to melt ice.









Ice Versus Liquid Water

Adding energy to ice, makes the molecules move about faster – this is water



The difference between liquid water and ice is simply the rate at which the water molecules are moving.  Yes, water molecules are moving in ice, but quite slowly.  Liquid water molecules move more quickly. 



When ice melts, the heat energy is used to increase molecular motion.  This lowers the temperature in the surrounding area.   









Did you know that when water turns to ice, it releases heat to the environment?







Liquid

Gas

Solid

Releases heat



But the reverse is also true.  Heat is released into the environment when ice freezes.  Freezing of ice actually warms the surrounding environment.  



This characteristic is used when farmers irrigate strawberries on a cold night.  As ice forms on the berries, the process of freezing releases heat energy to the surrounding environment, thus warming the berries (or at least keeping them from freezing). 









You know that it requires heat energy to evaporate water!





Liquid

Gas

Solid

Evaporation

Requires heat



Of course it requires heat to turn liquid water into water vapor. This is what we do when we boil water.  









Water as a Gas

Adding more heat energy to water, makes the molecules move even faster – this is water vapor (a gas)



Again, the difference between liquid water and water vapor is the rate at which the water molecules are moving. Water vapor molecules are bouncing around like crazy!  









And what happens if you put your hand into the steam from a teapot?  Yikes!







Liquid

Gas

Solid

Releases

heat



And of course just stick your hand into steam coming from your teapot and you will know that heat is released when water vapor condenses and forms a liquid again.  









The 3 physical states of water are determined by temperature



		Ice melts and solidifies 



			at 0C or 32F



		Liquid water evaporates and condenses 



				at 100C or 212F



So water changes state depending on temperature.  These “phase changes” occur at specific temperatures.  









The 3 physical states of water are determined by temperature



		Freezing temperature and boiling temperature…







		These are the transition temperatures that cause a change in state of water and involve absorption or release of  heat energy





These phase changes involve the absorption or release of heat energy.  











The bent structure of 

water makes it POLAR



Think of Mickey!



Oxygen is negative

Hydrogen is positive



Now lets look at some of the chemical properties of water.  Water is made up of two atoms of hydrogen and one of oxygen.  The most important is that it is a “polar” molecule, that is one end is negatively charged and the other end is positively charged.  









Hydrogen Bonding Between Water Molecules

“Polar” water

“Negative” oxygen attracts 

“positive” hydrogen

The bond



The polar nature of the water molecule creates a hydrogen bond.  This is the attraction of positively charged hydrogen to negatively charged oxygen.  It means water molecules are attracted to each other.  



That is “water loves water.”









Special Properties of Water

		Physical chemistry of water determines how it acts in plants and the larger environment.



		Okay, so here comes



 a bit more science!



So lets look at how these physical and chemical properties affect how water works in plants……









Special Properties of Water

6. Universal Solvent



7. Mostly Transparent

5. Density 



1. Specific Heat



 4.Chemical Properties



2. Heat of Evaporation 

3. Heat of Fusion



These are the special properties of water we will look at.  We’ll look at them one at a time.  Lets begin with specific heat.  









Specific Heat

		SH is the number of calories of energy required to raise the temperature of one gram of a substance one degree C.



		Water (in the liquid state) has the highest Specific Heat of any known natural substance.





High Specific Heat – SH is the number of calories of energy required to raise the temperature of 1 gram. of a substance 1 degree C.  It is higher for water than any known natural substance.  It refers to the amount of energy needed to raise the temperature of a body of water.  This makes water a huge heat sink (or sponge), absorbing vast amounts of energy.  Large bodies of water are slow to heat up and slow to cool down with changing seasons, so it has a huge moderating effect on the surrounding environment.  In cells (85-95% water) it protects cells from rapid and drastic changes in temperature.  In soil it modifies temperature fluctuations (dry desert soils do not have this moderating effect and change temperature quickly). 









Specific Heat

		A lot of heat energy is required to raise the temperature of liquid water, and…



		A lot of heat energy is released when the temperature of liquid water drops!



		This is called “High Specific Heat”





Water changes temperature very slowly because of  high specific heat.  









High Specific Heat

Water resists change in temperature.  It’s a good natural antifreeze for living things.



This makes water a natural “antifreeze” in plants and the environment.  









Effects of High Specific Heat

		Bodies of water are slow to heat up (and slow to cool down).





We know that air near water will warm more slowly in the spring and cool more slowly in the fall due to the high specific heat of nearby water.  

Large water bodies such as the ocean around Long Island in NY create a more mild climate than similar latitudes in the Midwest US. 



The Great Lakes also moderate the temperature of nearby land areas.  









Effects of High Specific Heat

		In plants, this protects cells from rapid and drastic changes in temperature.





This also means that plants containing water will change temperature more slowly than the surrounding air or soil when temperatures drop.  This gives them some protection.  Rapid temperature changes would be devastating for plant tissues.  









Special Properties of Water

6. Mostly transparent



5. Density 



1. Specific Heat



 4.Chemical Properties



2. Heat of Evaporation 

3. Heat of Fusion



On to heat of evaporation.  









Heat of Evaporation

		… is the number of calories required for one gram of a substance to change from liquid to gas (to evaporate).





		Water is very high (540 calories/g)





Heat of Evaporation – this is the number of calories required for 1 gram of a substance to change from liquid to gas.  For water, it is very high (540 calories/g).  

 

This makes evaporation an enormous cooling factor as much energy is used.  For example if 1% of a body of water evaporates, the remaining 99% drops by as much as 11 degrees F - because of all of the heat energy required for evaporation.  



