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Key message

The history of the relationship between plant growth and water consumption is retraced by 

elucidating the progression of scientific questions posed through the centuries : from a purely 

philosophical question, to conceptual and methodological developments towards a research 

interest in plant functioning and their relationship to the environment. 

Abstract
Context : The relationship between plant growth and water consumption has for a long time 

occupied the minds of philosophers and natural scientists. The ratio between biomass accumulation 

and water consumption is known as water use efficiency and is widely relevant today in fields as 

diverse as crop improvement, forest ecology and climate change. Defined at scales varying from 

single leaf physiology to whole plants, it shows how botanical investigations changed through time, 

generally in tandem with developing disciplines and improving methods. The history started as a 

purely philosophical question by Greek philosophers of how plants grow, progressed through 

thought and actual experiments, towards an interest in plant functioning and their relationship to the

environment. 

Aims : This article retraces this history by elucidating the progression of scientific questions 

posed through the centuries, presents the main methodological and conceptual developments.

Conclusion : Research on water use efficiency followed a path from the whole plant to 

molecular mechanisms and is still a very active research field across nearly all levels of botanical 



research.

Keywords
Transpiration efficiency; water use efficiency; plant physiology; botanical history



Introduction
The ratio of biomass accumulation per unit water consumption is known today as water use 

efficiency (WUE) and is widely relevant to agriculture (e.g. Blum 2009; Tallec et al. 2013; Vadez et 

al. 2014;), to forest ecology (e.g. Linares and Camarero 2012; Lévesque et al. 2014), and in the 

context of global climate change (Cernusak et al. 2019). This ratio can be defined at various levels, 

from the physiological functioning of a leaf to the whole plant and at the ecosystem level. The main

subject of this historical review is at the whole plant level. It can be simply measured by quantifying

the amount of water given to a plant and the plant’s increase in biomass during the experiment. The 

ratio of biomass produced divided by the cumulative water lost during growth is termed whole plant

transpiration efficiency (TE= biomass produced /water lost). Historically, the ratio has also been 

calculated in its inverted form (water lost / biomass produced) and various terms have been used to 

denote these ratios (see Box 1). As knowledge, concepts and technology advanced, it became 

desirable to measure TE also at the leaf level. Some history of the technological advances and their 

use at the whole leaf level are included here. Establishing historical precedence for scientific 

discoveries was made more difficult by the availability of historic written evidence. Also, toward 

the beginning of the 20th century, publications became too numerous to allow a comprehensive 

review. Even though this review is focussed on tree ecology, to show the historical continuity it was

necessary to also include bibliography on other plant types. 



Box 1 : Short history of names for TE

Hellriegel (1883) called the ratio of transpiration divided by the amount of dry plant 

biomass produced "relative Verdunstungsgrösse" which translates into English as 

“relative transpiration”.

Leather (1910) defined the “transpiration ratio” as the water transpired divided by the 

weight of dry plant produced. 

Kearney and Shantz (1911) defined the plant’s “water requirement” as the quantity of 

water comsumed per pound of dry matter, a term widely used in the first half of 

the 20th century. 

Maximov (1929) first introduced the term ”efficiency of transpiration” to mean 

biomass produced divided by the amount of water used.

In the 1940’s several authors started using “efficiency of water use” (Roeser 1940; 

Thornthwaite 1947)

In the late 1940’s and early 1950’s the term “water use efficiency” came into common 

use (e.g. Hobart and Harris 1946; Dreibelbis and Harrold 1958; P.  Brown and 

Shrader 1959) as plant dry biomass produced divided by water used.



I) What is plant matter made off ?
Various Greek philosophers were interested in how substances can change from one thing into 

another. Thales (624 – c. 546 BC) thought that all things come from water, whereas Anaximenes 

argued that “penuma” (air) should be the basis of all things (Egerton 2001a). These assertions were 

the basis of more than 2000 years of philosophical dispute. 

In “De Causis Plantarum”, Theophrastos (371-287 BC) assumed that plants draw nutrition, 

which consisted of varying amounts of the four elementary humours, from the earth through their 

roots (Morton 1981). Some centuries later, in a Christian work translated in 400 AD from Greek 

into Latin and known as “pseudo-Clement’s Recognitions”, an apparent thought experiment was 

described to “ prove that nothing is supplied to seeds from the substance of the earth, but that they 

are entirely derived from the element of water and the spirit (spiritus) that is in it » (Egerton 2004c).

This thought experiment revealed a small amount of progress in scientific thinking because the 

question was posed more precisely than before. It stood out at a time when botany mainly consisted 

of naming plants and “theoretical botany effectually went out of existence” (Morton 1981). The 

author of this thought experiment, described in “pseudo-Clement’s Recognitions”, suggested putting

earth into big barrels, growing herbaceous plants in it for several years, then harvesting them and 

weighing them. His hypothesis was that the weight of the earth would not have changed, and the 

author used this as an argument that the vegetation biomass could have come only from water.

It appears that the question of how plant matter is produced, was not pursued in Roman or 

Arabic writings, which were more concerned with agricultural (the former) and medical (the latter) 

aspects of plant sciences. (Egerton 2001c; 2002). Not until the high middle ages was a renewed 

interest shown in plant growth. Adelard of Bath, a 12th century AD English natural philosopher, 

devoted the first four chapters of “Quaestiones Naturales” (c. 1130-1140; Morton 1981) to the 

question of what plant matter is made of. He argued, within the concepts of the four elements 

theory, « by just as much as water differs from earth, by so much does it afford less nourishment to 

roots, I mean than earth does », clearly being in favour of earth as the source for plant nourishment. 

His arguments were only theoretical and speculative.

A major step occurred in botanical sciences between the 15th and 16th centuries; scholars began

making experiments to test antique and medieval hypotheses against observations in nature 

(Egerton 2003). In the mid-15th century, and probably related to the translation and printing of the 

botanical books  by Theophrastus (Morton 1981), the thought experiment from “Recognitions…” 

was taken up by Nicholas of Cusa in the fourth part of his “Idiota de mente”, “De staticis 

experiments”. At a time that the naming of plants for pharmacology was the major interest of 

savants, he proposed experimental investigations. Nicholas of Cusa described the same thought 



experiment as did pseudo-Clement’s Recognitions; he concluded similarly that “the collected herbs 

have weight mainly from water” (1450; translation into English by Hopkins 1996). Cusa 

additionally suggested that the plants should be burned at the end of the experiment and the ash 

weight be taken into account. It is not clear whether the thought experiment was ever physically 

done. 