When water condenses, the reverse occurs (540 calories are released). 









You know that it requires heat energy to evaporate water!





Liquid

Gas

Solid

Evaporation

Requires heat



Boiling water takes energy.









Effects of Heat of Evaporation

		Evaporation has a cooling effect on the environment, because heat energy is used to change liquid water to water vapor.  







Evaporation is like a very slow “boiling process” in which liquid water changes state into water vapor.  This also requires energy.  As long as the air temperature is higher than the water temperature, there will be evaporation.  This always cools the air near the evaporating water.  









Effects of Heat of Evaporation













		For example, if 1% of a body of water evaporates, the remaining water drops in temperature by 11F.





Since water “resists” change in temperature and state, it takes lots of energy to evaporate water.  









Effects of Heat of Evaporation

		Evaporation has a cooling effect 



			on leaves and the surrounding air.



The same thing happens in plants.  Water evaporates from the leaves (through the stomates).  This is called transpiration and as water evaporates from leaves, it cools the plant and the surrounding environment.  









The reverse is also true

(Heat of “un-evaporation”

or maybe condensation)

		When water vapor (like steam) changes from a gas to a liquid, it releases lots of heat energy to the environment!



		Don’t put your hand in the steam coming off a teapot!



				(Also 540 cals/gm)



Watch out!









Special Properties of Water

6. Mostly transparent

5. Density 



1. Specific Heat



 4.Chemical Properties 

2. Heat of Evaporation 

3. Heat of Fusion



On to heat of fusion.  









Heat of Fusion

		…is the number of calories released when one gram of a substance changes from a liquid to a solid (it freezes).



Water is high (80 calories)



Heat of Fusion – HOF is the number of calories released when 1 gram of a substance changes from a liquid to a solid (freezing of water, for example) without a change in temperature.  For water this is 80 calories/g and occurs at 32F or 0C.  

Thus the formation of ice has a warming effect on the immediate environment, as calories are released (irrigation on strawberries).  The reverse is also true.  The melting of ice has a cooling effect as energy is used. 









When ice forms, it warms the surrounding environment.  Didn’t know that did ya?







Liquid

Gas

Solid

Releases heat



Did ya know that?









Effects of Heat of Fusion

		When liquid water turns to ice, heat energy is released to the environment.



Irrigation of strawberries during a freeze keeps the plants from going below 32F. 





In Florida when it looks like the temperature is going to drop below 32 degrees F, farmers may turn on their irrigation system and let water freeze on the strawberries.  As water freezes it releases heat to the berry plants and keeps them from going below 32F.  They are more likely to survive this way.  









Effects of Heat of 

“UN-Fusion”

		When ice melts it absorbs heat from the environment, cooling it off. 







		Also 80 cals





Melting ice cools the environment.









































Thermal Properties of Water

		High Specific Heat



		High Heat of Evaporation 



		(& condensation)

540 cals/gm



		High Heat of Fusion 



		(& unfusion)

80 cals/gm



So that are the three “thermal” properties of water.  









Special Properties of Water

6. Mostly transparent



5. Density 



1. Specific Heat



 4.Chemical Properties 



2. Heat of Evaporation 

3.Heat of Fusion



Next some chemical properties.  









Polarity of the Water Molecule

Negative end

Positive end



Again, water is a polarized molecule.  The big oxygen molecule is negatively charged and the two hydrogen molecules are positively charged.  Since the molecule is “bent”, the two sides are polarized.   









Hydrogen Bonding Between Water Molecules = Cohesion

Water

loves 

itself



This creates a hydrogen bond.  That is “water loves water”.  This attribute is called cohesion.  Water “sticks” to water.  









Cohesion

		This is the attraction of one molecule for another of the same kind.



		It helps water stick together as it moves up the xylem.  (Remember the xylem?)





This allows water to move up the xylem.  









Water loss from the leaves (evaporation) causes water to be pulled up the stem by cohesion.



As water evaporates from leaves, it is pulled up through the stem.  The stream of water doesn't break however because of cohesion (hydrogen bonds holding the molecules together).  









Surface Tension

is a form of cohesion

		Water is tightly bonded together.

		This forms a “skin” on the surface of water.







Cohesion also explains how small bugs can walk on water.  If the bug is light enough, the water surface seems hard (due to the hydrogen bonds).  



It is also apparent in water droplets on the windshield of your car.  Notice how the beads stick together as they run down the window.  What is holding them together is cohesion.









Hydrogen Bonding Between Water and Other Polar Molecules

		                 = Adhesion

Water also

loves lots of

other molecules



Water also loves other polar molecules, like ammonia in this case.  The positively charged hydrogen is attracted to the negatively charged nitrogen atom of the ammonia molecule.  This is called “adhesion”. 









Special Properties of Water

6. Mostly transparent



5. Density 



1. Specific Heat



 4.Chemical Properties 

2. Heat of Evaporation 

3. Heat of Fusion



On to density…..









Ice Floats!



Ice floats, yet it is a solid.  It must be lighter than water, but it is made of water.  So, what’s the deal?









































Properties of Solid Water 

		Its “square” 





		Ice contains a crystalline structure of water  molecules















Well, when ice freezes it “morphs” into a crystal that actually expands.  It takes up more space.  This expansion is strong enough to break up a sidewalk or a rock (when water freezes in the cracks).    









39 F

32 F

46F

Cold water is

most dense

ice



You can see here that cold water (at 39 degrees F) is more dense than either 46 degree water or frozen water (32F).  So frozen water (32F) is less dense and it floats.  