In the 16th century, botanical science began to separate from medical sciences, with the 

establishment of lectureships in universities (e.g. Padua in 1533) and the establishment of botanical 

gardens (Egerton 2003). The bases existed for advancing science in the 17th century of 

Enlightenment. Francis Bacon, an influential philosopher of his time, conducted a series of plant 

growth experiments which are reported in his “de Augmentis Scientiarum” (1623; Spedding et al. 

1900). Bacon discovered that some plants sprouted more quickly in water than in soil (Egerton 

2004b). He concluded that “for nourishment the water is almost all in all, and that the earth doth but

keep the plant upright, and save it from over-heat and  over-cold” (Hershey 2003), thus still 

upholding the theory proposed by Thales and Nicholas of Cusa. In “The History of the Propagation 

and Improvement of Vegetables”, Robert Sharrock (1660) reported that some plants both rooted and

grew entirely in water. Although he noted different amounts of transpiration over time, he did not 

discuss this in relation to plant growth. 

In 1662 Johannes Baptista van Helmont published his now-famous willow experiments (van 

Helmont 1662). This maybe the fist report of an experiment that was based on the thought 

experiment of Nicholas of Cusa (Hershey 2003) with the minor differences of beginning with dried 

soil and not using herbaceous plants, but rather a willow tree. After weighing this soil, he irrigated it

with rain water and planted the weighed stem of a willow tree. The experiment ran for five years. At

the end, the tree was weighed again, as was the dried soil. He found the soil weighed about two 

ounces less than at the beginning of the experiment, whereas 164 pounds of wood, bark and roots 

were produced. He concluded that the organic matter could only have come out of the water. 

Helmont was unaware of the existence of carbon dioxide, but he did know of “gas sylvestre”. He 

also knew that burning oak charcoal would produce nearly the same amount of gas sylvestre and 

ash. However he did not connect this information with the plant growth he had observed (Hershey 

2003). Robert Boyle published similar experiments in “The sceptical Chymist” (Boyle 1661). Boyle

claimed that he had done his experiments before he knew of Helmont's (Egerton 2004c), although 

he discussed Helmont's results and arguments in detail in his book. Boyle doubted the direct 

transformation of water into plant matter. He admitted, however, that it might be possible that other 

substances contained in the water could generate new matter (Boyle 1661). In the 1660’s, Edme 

Mariotte also criticised van Helmont's theory that water alone constituted the only element to 

produce plant matter. He thought similarly to Boyle that elements in the water could contribute to 



the plant matter. He also showed that nitrogen compounds were important for plant growth (Bugler 

1950). 

John Woodward, in his “Some Thoughts and Experiments Concerning Vegetation” (Woodward 

1699) again took up the question of what comprised the source of plant growth. Woodward 

criticised Helmont's and Boyle's experiments, mainly on the precision of weighing the dry soil 

before and after the experiment, but also the contamination of the irrigation water by terrestrial 

vegetable or mineral matter. Consequently, he developed a series of hydroponics experiments, 

where by growing plants in sealed vials, in different types of water and weighing them regularly 

over the same time period, he could calculate how much biomass was gained over a set time period.

He was able to draw a series of conclusions from these experiments by calculating the ratio of water

lost to plant mass gained in the same period of time, thereby calculating the inverse of transpiration 

efficiency. This was probably the first time that the inverse of transpiration efficiency was 

calculated using experimental data. He showed that 50 to 700 times as much water was lost than 

biomass gained. He also reported that plants grown in water containing more terrestrial matter grew 

more and with less water consumed. From these observations, he concluded that water serves only 

as a vehicle for the terrestrial matter that forms vegetables and that vegetable matter is not formed 

out of water. He is still remembered more for his geological publications (Porter 1979) than for his 

contributions to botany (Stanhill 1986). 

In his “history of ecology” series, Egerton (2004c) nicely sums this period thusly: “each of 

these authors (Bacon, Boyle, Helmont, Sharrock) built upon the work of his predecessors and 

improved somewhat the understanding of plant growth and how to study it. However, they still fell 

short of a basic understanding of plant growth. Before that could be achieved, chemists would have 

to identify the gases in the air.”. This series of studies shows that from the end of the 17th century 

onwards, experiments replaced speculation (Morton 1981), in botany many as well as is many other

areas of science. 

From the end of the 17th century, the question of how plants grow was still unresolved, 

although it was known that nutrients were conducted from the roots in the ascending sap to the 

leaves, and a vague idea of photosynthesis was beginning to develop. A major improvement in the 

understanding of how transpiration and its variations work, was the discovery of cells by Robert 

Hooke towards the middle of the 17th century (Egerton 2005), and subsequently the discovery of 

stomata on leaf surfaces. One of the first to describe stomata may have been Malpighii in this 

“Anatomy of Plants” (Malpighii 1675; Möbius 1901). Based on Malpighii's and Grew's (1682) 

studies, John Ray suggested in his “Historia Plantarum” (Ray 1686) that the apertures in the leaves, 

when open, would give off either breath or liquid. Ray may have been the first to have connected 

stomata with transpiration. He also suggested that the loss of water by evaporation is compensated 



constantly by water from the stem and thus, transpiration results from a constant water flux. He also

observed that sap ascends the stems of trees in sap-bearing vessels, which do not contain valves. He

did, however, admit that it cannot be capillary forces that make water go up tall trees.

Ideas on photosynthesis developed slowly from the middle of the 17th century onward. 

Malpighii (1675) suggested that leaves produce (“concoct and prepare”) the food of plants and from

leaves this food passes to all parts of the plant. Similarly, Claude Perrault in his “Essais de 

Physique” (Perrault 1680) defended the hypothesis that the root act as the mouth of the plant and 

that the leaves serve to prepare the food arriving with the sap from the root so that it can be used in 

the rest of the plant. John Ray in “History Plantarum” (Ray 1686) concurs with this, however adds 

in “The wisdom of God” (Ray 1691 in Lazenby 1995) that “not only that which ascends from the 

Root, but that which they take in from without, from the Dew, moist Air, and Rain.”. He also 

thought that light could play a role in this preparation of the plant sap. At this time, most authors 

(Malpighi, Perrault, Mariotte, Ray) knew about the circulation of sap, up as well as down, and that 

leaves served somehow to transform the upcoming sap into food for the plant. 