Water Density versus Temperature
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Ice Versus Liquid Water

Cold liquid water is more dense than ice



This is because cold water can pack together more closely than frozen crystalline water which forms those square shaped crystals.  









Lakes usually don’t freeze to the bottom cause cold water drops and sets up a circulation of water under the ice.



Lakes don’t freeze to the bottom because as water temperature drops to 39F just under the ice, it begins to sink (it is heavy, remember) and thus sets up circulating currents under the ice, preventing the ice from freezing to the bottom of the lake.  









Special Properties of Water

6. Mostly Transparent

5. Density 



1. High Specific Heat



 4.Chemical Properties (cohesion, adhesion, 	and surface tension)



2. High Latent Heat of Evaporation 

3. High Latent Heat of Fusion



Finally, water is mostly transparent.  









Transparency



Clean water is transparent anyway.









Transparency is important



So the clear epidermis cells (full of water) still allow light to go right through to the palisade cells where most of the chloroplasts are located.  

























PLANT WATER RELATIONS

Two main points….

		Cohesion theory of water movement

		How stomates work











Lets continue with water, by looking at how water moves in plants and how stomates work.  











Water moves through the plant from the roots to the leaves.  









Factors affecting water uptake by the plant

		Number of root hairs 

		Growth rate of the roots

		Soil temperature

		Rate of evaporation from the leaves





 Factors affecting Water Uptake by a Plant

   1.      Number of Root Hairs – root hairs absorb most water because they have most of the surface area of the root in contact with the soil solution.   More root hairs mean better water uptake.  

 2.      Growth rate of plant – root growth is usually proportional to growth rate of whole plant.  New roots are “mining new soil” all the time.  As roots grow downward, they can find more soil water.  

 3.       Soil temperature – warm soil temperature allows roots to grow more quickly to find more soil water.

4.         Warm air temperature around the leaves means more evaporation of water.  This moves water through the plant more quickly.  

 









One of the main functions of roots is water absorption for the plant.  

So, more root hairs or faster growing roots both help it do its “job”



Fibrous root systems generally  have more root hairs than tap root systems and are better at taking up water.  









Osmosis causes water to move into roots and up the stem.  



Root pressure gets the water started moving in the plant  



Water first moves into the plant by osmosis.  It is “pushed” into the roots because there is a higher salt concentration in the root compared with the soil water around the root hairs.  









Plants can extract water easily from soils with low salt content (A). 



Soils with a high salt content slow or stop plant uptake of water and overall plant growth (B). 



If there is too much salt (for example from over fertilizing) around the root hairs, it makes it more difficult to move water into plant roots.  









Root Uptake of Water 



Water naturally moves from the “low salt” environment of the soil toward the “higher salt” environment of the root.  



This is osmosis and causes 

root pressure.



Root pressure









Guttation (water drops) occurs when root pressure pushes water up the plant and out the leaves.  Lots of fibrous roots here!





Water can be pushed into the roots and right up and out of small plants, like grasses.  This is called “guttation” and is caused by root pressure (which itself is caused by osmosis.









Root pressure is generally not enough to move water up the stem of large plants like trees.

 

Another major force is needed!





l



In nature, this is not a very powerful force however.









Water loss from the leaves (evaporation) causes water to be pulled up the stem by cohesion.



As water evaporates from the leaves, it is pulled up through the plant (and sticks together due to cohesion).  









Evaporation from leaves is called “Transpiration”

		This is the primary driving force for water movement in the plant

		90% of the water is lost through the stomates

		10% is lost through the leaf surface (not stomates)





This is powerful.  Living plants are constantly losing water from their leaves.  In the summer months, an enormous amount of water exits plants leaves during the day.  But even if the stomates close at night, most leaves (except perhaps cacti) continue to lose water right through the leaf surface (the epidermis).  









Hoh Rainforest

Tropical Rainforests are cool…..



Evaporation of water from leaves (transpiration) cools off the tropical rainforest because of the heat of evaporation.  









Water moves into and up the plant due to:

		osmosis, 

		transpiration, and

		cohesion .





An overview.









Water enters the xylem in the roots by Osmosis.  Once in the xylem the water molecules hydrogen bond forming a continuous string of water molecules up to the leaf. Water is constantly lost by Transpiration in the leaf.  When one water molecule is lost another is pulled along.  Transpiration pull is the main cause of water movement. 

COHESION THEORY 



Here it is again.  Notice that the hydrogen bond is critical to water movement in the plant.  









Most of the water is lost through the stomates! 



Stomates control the rate which water is lost from the plant.  They have the ability to open and close in response to changes in the environment.











Lets have a close look at the stomates 









An overview.









Leaf surfaces are dotted with millions of stomates such as this one. 



The stomate is lined by two guard cells that control its opening and closing. 



These cells contain chloroplasts

Stomate



This is an electron microscope photo of a stomate with two guard cells surrounding the opening.  









One leaf has lots of stomates



Most of the stomates are on the lower epidermis, because the upper side is more exposed to the sun and gets warmer.  This would result in more water loss than is good for the plant.  Some plants have no stomates at all on the upper surface.  









The shape of the cell walls of guard cells causes them to 

open when they are full of water and close again when they lose water.

The shape of the cell walls of guard cells causes them to 

open when they are full of water and close again when they lose water.

The shape of the cell walls of guard cells causes them to 

open when they are full of water and close again when they lose water.

The cell wall is thicker here





…and thinner and more flexible everwhere else.



The guard cells open and close the stomates due their particular configuration.  One side of the cell has a thickened cell wall which won’t bend much.  As water enters the cell, the thinner wall stretches and bends.  This causes the air pore to open.    









Sequence of Events Leading to Guard Cell Opening 

		In response to a stimulus (light), potassium is pumped into the guard cell. 

		This increases the salt concentration inside.

		Water moves in by osmosis.

		The guard cells swells.

		The stomate opens. 





Guard cells fill with water and open the stomate when potassium ions (K) move in from surrounding cells. When light strikes guard cells they swell and stomatal pore appears.  Water pressure keeps them open.  Light stimulates potassium (K+) and other ions to be pumped in from surrounding epidermal cells.  Also photosynthesis produces sugar in light.  Both of these increase the osmostic concentration in the guard cells so that water diffuses in and increases water pressure so the cells swell. 



As water moves in the pores open more. 









1. In response to a stimulus (like drought or night time), the potassium pump stops.

2. Potassium diffuses out of cell. 

3. As the salt concentration falls, water moves out of the guard cells and the stomate closes. 

Sequence of Events Leading to Guard Cell Closure 



Guard Cells will lose water pressure and close if:

a.       No light – ions are pumped out and photosynthesis stops.  Cells have less solute concentration so water diffuses out.

b.      Water stress occurs and water is lost but not replaced, so water pressure drops and cells shrink

c.       CO2 concentration is high.  This can cause pH of guard cells to decrease and sugar is converted to starch, reducing osmotic concentration, reducing turgor pressure.  Stomates are the mechanism for CO2 entry into leaves allowing photosynthesis to occur but, the stomate is a 2-way street.  If CO2 gets too high, it can close the stomate and save on water loss.  









Opening and closing of 

the stomates, regulates

water movement in the plant.



This is important to plant life on the planet.  Stomates “control the world”!









Conserving Water

		Irrigation

		Organic Matter

		Not over-fertilizing

		Misting

		Windbreaks





There are two primary means of conserving water in plants.  They are:



A.  Increasing the availability of water to the plant

		Reducing the loss of water from the plant





Lets look at both more closely, as we finish the water section.









Conserving Water

		Irrigation

		Organic Matter

		Not over-fertilizing

		Misting

		Windbreaks





A.   Increasing the availability of water to the plant 

1.      Irrigation – there are many techniques for irrigation, but some very wasteful (overhead, flood).  Others are more conservative (trickle).  Irrigation increases water available in the soil and decreases osmotic concentration of the soil solution, allowing the root hairs to get water. 









Conserving Water

		Irrigation

		Organic Matter

		Not over-fertilizing

		Misting

		Windbreaks





A.   Increasing the availability of water to the plant

2.      Increasing organic matter (with compost or green manures) will increase the water holding capacity of the soil so more water is retained and less is lost to percolation or evaporation.



3.      Maintaining low solute concentration in the soil solution by avoiding excess applications of fertilizer will make it easier for the plant to take up water.  Over-fertilization can injure plants.  

 









Conserving Water

		Irrigation

		Organic Matter

		Not over-fertilizing

		Misting

		Windbreaks





B.  Reducing the loss of water from the plant

1.      Misting – spraying plants with small amounts of fine mist at the hottest time of the day reduces transpiration by:

	a.       increasing humidity around the plant

	b.      lowering the temperature as it evaporates

 

  









Conserving Water

		Irrigation

		Organic Matter

		Not over-fertilizing

		Misting

		Windbreaks





B.  Reducing the loss of water from the plant



  2. Windbreaks – using big trees and shrubs as barriers to reduce wind velocity over the surface of leaves of crop plants, can help reduce water loss.  









That’s all folks!
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Physical 
Properties

Chemical 
Properties

It’s everywhere!

Importance to Life

WATER

Lets start with some physical and chemical properties 
of water and see how that affects plant life.
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This makes life possibleThis makes life possible

Water Water 
exists in exists in 
3 states3 states

It’s a gas!It’s a gas!

It’s a solid!It’s a solid!

It’s a liquid!It’s a liquid!

First water exists in three form on Earth.  This is 
relatively unusual in the universe.
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There are 3 physical states of There are 3 physical states of 
waterwater

Liquid Gas

Solid

If we think about the three forms of water as different 
states of the same substance, we’ll see how water 
functions.  
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They can switch back and They can switch back and 
forth depending on temperatureforth depending on temperature

Liquid Gas

Solid

We know that these states can switch back and forth 
depending on temperature.
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You know that it takes heat from the You know that it takes heat from the 
environment to melt ice!environment to melt ice!

Liquid Gas

SolidMelting
requires heat energy

When water changes from a solid (ice) to a liquid, heat 
must be added to melt ice.
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Ice Versus Liquid Water

Adding energy to ice, makes the molecules 
move about faster – this is water

The difference between liquid water and ice is simply 
the rate at which the water molecules are moving.  
Yes, water molecules are moving in ice, but quite 
slowly.  Liquid water molecules move more quickly. 

When ice melts, the heat energy is used to increase 
molecular motion.  This lowers the temperature in the 
surrounding area.   
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Did you know that when water turns to Did you know that when water turns to 
ice, it releases heat to the environment?ice, it releases heat to the environment?

Liquid Gas

SolidReleases heat

But the reverse is also true.  Heat is released into the 
environment when ice freezes.  Freezing of ice 
actually warms the surrounding environment.  