In 1770 Lavoisier published “Sur la nature de l'eau” (“On the nature of water”, translation by 

the author) and reviewed the literature on the possibility of water changing into earths to nourish 

plants. Lavoisier cited the Van Helmont experiment and later works which tested Van Helmont’s 

idea by growing plants in water (e.g. Boyle, however he did not cite Woodward). He was critical of 

the idea that it could be a transformation of water that would constitute plant material. This was 

based mainly on experiments by himself and others, showing even distilled water would contain 

traces of “soil”. However, he also defended the idea, based mainly on Charles Bonnet's 

observations, that leaves absorb vapours from the atmosphere that contribute to plant growth. 

Helmont had coined the term “gaz” in the mid 17th century and had been able to distinguish 

different gazes from air (Egerton 2004a). It was only in the middle of the 18th century that gases 

were studied in the laboratory and several observations by different researchers would finally lead 

to an understanding of respiration and photosynthesis (Tomic, Cussenot, and Dreyer 2005). Richard 

Bradley seems to be one of the first to clearly state (in letters from 1721 to 1724) that plant 

nourishment can be drawn from the air. Hales (1727) agreed with this theory, which was not yet 

widely accepted (Morton 1981), and suggested that light might be involved, which helped to pave 

the way for the discovery of photosynthesis. Charles Bonnet (1754) made an important observation,

i.e. branches with leaves that were submerged under water would produce air bubbles on their 

surfaces when sunlight shone on them. He further observed that this was not the case in degassed 

water, and also that bubbles would appear more rapidly when he saturated the water with air. This 

further suggested that light was involved. Black (1756) was able to identify carbon dioxide (which 

he called ‘fixed air’) using a lime water precipitation test. He demonstrated that this ‘fixed air’ did 



not support animal life or a candle flame (Egerton 2008). Tomic, Cussenot, and Dreyer (2005) 

present nicely the steps leading up to the term photosynthesis. This began with Priestley (1775) 

demonstrating that the air given off by animals and by plants were not the same, Ingen-Housz 

(1779) observed the important role of light, and the dispute between Senebier and Ingen-Housz 

from 1783 to 1789, resolved more clearly the functions of carbon dioxide emission (respiration) and

absorption (photosynthesis). Based on these results and his own, very detailed observations, De 

Saussures reported in 1804 that the carbon necessary for plant growth is absorbed mainly by green 

leaves from atmospheric carbon dioxide and he estimated that the largest part of the accumulated 

dry matter of plants is made of this carbon. Thus, the dispute of what the plant matter is made of

and began in antique Greece, was resolved at the end of the 18th century. 

II) How much water do plants need to grow ?
The late 18th century was the beginning of applied agricultural science and the rise of plant 

physiology(Morton 1981). Work continued on transpiration and stomata, with a large number of 

experiments, reviewed by (Burgerstein 1887; 1889). Unger published in 1862 a major review article

covering such subjects as: the relationship of transpiration to temperature and humidity; daily 

cycles, including night; differences in adaxial and abaxial leaf surfaces; the impact on transpiration 

of type, number, size and distribution of stomata; the structure of the epidermis (cell layers, cuticle, 

hairs, and wax); development of the mesophyll; size of intercellular spaces and cell turgor; and the 

impact of plant transpiration on the atmosphere (Unger 1862). Scientists started to reflect on the 

interaction of plants, or more specifically their leaves, with their environment, and experimentation 

included the responses of stomata to light quantity (Moldenhawer 1812) and quality (Daubeny 

1836). Based on inconsistent observations by e.g. Banks, Moldenhower and Amici, advances were 

also made on the functioning of stomata (Mohl 1856). However, progress was mainly based on a 

comment in von Schleiden (1849), that the state of the stomata would be the result of the water in or

outflow of the pore-cells (called "Schliesszellen") and he showed experimentally that stomata close 

when the pore-cells lose water. As knowledge of transpiration, stomatal opening and their 

dependence on environmental variables increased, new questions arose about the water 

consumption of plants. 

Another milestone along the way to understanding the transpiration of plants in the 19th century

was the publication by Sir John Bennet Lawes (1850) “Experimental investigation into the amount 

of water given off by plants during their growth; especially in relation to the fixation and source of 

their various constituents”. He described experiments on wheat, barley, beans, peas, and clover 

using differently fertilised soils. He observed increased evapotranspiration with higher temperatures

during the growing season, and asked whether “this increased passage of water through the plants, 



carrying with it in its course many important materials of growth from the soil, and probably also 

influencing the changes in the leaves of these, as well as of those derived from the atmosphere, will 

not be accompanied with an equivalently increased growth and development of the substance of the 

plant.”. This was followed by an important discussion of the influence of temperature on 

evaporation and growth as well as the resultant ratio. He discussed in the introduction "the 

relationship of the water given off to the matter fixed in the plants", he gave his results in this ratio 

and in the inverse ratio, and applied these ratios to different scientific questions. The first ratio 

(transpired water divided by plant matter is the inverse of today’s TE) was used to interpret his 

results in terms of water use compared to field available water and the latter’s ratio (plant matter 

divided by transpired water, equivalent to today’s TE), was used to discuss his results in terms of 

functional differences among species. From the observed functional differences, he concluded that

there was "some definite relationship between the passage of water through the plants and the 

fixation in it of some of its constituents.". He was, thereby, introducing a new question about the 

link between dry matter accumulation and transpiration, which will be treated in the next chapter.

Toward the end of the 19th century, research interest started to include agricultural questions of 

water use. Marié-Davy (1869) measured transpiration (standardized by leaf surface) of over 30 

plant species, including eight tree or shrub species as well as herbaceous and agricultural plants. He 

estimated transpiration per soil area, thereby establishing that a prairie would transpire more than 

trees. von Höhnel (1879) estimated long term transpiration of branches 15 tree species (standardized

on leaf surface or leaf dry weight). He used this data of branch transpiration to upscale to whole 

trees and concluded that compared to agricultural plants, the amount of rain seemed sufficient for 

tree growth. Hellriegel (1871) had already similarly concluded for cereals in the Mark Brandenburg 

(Germany) region that rainfall would not be sufficient, as had Marié-Davy (1874) for wheat in the 

Paris (France) region. In parallel with these more quantitative interrogations about water use, from 

the mid 19th century, scientists started to ask more functional questions about the relationship 

between transpiration and dry matter accumulation, in a context of vigorous growth of botanical 

sciences and the complex relation between organisms and their environment (Morton 1981).