This characteristic is used when farmers irrigate 
strawberries on a cold night.  As ice forms on the 
berries, the process of freezing releases heat energy to 
the surrounding environment, thus warming the 
berries (or at least keeping them from freezing). 
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You know that it requires heat energy to You know that it requires heat energy to 
evaporate water!evaporate water!

Liquid Gas

Solid

Evaporation
Requires heat

Of course it requires heat to turn liquid water into 
water vapor. This is what we do when we boil water.  
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Water as a Gas

Adding more heat energy to water, makes 
the molecules move even faster – this is 

water vapor (a gas)

Again, the difference between liquid water and water 
vapor is the rate at which the water molecules are 
moving. Water vapor molecules are bouncing around 
like crazy!
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And what happens if you put your hand And what happens if you put your hand 
into the steam from a teapot?  Yikes!into the steam from a teapot?  Yikes!

Liquid Gas

Solid

Releases
heat

And of course just stick your hand into steam coming 
from your teapot and you will know that heat is 
released when water vapor condenses and forms a 
liquid again.  
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The 3 physical states of water are The 3 physical states of water are 
determined by temperaturedetermined by temperature

Ice melts and solidifies
at 0C or 32F

Liquid water evaporates and condenses
at 100C or 212F

So water changes state depending on temperature.  
These “phase changes” occur at specific temperatures.  
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The 3 physical states of water are The 3 physical states of water are 
determined by temperaturedetermined by temperature

Freezing temperature and boiling temperature…

These are the transition temperatures that cause 
a change in state of water and involve 
absorption or release of  heat energy

These phase changes involve the absorption or release 
of heat energy.
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The bent structure of 
water makes it POLAR

Think of Mickey!

Oxygen is negative
Hydrogen is positive

Now lets look at some of the chemical properties of 
water.  Water is made up of two atoms of hydrogen 
and one of oxygen.  The most important is that it is a 
“polar” molecule, that is one end is negatively charged 
and the other end is positively charged.  
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Hydrogen Bonding Between 
Water Molecules

“Polar” water “Negative” oxygen attracts 
“positive” hydrogen

The bond

The polar nature of the water molecule creates a 
hydrogen bond.  This is the attraction of positively 
charged hydrogen to negatively charged oxygen.  It 
means water molecules are attracted to each other.  

That is “water loves water.”
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Special Properties of WaterSpecial Properties of Water

Physical chemistry of water determines how 
it acts in plants and the larger environment.

Okay, so here comes
a bit more science!

So lets look at how these physical and chemical 
properties affect how water works in plants……
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Special Properties of Water

6. Universal Solvent
7. Mostly Transparent

5. Density 

1. Specific Heat

4.Chemical Properties

2. Heat of Evaporation 
3. Heat of Fusion

These are the special properties of water we will look 
at.  We’ll look at them one at a time.  Lets begin with 
specific heat.  
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Specific HeatSpecific Heat

SH is the number of calories of energy
required to raise the temperature of one 
gram of a substance one degree C.

Water (in the liquid state) has the 
highest Specific Heat of any known 
natural substance.

High Specific Heat – SH is the number of calories of 
energy required to raise the temperature of 1 gram. of 
a substance 1 degree C.  It is higher for water than any 
known natural substance.  It refers to the amount of 
energy needed to raise the temperature of a body of 
water.  This makes water a huge heat sink (or sponge), 
absorbing vast amounts of energy.  Large bodies of 
water are slow to heat up and slow to cool down with 
changing seasons, so it has a huge moderating effect 
on the surrounding environment.  In cells (85-95% 
water) it protects cells from rapid and drastic changes 
in temperature.  In soil it modifies temperature 
fluctuations (dry desert soils do not have this 
moderating effect and change temperature quickly). 



19

Specific HeatSpecific Heat

A lot of heat energy is required to raise the 
temperature of liquid water, and…

A lot of heat energy is released when the 
temperature of liquid water drops!

This is called “High Specific Heat”

Water changes temperature very slowly because of  
high specific heat.
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High Specific Heat

Water resists change in temperature.  It’s a 
good natural antifreeze for living things.

This makes water a natural “antifreeze” in plants and 
the environment.
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Effects of High Specific HeatEffects of High Specific Heat

Bodies of water are slow to heat up (and 
slow to cool down).

We know that air near water will warm more 
slowly in the spring and cool more slowly in the 
fall due to the high specific heat of nearby water.  
Large water bodies such as the ocean around 
Long Island in NY create a more mild climate 
than similar latitudes in the Midwest US. 

The Great Lakes also moderate the temperature 
of nearby land areas.  
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Effects of High Specific HeatEffects of High Specific Heat

In plants, this protects cells from rapid and 
drastic changes in temperature.

This also means that plants containing water will 
change temperature more slowly than the surrounding 
air or soil when temperatures drop.  This gives them 
some protection.  Rapid temperature changes would 
be devastating for plant tissues.  
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Special Properties of Water

6. Mostly transparent

5. Density 

1. Specific Heat

4.Chemical Properties

2. Heat of Evaporation
3. Heat of Fusion

On to heat of evaporation.  
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Heat of EvaporationHeat of Evaporation

… is the number of calories required for 
one gram of a substance to change from 
liquid to gas (to evaporate).

Water is very high (540 calories/g)

Heat of Evaporation – this is the number of calories 
required for 1 gram of a substance to change from 
liquid to gas.  For water, it is very high (540 
calories/g).  

This makes evaporation an enormous cooling factor as 
much energy is used.  For example if 1% of a body 
of water evaporates, the remaining 99% drops by as 
much as 11 degrees F - because of all of the heat 
energy required for evaporation.  