III) Are transpiration and dry matter accumulation linked
Lawes (1850) had already reflected on a functional relationship between water flux and plant 

matter accumulation. In the following years there were several publications on the transpiration of 

trees, and although no transpiration efficiency was estimated, the understanding of tree transpiration

advanced. Many comparative studies were published. Lawes (1851) on “Comparative evaporating 

properties of evergreen and deciduous trees” considering twelve different tree species. He provided 

measurements of the variation in transpiration with temperature and hygrometry data. With these he



concluded that, « evaporation is not a mere index of temperature but that it depends on vitality 

influenced by heat, light and other causes ». In the late 19th century several researchers estimated 

and compared values of the ratio of transpiration and dry matter accumulation for different plants 

(Burgerstein 1887). With the growing evidence of variation in this ratio, scientists started to reflect 

on the relationship between transpiration and dry matter accumulation, aided by the development of

new measurement techniques. A major question was if there would be a tight coupling between 

transpiration and dry matter accumulation, resulting in a constant transpiration efficiency, or

if variation could be observed.

Dehérain (1869) studied evaporation and the decomposition of carbonic acid in leaves of wheat 

and barley. Using an ingenious apparatus, he was probably the first to directly measure evaporation 

of water in parallel with carbonic acid decomposition. He studied the effect of variously coloured 

light, and although he did not calculate the ratio between evaporation and carbonic acid 

decomposition, he did conclude that light of different colours had a similar effect on carbonic acid 

decomposition and on water evaporation from the leaves. His final conclusion was that “it is likely 

that there is existing between the two main functions of plants, evaporation and carbonic acid 

decomposition, a link, of which we need to determine its nature” (translation from the original 

French by the author). Several other scientists also commented on the relationship between 

transpiration and dry matter production. Fittbogen (1871) supposed, similarly to Lawes (1850) 

before him, but with more experimental evidence, that there should be a positive relationship 

between transpiration and production of dry matter. Dietrich (1872) supposed that this relationship 

would be linear, whereas Tschaplowitz (1878) introduced the idea that there should be an optimum 

transpiration at the maximum production of matter. Therefore, when the transpiration would 

increase over this optimum, this would lead to a decrease in assimilation rate. He was one of the 

first to suggest a non linear relationship between transpiration and assimilation. Sorauer in “Studies 

on evaporation” (1880) defended the hypothesis that transpiration was not only a physical 

phenomenon but was also  physiological. He stated that “It is not possible as yet to study the plant 

internal processes which regulate the transpiration, however it is possible to quantify the 

relationship between dry-matter and transpiration” (translation from German by the author), 

suggesting thereby TE as a means to advance the understanding of plant internal processes. 

Sorauer was probably at the cutting edge of science of his time. He pointed out specifically that 

variability among plants of one species was due to genetics (German, “erbliche Anlagen”) a 

startling and even daring assertion for his time. He asserted that for comparative studies, genetic 

variability needed to be minimized. To schieve this he used, when possible, seeds from the same 

mother-plant, grown in the same environmental conditions and a large number of repetitions. Using 

these protocols, he was probably one of the first to estimate TE on tree seedlings, showing that there



was within species diversity in transpiration and growth, but that their ratio was more constant. He 

concluded from experiments on pear and apple trees that the pear trees used less water for the same 

biomass growth. He was able to go one step further and demonstrate that this difference was due to 

less transpiration per leaf area. By comparing different woody and herbaceous plants with different 

growth types, he postulated that when plants had a small leaf area combined with high transpiration,

they had either a very strong growth increment, a higher dry matter percentage, or a larger root 

system. Overall he observed relationships between dry matter production and transpiration; he 

concluded that there must be some regulation of the transpiration per unit leaf area by the co-

occurring dry matter production.

Hellriegel (1883) argued that one cannot estimate a constant ratio between transpiration and 

production as there were factors which influence each independently. He also commented that it 

might make sense to estimate mean values of transpiration for various agricultural plants, as this 

would be for practical and scientific value. He thought that the most logical standardisation would 

be by the mass of the dry matter produced during the same time period. He called this "relative 

Verdunstungsgrösse" which can be translated into English as “relative transpiration”. He was 

probably one of the first to give a name to the ratio between, whole plant transpiration and dry 

matter production. He proposed a theory that for a long-term drought, plants would acclimate their 

morphology to decrease their “relative transpiration”. He provided additional experimental evidence

that barley had decreased in relative transpiration over as many as seven levels of soil water deficit, 

relative to field capacity. Using his own observations, he proposed that when calculating a mean 

“relative transpiration” for a single species, variation of transpiration should be minimised and 

that plants should be tested together only under optimal conditions. Hellriegel also concluded from 

his own observations that the reason for a species’ preference for certain soil water conditions was 

not only to be found in their relative transpiration ratio. Hellriegel was thus probably one of the first

scientists to point out that the relationship between drought adaptation and “relative 

transpiration” might not be straight forward. 

Understanding how biomass and water loss were connected was studied by Iljin (1916) on a 

newly detailed level. He measured simultaneously water loss and carbon dioxide decomposition and

reported his data as grams water lost per cc of carbon dioxide decomposed. He concluded from 

studying more than 20 plant species, that "...it is generally agreed that the rates of water loss and of 

CO2 assimilation are directly proportionate to stomatal aperture, and that consequently there exists a

close connection between these two processes".

At the end of the 19th century the ratio of transpiration versus dry matter accumulation was 

recognized as an important plant process, which varied among and within species in a complex 

interaction of each component with the other and with environmental factors.



IV) How do plants differ in water requirement and how do they 
respond to variations in environmental factors ?

In the late 19th century several researchers estimated and compared values of the ratio of 

transpiration and dry matter accumulation for a range of cultivated plants (Fittbogen 1871; Dietrich 

1872; Farsky 1877, cited in Burgerstein 1887), giving evidence of the growing interest of 

agricultural scientists. The number of studies of transpiration efficiency greatly increased, thereby 

driving a new standardisation in terminology. King (1889) studied the inverse of transpiration 

efficiency and described it as “the amount of water required for a ton of dry matter”, and 

promulgated this terminology by using it in the titles of his publications between (1892 and 1895). 

Similarly Leather (1910) published « Water requirements of the crops of India », in which he 

defined the “Transpiration ratio” as “the water transpired to the weight of dry plant produced”. 