When water condenses, the reverse occurs (540 
calories are released). 



25

You know that it requires heat energy to You know that it requires heat energy to 
evaporate water!evaporate water!

Liquid Gas

Solid

Evaporation
Requires heat

Boiling water takes energy.
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Effects of Heat of EvaporationEffects of Heat of Evaporation

Evaporation has a cooling effect on the 
environment, because heat energy is used to 
change liquid water to water vapor.  

Evaporation is like a very slow “boiling process” in 
which liquid water changes state into water vapor.  
This also requires energy.  As long as the air 
temperature is higher than the water temperature, there 
will be evaporation.  This always cools the air near the 
evaporating water.  
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Effects of Heat of EvaporationEffects of Heat of Evaporation

For example, if 1% of a body of water 
evaporates, the remaining water drops in 
temperature by 11F.

Since water “resists” change in temperature and state, 
it takes lots of energy to evaporate water.  
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Effects of Heat of EvaporationEffects of Heat of Evaporation

Evaporation has a cooling effect 
on leaves and the surrounding air.

The same thing happens in plants.  Water evaporates 
from the leaves (through the stomates).  This is called 
transpiration and as water evaporates from leaves, it 
cools the plant and the surrounding environment.  
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The reverse is also trueThe reverse is also true
((Heat of “unHeat of “un--evaporation”evaporation”
or maybe condensation)or maybe condensation)

When water vapor (like steam) changes 
from a gas to a liquid, it releases lots of heat 
energy to the environment!

Don’t put your hand in the steam coming 
off a teapot!

(Also 540 cals/gm)

Watch out!
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Special Properties of Water

6. Mostly transparent

5. Density 

1. Specific Heat

4.Chemical Properties 

2. Heat of Evaporation 
3. Heat of Fusion

On to heat of fusion.
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Heat of FusionHeat of Fusion

…is the number of calories released when 
one gram of a substance changes from a 
liquid to a solid (it freezes).

Water is high (80 calories)

Heat of Fusion – HOF is the number of calories 
released when 1 gram of a substance changes from a 
liquid to a solid (freezing of water, for example) 
without a change in temperature.  For water this is 80 
calories/g and occurs at 32F or 0C.  
Thus the formation of ice has a warming effect on the 
immediate environment, as calories are released 
(irrigation on strawberries).  The reverse is also true.  
The melting of ice has a cooling effect as energy is 
used. 
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When ice forms, it warms the surrounding When ice forms, it warms the surrounding 
environment.  Didn’t know that didenvironment.  Didn’t know that did yaya??

Liquid Gas

SolidReleases heat

Did ya know that?
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Effects of Heat of FusionEffects of Heat of Fusion

When liquid water turns to ice, heat energy 
is released to the environment.
– Irrigation of strawberries during a freeze keeps the 

plants from going below 32F.

In Florida when it looks like the temperature is going 
to drop below 32 degrees F, farmers may turn on their 
irrigation system and let water freeze on the 
strawberries.  As water freezes it releases heat to the 
berry plants and keeps them from going below 32F.  
They are more likely to survive this way.  
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Effects of Heat of Effects of Heat of 
“UN“UN--Fusion”Fusion”

When ice melts it absorbs heat from the 
environment, cooling it off. 

Also 80 cals

Melting ice cools the environment.
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Thermal Properties of WaterThermal Properties of Water

High Specific Heat

High Heat of Evaporation 
(& condensation)

– 540 cals/gm

High Heat of Fusion 
(& unfusion)

– 80 cals/gm

So that are the three “thermal” properties of water.
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Special Properties of Water

6. Mostly transparent

5. Density 

1. Specific Heat

4.Chemical Properties 

2. Heat of Evaporation 
3.Heat of Fusion

Next some chemical properties.  
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Polarity of the Water Molecule

Negative endPositive end

Again, water is a polarized molecule.  The big oxygen 
molecule is negatively charged and the two hydrogen 
molecules are positively charged.  Since the molecule 
is “bent”, the two sides are polarized.  
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Hydrogen Bonding Between 
Water Molecules = Cohesion

Water
loves 
itself

This creates a hydrogen bond.  That is “water loves 
water”.  This attribute is called cohesion.  Water 
“sticks” to water.
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CohesionCohesion

This is the attraction of one molecule for 
another of the same kind.

It helps water stick together as it moves up 
the xylem.  (Remember the xylem?)

This allows water to move up the xylem.
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Water loss 
from the 
leaves 
(evaporation) 
causes water 
to be pulled 
up the stem by 
cohesion.

As water evaporates from leaves, it is pulled up 
through the stem.  The stream of water doesn't break 
however because of cohesion (hydrogen bonds 
holding the molecules together).  
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Surface TensionSurface Tension
is a form of cohesionis a form of cohesion

Water is tightly bonded together.
This forms a “skin” on the surface of water.

Cohesion also explains how small bugs can walk on 
water.  If the bug is light enough, the water surface 
seems hard (due to the hydrogen bonds).  

It is also apparent in water droplets on the windshield 
of your car.  Notice how the beads stick together as 
they run down the window.  What is holding them 
together is cohesion.
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Hydrogen Bonding Between 
Water and Other Polar Molecules

= Adhesion

Water also
loves lots of
other molecules

Water also loves other polar molecules, like ammonia 
in this case.  The positively charged hydrogen is 
attracted to the negatively charged nitrogen atom of 
the ammonia molecule.  This is called “adhesion”.
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Special Properties of Water

6. Mostly transparent

5. Density

1. Specific Heat

4.Chemical Properties 

2. Heat of Evaporation 
3. Heat of Fusion

On to density…..
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Ice Floats!