The shift from a purely descriptive use of “water requirement” to a clearly defined one was 

provided by Kearney and Shantz (1911) as “… the degree to which a plant is economical in its use 

of water is expressed in its water requirement, or the total quantity of water which it expends in 

producing a pound of dry matter”. This term “water requirement”, is the inverse of the modern 

transpiration efficiency, and was used by a rapidly increasing number of publications which were 

published on the water use of crops in the early 20th century. Montgomery (1911) may have been the

first to use the term for a plant trait in “Methods of determining the water requirements of crops”. In

the now well known studies on “The water requirement of plants. I. Investigations in the Great 

Plains in 1910 and 1911.”, Briggs and Shantz (1913a) measured the water requirement for 21 crop 

and weed species, sometimes for different varieties of the same crop and under controlled and field 

conditions. In the same year they reviewed the available literature on water requirement (Briggs and

Shantz 1913b). They discussed in detail studies from 29 different authors, many of which had only 

published once or twice on this subject. A few researchers were notable for their number of 

publications on the water requirement of crop plants : King with 6 publications between 1889 and 

1905, and Von Seelhorst with 9 publications between 1899 and 1907. The difference among species 

and the impact of environmental factors on water requirement was one of the main questions raised.

Briggs and Shantz (1913b) compiled most of the comparative studies, increasing their data set to 31

different crop species. The largest contributions came from Hellriegel (1883; 10 species) and 

Leather (1911; 15 species). Kiesselbach (1916) also reviewed 59 publications “ which had studied 

transpiration in relation to crop yield, based upon plants grown beyond the seedling stage” between 

1850 – 1915. There were regular publications of original work from 1870s onwards, with more than

per year from 1890 onwards. These reviews and the increasing amount of newly published work

per year, are evidence of the growing interest in the “water requirement” of plants as a trait of

increasing importance in agricultural sciences.



With regard to species differences in water requirement among crops, Schröder (1895) found 

two groups, among seven cereals, which differed in water requirement by a factor of two. Millet, 

sorghum and maize were known to be drought resistant, and showed a lower water requirement than

the remaining plants. These differences were confirmed by Kolkunov (1905; cited in Maximov 

1929), Briggs and Shantz (1914), Briggs and Shantz (1917) and Shantz (1927). Millet, sorghum and

maize are now known to use the C4 carbon pathway of photosynthesis.

With regard to external environmental influences on the plants, Briggs and Shantz (1913b) 

distinguished between soil, atmosphere and plant factors. Soil factors which were investigated were 

soil moisture content, soil type, cultivation, soil volume, soil temperature, effect of fertilizers in soil 

or water cultures and effect of previous crops. Weather factors considered were air temperature and 

humidity, shade and carbon dioxide content. Other factors studied in direct relationship to the plants

were parasite attacks, relative leaf area, cutting frequency, defoliation, planting density, and the age 

of plants. 

A critique of the term “water requirement” was not long in coming. Dachnowski (1914) wrote, 

“It is assumed by many writers that a definite and quantitative relation exists between transpiration 

and growth, and that hence the ratio of the weight of water absorbed and transpired by a plant 

during its growth to the green or dry substance produced is an adequate and simple measure of 

growth.”, followed by an argument why this is not be the case.

V) Why do plants differ in transpiration efficiency ?
The adaptations of plants to dry environments was an important ecological topic at the 

beginning of the 20th century, as the discipline of “physiological ecology” (Iljin 1916; Moore 1924) 

began to develop. Iljin (1916) studied more than 20 different plant species in situ from different 

ecological locations, e.g., wet bottom soils and variously-facing slopes of ravines with different 

aspects. Iljin proposed that “the water requirements of the different species should be very different,

and consequently the amounts of water available should differently affect their processes of life." 

Using his observations he was able to show that “… in no case was the water loss per unit of 

decomposed CO2 found to be equal to or more in xerophytes than in mesophytes", thus suggesting a

higher transpiration efficiency. He argued that mesophytes would have to close stomata "… in dry 

places in order to reduce evaporation, thus diminishing the rate of assimilation as well, whereas in 

the case of xerophytes, which are adapted to extreme conditions of existence, assimilation in similar

circumstances proceeds actively" and then tried to confirm his hypothesis by transplanting 

mesophytes from wetter sites to the drier environment of xerophytes. Iljin showed experimentally 

that in all cases, a higher water requirement was measured for mesophytes transferred to a drier site 

compared to their original site and compared to xerophytes at the dry site. He interpreted his 



observations as « plants growing in dry places are adapted to a more economical consumption 

of water. »  He held this to be true for among- and within-species variation. 

A milestone in forest “physiological ecology” was Bates’ (1923) study of the physiological 

requirements of Rocky Mountain trees. Bates wrote that for foresters, knowledge of demands of tree

seedlings for moisture, light, heat and soil fertility was important for planning reforestation. He 

started a large investigation of six forest tree species, combining field studies to describe 

ecosystems, with experiments in controlled environments in order to determine species differences 

in relative transpiration and other water-flow related traits. Bates concluded from the comparison 

among species, that trees of low water requirement would be trees that have a superior control

over their water supply. He was however critical of a direct relationhsip between water 

requirement and drought resistance in trees. Moore (1924) comments that in correlating 

physiological measurements with the habitat characterisation of the species, Bates «... has opened 

new fields to forest investigations ». He also stressed that the result were counter-intuitive in that 

the most xerophytic species had the highest water requirement, whereas the most mesophytic 

species had the lowest water requirement.

A similar discrepancy was observed by Maximov (1929) in the chapter “Efficiency of 

transpiration” in his book “The Plant in relation to water”. Maximov preferred “efficiency of 

transpiration” to “water requirement”, arguing that the former would be more logically correct, 

because the determining processes (transpiration) should be in the denominator, which also would 

have the effect that “… an increase in the figure denoting the value of the ratio actually corresponds

to an increase of the efficiency per unit of water used”.