Ice floats, yet it is a solid.  It must be lighter than 
water, but it is made of water.  So, what’s the deal?
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Properties of Solid WaterProperties of Solid Water

Its “square”

Ice contains a 
crystalline structure of 
water  molecules

Well, when ice freezes it “morphs” into a crystal that 
actually expands.  It takes up more space.  This 
expansion is strong enough to break up a sidewalk or a 
rock (when water freezes in the cracks).  
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Water Density versus Temperature

39 F32 F 46F

Cold water is
most dense

ice

You can see here that cold water (at 39 degrees F) is 
more dense than either 46 degree water or frozen 
water (32F).  So frozen water (32F) is less dense and it 
floats.  
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Ice Versus Liquid Water

Cold liquid water is more dense than ice

This is because cold water can pack together more 
closely than frozen crystalline water which forms 
those square shaped crystals.  
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Lakes usually don’t freeze to the bottom cause cold water drops and sets 
up a circulation of water under the ice.

Lakes don’t freeze to the bottom because as water 
temperature drops to 39F just under the ice, it begins 
to sink (it is heavy, remember) and thus sets up 
circulating currents under the ice, preventing the ice 
from freezing to the bottom of the lake. 
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Special Properties of Water

6. Mostly Transparent
5. Density 

1. High Specific Heat

4.Chemical Properties (cohesion, adhesion, 
and surface tension)

2. High Latent Heat of Evaporation 
3. High Latent Heat of Fusion

Finally, water is mostly transparent.  
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Transparency

Clean water is transparent anyway.
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Transparency is important

So the clear epidermis cells (full of water) still allow 
light to go right through to the palisade cells where 
most of the chloroplasts are located. 
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PLANT WATER RELATIONSPLANT WATER RELATIONS

Two main points….
• Cohesion theory of water movement
• How stomates work

Lets continue with water, by looking at how water 
moves in plants and how stomates work.  
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Water moves through the plant from the roots to the 
leaves.  



54

Factors affecting water uptake Factors affecting water uptake 
by the plantby the plant

Number of root hairs 
Growth rate of the roots
Soil temperature
Rate of evaporation from the leaves

Factors affecting Water Uptake by a Plant
1. Number of Root Hairs – root hairs absorb most 

water because they have most of the surface area of the 
root in contact with the soil solution.   More root hairs 
mean better water uptake.  
2. Growth rate of plant – root growth is usually 
proportional to growth rate of whole plant.  New roots 
are “mining new soil” all the time.  As roots grow 
downward, they can find more soil water.  
3. Soil temperature – warm soil temperature allows 
roots to grow more quickly to find more soil water.
4.         Warm air temperature around the leaves means 
more evaporation of water.  This moves water through 
the plant more quickly.  
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One of the main functions of roots is water 
absorption for the plant.  

So, more root hairs or faster growing roots both help 
it do its “job”

Fibrous root systems generally  have more root hairs 
than tap root systems and are better at taking up water. 
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Osmosis
causes 
water to 
move into 
roots and 
up the 
stem.  

Root pressure gets the 
water started moving in 
the plant

Water first moves into the plant by osmosis.  It is 
“pushed” into the roots because there is a higher salt 
concentration in the root compared with the soil water 
around the root hairs.  
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Plants can extract 
water easily from 
soils with low salt 
content (A). 

Soils with a high 
salt content slow or 
stop plant uptake 
of water and 
overall plant 
growth (B).

If there is too much salt (for example from over 
fertilizing) around the root hairs, it makes it more 
difficult to move water into plant roots.  
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Root Uptake of Water Root Uptake of Water 

Water naturally moves from the “low salt” 
environment of the soil toward the “higher salt” 
environment of the root.  

This is osmosis and causes 
root pressure.

Root pressure
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Guttation (water drops) occurs when root 
pressure pushes water up the plant and out the 
leaves.  Lots of fibrous roots here!

Water can be pushed into the roots and right up and 
out of small plants, like grasses.  This is called 
“guttation” and is caused by root pressure (which 
itself is caused by osmosis.
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Root pressure is 
generally not enough 
to move water up the 
stem of large plants 
like trees.

Another major 
force is needed!

l

In nature, this is not a very powerful force however.
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Water loss 
from the 
leaves 
(evaporation) 
causes water 
to be pulled 
up the stem by 
cohesion.

As water evaporates from the leaves, it is pulled up 
through the plant (and sticks together due to 
cohesion). 
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Evaporation from leaves is called Evaporation from leaves is called 
“Transpiration”“Transpiration”

This is the primary driving force for 
water movement in the plant
90% of the water is lost through the stomates
10% is lost through the leaf surface (not stomates)

This is powerful.  Living plants are constantly losing 
water from their leaves.  In the summer months, an 
enormous amount of water exits plants leaves during 
the day.  But even if the stomates close at night, most 
leaves (except perhaps cacti) continue to lose water 
right through the leaf surface (the epidermis).  
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Hoh HohRainforest Rainforest

Tropical Rainforests are cool…..

Evaporation of water from leaves (transpiration) cools 
off the tropical rainforest because of the heat of 
evaporation.
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Water moves into 
and up the 
plant due to:

• osmosis, 
• transpiration, 

and
• cohesion .

An overview.
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Water enters the 
xylem in the roots by 
Osmosis. Once in the 
xylem the water 
molecules hydrogen 
bond forming a 
continuous string of 
water molecules up to 
the leaf. Water is 
constantly lost by 
Transpiration in the 
leaf. When one 
water molecule is lost 
another is pulled 
along. Transpiration 
pull is the main cause 
of water movement.

COHESION THEORY COHESION THEORY 

Here it is again.  Notice that the hydrogen bond is 
critical to water movement in the plant.  
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Most of the water is lost Most of the water is lost 
through the stomates! through the stomates! 

Stomates control the rate which water is lost from the 
plant.  They have the ability to open and close in 
response to changes in the environment.
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Lets have a close look at Lets have a close look at 
the stomates the stomates 

An overview.
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Leaf surfaces are dotted with millions of 
stomates such as this one. 

The stomate is lined by two guard cells 
that control its opening and closing. 

These cells contain chloroplasts

StomateStomate

This is an electron microscope photo of a stomate with 
two guard cells surrounding the opening.  
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One leaf has lots of stomatesOne leaf has lots of stomates

Most of the stomates are on the lower epidermis, 
because the upper side is more exposed to the sun and 
gets warmer.  This would result in more water loss 
than is good for the plant.  Some plants have no 
stomates at all on the upper surface.  
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The shape of the cell walls of guard cells causes them to 
open when they are full of water and close again when they 
lose water.

The shape of the cell walls of guard cells causes them to 
open when they are full of water and close again when they 
lose water.

The shape of the cell walls of guard cells causes them to 
open when they are full of water and close again when they 
lose water.

The cell wall is thicker here

…and thinner and more 
flexible everwhere else.

The guard cells open and close the stomates due their 
particular configuration.  One side of the cell has a 
thickened cell wall which won’t bend much.  As water 
enters the cell, the thinner wall stretches and bends.  
This causes the air pore to open.  
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Sequence of Events Leading to Sequence of Events Leading to 
Guard Cell OpeningGuard Cell Opening

• In response to a stimulus 
(light), potassium is 
pumped into the guard 
cell. 

• This increases the salt 
concentration inside.

• Water moves in by 
osmosis.

• The guard cells swells.
• The stomate opens. 

Guard cells fill with water and open the stomate when 
potassium ions (K) move in from surrounding cells. 
When light strikes guard cells they swell and stomatal
pore appears.  Water pressure keeps them open.  Light 
stimulates potassium (K+) and other ions to be 
pumped in from surrounding epidermal cells.  Also 
photosynthesis produces sugar in light.  Both of these 
increase the osmostic concentration in the guard cells 
so that water diffuses in and increases water pressure 
so the cells swell. 

As water moves in the pores open more. 
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1. In response to a stimulus 
(like drought or night time), 
the potassium pump stops.

2. Potassium diffuses out of 
cell.

3. As the salt concentration 
falls, water moves out of the 
guard cells and the stomate 
closes.

Sequence of Events Leading to Sequence of Events Leading to 
Guard Cell ClosureGuard Cell Closure

Guard Cells will lose water pressure and close if:
a. No light – ions are pumped out and 
photosynthesis stops.  Cells have less solute 
concentration so water diffuses out.
b. Water stress occurs and water is lost but not 
replaced, so water pressure drops and cells shrink
c. CO2 concentration is high.  This can cause pH 
of guard cells to decrease and sugar is converted to 
starch, reducing osmotic concentration, reducing
turgor pressure.  Stomates are the mechanism for CO2 
entry into leaves allowing photosynthesis to occur but, 
the stomate is a 2-way street.  If CO2 gets too high, it 
can close the stomate and save on water loss.  
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Opening and closing of 
the stomates, regulates
water movement in the 
plant.

This is important to plant life on the planet.  Stomates 
“control the world”!
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Conserving WaterConserving Water

Irrigation
Organic Matter
Not over-fertilizing
Misting
Windbreaks

There are two primary means of conserving water 
in plants.  They are:

A. Increasing the availability of water to the plant
• Reducing the loss of water from the plant

Lets look at both more closely, as we finish the 
water section.
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Conserving WaterConserving Water

Irrigation
Organic Matter
Not over-fertilizing
Misting
Windbreaks

A. Increasing the availability of water to the plant
1. Irrigation – there are many techniques for 

irrigation, but some very wasteful (overhead, flood).  
Others are more conservative (trickle).  Irrigation 
increases water available in the soil and decreases 
osmotic concentration of the soil solution, allowing 
the root hairs to get water. 
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Conserving WaterConserving Water

Irrigation
Organic Matter
Not over-fertilizing
Misting
Windbreaks

A. Increasing the availability of water to the plant
2. Increasing organic matter (with compost or 

green manures) will increase the water holding 
capacity of the soil so more water is retained and 
less is lost to percolation or evaporation.

3. Maintaining low solute concentration in the soil 
solution by avoiding excess applications of fertilizer 
will make it easier for the plant to take up water.  
Over-fertilization can injure plants.  
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Conserving WaterConserving Water

Irrigation
Organic Matter
Not over-fertilizing
Misting
Windbreaks

B.  Reducing the loss of water from the plant
1. Misting – spraying plants with small amounts of 

fine mist at the hottest time of the day reduces 
transpiration by:

a. increasing humidity around the plant
b. lowering the temperature as it evaporates
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Conserving WaterConserving Water

Irrigation
Organic Matter
Not over-fertilizing
Misting
Windbreaks

B.  Reducing the loss of water from the plant

2. Windbreaks – using big trees and shrubs as 
barriers to reduce wind velocity over the surface of 
leaves of crop plants, can help reduce water loss.  
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That’s all folks!That’s all folks!