In his book, Maximov (1929) described experiments done at Tiflis Botanic garden by Maximov

and Alexandrov (1917), where they studied local xerophytes for three years. They found xerophytes

with a high efficiency of transpiration, particularly drought-resistant annuals. They also found that 

plants with a low efficiency of transpiration, particularly appeared to be the most typical semi-arid 

xerophytes. The mesophytes all displayed a medium efficiency. Maximov noted from other 

observations on the same plants that the "… majority of xerophytes with a low efficiency of water 

expenditure possess very extensive root systems, far exceeding in length the sub-aerial portions of 

the plant". He also observed that these plants showed a strong transpiration, and that this 

transpiration might constitute the "pump" which could draw water through such an extensive root 

system. He also observed that "members of the group of annual xerophytes with a high efficiency of

transpiration are characterized by a relatively large leaf surface, which develops very rapidly". He 

argued that this would confer a high intensity of assimilation. From these observations he concluded

a "lack of direct proportionality between efficiency of transpiration and the degree of drought 

resistance", but also that "the magnitude of the efficiency of transpiration affords one of the 



most satisfactory tests of the ecological status of a plant". Maximov applied the ecological 

classification developed by Kearney and Shantz (1911), which they had based on plants of the arid 

and semi-arid regions of North-America : (1) drought-escaping with an annual growth cycle 

restricted to favourable conditions, (2) drought-evading, delay by various means the exhaustion of 

soil moisture, (3) drought-enduring, can wilt or dry but remains alive and (4) drought-resisting, can 

store a water supply. It should be noted that the ecological definitions behind these concepts have 

changed with time and are used slightly differently today. Shantz (1927) argued that many of the 

drought-evading plants had a low water requirement and Maximov noted that this group included 

the highly efficient xerophytes with a large leaf area. Maximov also observed that xerophytes from 

the third group (drought enduring) could show a very low efficiency of transpiration and belonged 

to the group of xerophytes with large root systems. Without concluding directly, he suggested a 

relationship between the transpiration efficiency of a xerophyte and its ecological strategy 

when facing limited soil water content. These studies by Maximov are among the most complete 

concerning the relationship between a plants’ resistance to drought and their transpiration efficiency,

reflecting the interest of scientists in ecological questions of plant functioning, especially in 

relation to drought. 

Although work on crop plants advanced greatly in the early 20th century, results were scarcer for

tree species. Raber (1937) concluded his book on “Water utilization by trees, with special reference 

to the economic forest species of the north temperate zone”, with detailed discussion of available 

data for forest trees. He commented that "much more work on the water requirements of trees of all 

ages and under varying site conditions is needed”. And he continued that “In view of the importance

of planting drought-resistant species in regions where the water supply is below the optimum for 

most tree species, it is extremely urgent to know more about what qualities make for drought 

resistance and what species possess these qualities to the greater degree.”. These conclusions by 

Raber show that from the beginning of the 20th century, the estimation of transpiration 

efficiency had taken an important place in ecological studies on forest tree species, however 

not without some critical thoughts on the subject.

VI)  What is the functional importance of transpiration ?
Already in the 1870s and 1880s, the role of stomata in the diffusion of carbon dioxide into the 

leaf (during the day) and out of the leaf (during the night) was discussed in the scientific literature, 

as shown by the extensive literature review by Blackman (1895) (see also III above). Especially the 

functional importance of transpiration was an open question. There were two opposing lines of 

thought. As summarised by Iljin (1916), one defended the line of inquiry that transpiration was 

important only in the process of transporting mineral salts from roots to leaves; the other held



that the opening of stomata was necessary for absorbing the carbonic acid from the 

atmosphere, which leads to a loss of water and is described as an “inevitable evil”. Iljin (1916) 

preferred the second line of investigation, and attributed a major role to the stomatal aperture, which

controlled both the absorption of carbonic acid from the atmosphere and the loss of water. He 

concluded that in “physiologico-ecological” investigations assimilation should be studied together 

with transpiration. Methodological advances (Egle and Ernst 1949) as well as the development of 

the theories about the diffusion of gases, were applied to plants (Brown and Escombe 1900). These 

not only intensified research on the leaf-level relationship between assimilation and transpiration, 

but also allowed to study plant functioning in more detail. The major step forward, was the 

construction of an infrared gas analyser (URAS : in German “Ultrarotabsorptionsschreiber”, IRGA, 

Infrared Gas Analyser) by Lehrer and Luft in 1938 (Luft 1943) at a laboratory of BASF, IG 

Farbenindustrie. Normally used in industry and mining, Egle and Ernst (1949) may have been the 

first to describe the use of the URAS for plant physiological measurements. By 1959, the URAS 

was routinely used for measuring stomatal resistance or transpiration in parallel and simultaneously 

with CO2 assimilation, on the same leaf (Rüsch 1959). This was a great improvement on previous 

methods and let rapidly to a set of equations for calculating assimilation and stomatal conductance 

(Gaastra 1959).

Scarth (1927) argued that there would be little advantage for a plant to have a high rate of 

transpiration, but stressed the «... advantage of maintaining the fullest diffusive capacity of the 

stomata and the highest possible pressure of CO2 in the intercellular spaces ». He concluded that the

principal function of stomata  «... is to regulate that very factor which is presumed to regulate them, 

viz. the concentration of CO2 in the leaf or, respectively, in the guard cells ». Maskell (1928) tested 

this hypothesis experimentally and concluded that the rate of uptake of carbon dioxide was 

determined by variations in stomatal resistance and by resistances within the leaf. The suggestion 

of a strong link between the leaf internal carbon dioxide concentration and leaf level WUE 

represented a large advance in the theoretical understanding of WUE.

Penman and Schofield (1951) proposed, perhaps, the first theoretical link between leaf level 

transpiration ratio (leaf transpiration divided by assimilation) and the ratio of the coefficients of 

diffusion of water vapour and carbon dioxide in air, and the water vapour and carbon dioxide air-to-

leaf pressure gradients. Gaastra (1959) suggested that the leaf internal conductance to carbon 

dioxide is a pivotal point of the ratio of assimilation to transpiration and of the water economy of 

crop plants. Bierhuizen and Slatyer (1965) showed that the transpiration ratio could be predicted 

from water vapour and carbon dioxide gradients over a range of light intensities, temperatures and 

relative humidities. These studies were the first to suggest that whole plant transpiration 

efficiency might be regulated in part by leaf functioning and is, therefore, predictable. They 



opened new possibilities for plant improvement of drought resistance.

VII)  How can the transpiration ratio be improved ?
Because water is increasingly scarce in a warming world, Rüsch (1959) queried whether the 

luxury of highly transpiring tree species could be justified. He argued for selective breeding of tree 

species varieties with low transpiration-to-assimilation ratio T/A by means of minimising 

transpiration while maximising assimilation. Also Polster, Weise, and Neuwirth (1960) assessed the 

potential suitability of tree species to sites by their dry matter production and transpiration ratio. 

Troughton (1969) and Cowan and Troughton (1971) suggested that genetic selection of plant 

varieties could be used to improve the transpiration ratio by decreasing leaf internal resistance to 

carbon dioxide diffusion. Cowan and Farquhar (1977) built on this theme by proposing that 

stomata might optimise carbon gain to water lost by varying the conductances to diffusion 

and thereby maximising the ratio of the mean assimilation rate to mean rate of evaporation in

a fluctuating environment. Approaches which target photosynthesis, stomatal opening, leaf 

internal resistance to carbon dioxide diffusion or stomatal optimization in order to improve plants 

performance have since been followed in plant breeding and have largely been reviewed elsewhere  

(e.g. Condon et al. 2004; Cregg 2004; Vadez et al. 2014). 

VIII) Intrinsic water use efficiency and carbon stable isotopes
Another milestone towards contemporary research on water use efficiency was the use of 

stomatal conductance to water vapour by Farquhar and Rashke (1978) rather than transpiration and 

to calculate water use efficiency as assimilation divided by stomatal conductance. This definition 

allowed an estimation of water use efficiency resulting only from plant functioning, without a direct

impact from leaf-to-air vapour pressure difference and was named by Meinzer, Ingamells, and 

Crisosto (1991) « intrinsic water use efficiency » (Wi). Knowledge of Wi facilitated the search for 

a genetic basis of within species variation, e.g. Brendel et al. (2002), Condon et al. (2002) and Chen

et al. (2011). 

Development of the stable carbon isotope method for estimating Wi resulted in a widely 

applicable screening method, and a large increase of publications around plant water use 

efficiency. Based on the two-step fractionation model (atmospheric CO2 – leaf internal CO2 – plant 

carbon) proposed by Park and Epstein (1960), various models explaining the difference in carbon 

isotope composition between atmospheric CO2 and plant carbon were developed in the late 1970’s 

and early 1980’s, e.g. Grinsted (1977), Schmidt and Winkler (1979), Vogel (1980). Vogel’s model 

contained many theoretical aspects which, however, lacked experimental understanding. In parallel, 

Farquhar (1980) developed a similar model, but resulted in a simple, elegant mathematical model 



relating plant natural abundance carbon isotope discrimination, relative to atmosphere, to the ratio 

of leaf internal to atmospheric CO2 concentration. This was, in turn, related to Wi. Experimental 

evidence showed that carbon isotope measurements, in wheat, reflected long-term water use 

efficiency (Farquhar, O’Leary, and Berry 1982) as well as whole plant transpiration efficiency 

(Farquhar and Richards 1984). They concluded that carbon isotope discrimination may provide an 

effective means to assess and improve WUE of water-limited crops. Strong correlations between 

whole plant TE and stable carbon isotope measurements of plant organic material were shown in a 

host of papers to be. Some of these papers were (1) for crops and other annuals (Hubick, Farquhar, 

and Shorter 1986, Ehleringer et al. 1990, Virgona et al. 1990); (2) for trees (Zhang and Marshall 

1994, Picon, Guehl and Aussenac 1996, Roupsard, Joly and Dreyer 1998). The isotopic method has 

spread rapidly as a general estimator of WUE and continues to be used widely in screening 

programmes for plant improvement as well as in ecological research, e.g., Rundel, Ehleringer, and 

Nagy (1989) and notably used in tree rings (McCarroll and Loader 2004).

IX) Conclusions
Water use efficiency is probably one of the oldest plant traits to stimulated across the centuries 

the interest of philosophers, theologians, Middle Age savants, and natural philosophers to modern 

plant scientists across different disciplines (plant physiology, ecophysiology, ecology, genetics, 

agronomy). The interest began as a purely philosophical one, progressed to thought experiments, 

toward an interest in plant functioning and its relationship to the environment. Already in the early 

Renaissance an experimentation was proposed, in a time when botany consisted mainly of naming 

plants (Morton 1981). It is then also an early example of an actually performed experimentation, the

famous willow experiment by Van Helmont (1662) as well as of early “in laboratory” 

experimentation on plants (hydroponics experiments by Woodward in 1699). The decision what 

makes plants grow, between water or soil, kept natural philosophers busy up to the end of the 18th 

century, when the assimilation of CO2 was discovered and the question finally solved. 

Early in the 19th century, the interest turned to the amount of water that plants would need to 

grow, in the context of a developing research on agricultural practices (Morton 1981). Biomass was 

used to standardize the water losses which allowed comparisons among species (crops as well as 

trees) and a beginning study of the impact of different environmental variables. 

At the end of the 19th century, knowledge on the functional aspects of CO2 assimilation and the 

control of transpiration by stomata had sufficiently advanced, so that scientists started to reflect on 

the relationship between dry matter accumulation and transpiration. Was transpiration only a 

physical process or was there a physiological control ? Was transpiration regulated by the dry matter

production ? Or does the stomatal opening determine the rate of CO2 assimilation ? Similarly to 



photosynthesis (Nickelsen 2007), research on water use efficiency followed a path from the whole 

plant to molecular mechanisms.

At the turn of the 20th century, the study of species differences became more intensive 

(especially for crops) as well as the study impact of soil and climatic variables on the water 

requirement with a clear aim of improving agricultural practices, as show early examples from the 

United States Department of Agriculture (Briggs and Shantz 1913a, Briggs and Shantz 1914). At the

beginning of the 20th century, observations of large differences in water requirement among plant 

species  resulted rapidly the question “why” this was the case. As the discipline of “physiological 

ecology” developed, “water requirement” was inverted into an “efficiency”, reflecting an evolution 

from standardizing transpiration to a trait in its own right. This introduced ecological questions 

about the adaptation of plants to dry environments and its relation to transpiration efficiency. 

Further, a stronger interest in within species variations became apparent and counter intuitive results

stimulated the discussion about ecological strategies. Methodological and theoretical advances in 

the mid 20th century showed the central role of stomata in the control of the transpiration as well as 

the assimilation of CO2. The phrase “inevitable evil” for transpiration was coined, but also the idea 

that stomata might optimize water losses, and thus the objective that transpiration efficiency might 

be improved by breeding. Studies on all levels of water use efficiency increased exponentially in the

20th century, especially with the development of measurements of stable carbon isotopes in plant 

organic matter as an estimator of leaf level water use efficiency in the second half of the century. In 

parallel, modelling approaches were developed to scale from leaf level WUE to whole plant TE, 

e.g., Cernusak et al. (2007) and to the field or canopy, e.g. Tanner and Sinclair (1983). 

At least from the beginning of the 20th century onwards, also critical views on the relationship 

between water requirement and its relation to growth mostly in terms of yield, were published 

(Dachnowski 1914). Viets (1962) asked “Is maximum water use efficiency desirable?”, especially 

in terms of crop production. Sinclair, Tanner, and Bennett (1984) considered different options for 

improving water use efficiency, however concurs that most of these have important limitations or 

drawbacks. This discussion is ongoing, as can be seen by the article published by Blum (2009): 

“Effective use of water (EUW) and not water-use efficiency (WUE) is the target of crop yield 

improvement under drought stress”. Still, many publications ask the question of how water use 

efficiency relates to the improvement of productivity of crops in water-limited environments (Araus

et al. 2002; Passioura and Angus 2010), with some success stories of selecting for higher WUE 

(Condon et al. 2002) and positive notes on space on improvement, especially using molecular 

approaches (Chen, Chang, and Anyia 2011; Tuberosa 2012). Exploration and application of 

transpiration efficiency, at the whole plant level, and it derivatives at other levels are still a very 

active research field across nearly all levels of botanical research : concerning very rapid processes 



at the leaf level (Vialet-Chabrand et al. 2016), up-to-date genetic and genomic approaches for 

breeding (Dharmappa et al. 2019; Torre et al. 2019), studying local adaptation of plants to their 

environment in a population genetic context (Eckert et al. 2015) or an ecological context (Pellizzari 

et al. 2016), water use efficiency from the plant to the ecosystem (Medlyn et al. 2017; Tallec et al. 

2013), estimated at the population level (Rötzer et al. 2013; Dekker et al. 2016) or modelling up to 

the global earth level (Cernusak et al. 2019), just to name a few. Thus the first curiosity of greek 

philosophers has motivated scientists through history, with many exciting discoveries still to come. 

Acknowledgements

Much of the historical background is based on A.G. Morton’s “History of Botanical Sciences”

as well as to Frank N Egerton’s  “A History of the Ecological Sciences” series in the “Bulletin of 

the Ecological Society of America”. The author is also largely indebted to C. Schuchardt from the 

Library of the Staatsbetrieb Sachsenforst for help with the quest for rare German publications. The 

author would also like to thank E. Dreyer and JM Guehl (both from the SILVA Unit at INRAE 

Nancy, France) who commented on an earlier version of the draft, J. Williams (University of 

Sussex) who made many valuable suggestions and improved language, L.L. Handley-Raven for 

extensive language improvements, and J.A. Raven for commenting on the final version.



Bibliography

Araus JL, Slafer GA, Reynolds MP, Royo C (2002) Plant breeding and drought in C3 cereals: what 
should we breed for? Ann Bot 89:925–940

Bates CG (1923) Physiological Requirements of Rocky Mountain Trees. J Agric Res 24:97–164

Bierhuizen J, Slatyer R (1965) Effect of atmospheric concentration of water vapour and CO2 in 
determining transpiration-photosynthesis relationships of cotton leaves. Agric Meteorol 2:259–
270

Black J (1756) Experiments upon magnesia alba, quicklime, and some other alcaline substances. 
Essays Obs Phys Lit 2:157–225

Blackman F (1895) XI. Experimental researches on vegetable assimilation and respiration.—No. II. 
On the paths of gaseous exchange between aerial leaves and the atmosphere. Philos Trans R 
Soc B 186:503–562

Blum A (2009) Effective use of water (EUW) and not water-use efficiency (WUE) is the target of 
crop yield improvement under drought stress. F Crop Res 112:119–123. doi: 
10.1016/j.fcr.2009.03.009

Bonnet C (1754) Recherches sur l’Usage des feuilles dans les plantes. Elie Luzac, Fils, Göttingen

Boyle R (1661) The sceptical Chymist. J. Cadweill for J. Crooke, London

Brendel O, Pot D, Plomion C, et al (2002) Genetic parameters and QTL analysis of d13C and ring 
width in maritime pine. Plant, Cell Environ 25:945–953. doi: 10.1046/j.1365-
3040.2002.00872.x

Briggs LJ, Shantz HL (1913a) The water requirement of plants. I. Investigations in the Great Plains 
in 1910 and 1911. US Dep Agric Bur Plant Ind Bull 284:1–48

Briggs LJ, Shantz HL (1913b) The water requirement of plants. II. A review of the literature. US 
Dep Agric Bur Plant Ind Bull 285:1–96

Briggs LJ, Shantz HL (1914) Relative Water Requirement of Plants. J Agric Res 3:1–64

Briggs LJ, Shantz HL (1917) The water requirement of plants as influenced by environment. In: 
Proceedings of the Second Pan American Scientific Congress. pp 95–107

Brown H, Escombe F (1900) VIII. Static Diffusion of gases and liquids in relation to the 
assimilation of carbon and translocation in plants. Philos Trans R Soc B 193:223–291

Brown P, Shrader W (1959) Grain Yields, Evapotranspiration, and Water Use Efficiency of Grain 
Sorghum under Different Cultural Practices. Agron J 51:339–343

Bugler G (1950) Un précurseur de la biologie expérimentale : Edme Mariotte. Rev Hist Sci (Paris) 
3:242–250

Burgerstein A (1887) Materialien zu einer Monographie betreffend die Erscheinungen der 



Transpiration der Pflanzen. Verhandlungen der Zool Gesellschaft Wien 37:691–782

Burgerstein A (1889) Materialien zu einer Monographie , betreffend die Erscheinungen der 
Transpiration der Pflanzen . II. Theil. Verhandlungen der Zool Gesellschaft Wien 39:399–464

Cernusak LA, Aranda J, Marshall JD, Winter K (2007) Large variation in whole-plant water-use 
efficiency among tropical tree species. New Phytol 173:294–305. doi: 10.1111/j.1469-
8137.2006.01913.x

Cernusak LA, Haverd V, Brendel O, et al (2019) Robust Response of Terrestrial Plants to Rising 
CO 2. Trends Plant Sci 1–9. doi: 10.1016/j.tplants.2019.04.003

Chen J, Chang SX, Anyia AO (2011) Gene discovery in cereals through quantitative trait loci and 
expression analysis in water-use efficiency measured by carbon isotope discrimination. Plant 
Cell Environ 34:2009–2023. doi: 10.1111/j.1365-3040.2011.02397.x

Condon AG, Richards RA, Rebetzke GJ, Farquhar GD (2002) Improving intrinsic water-use 
efficiency and crop yield. Crop Sci 42:122–131

Condon AG, Richards RA, Rebetzke GJ, Farquhar GD (2004) Breeding for high water-use 
efficiency. J Exp Bot 55:2447–2460. doi: 10.1093/jxb/erh277

Cowan IR, Farquhar GD (1977) Stomatal function in relation to leaf metabolism and environment. 
In: Integration of activity in the higher plant. University Press, pp 471–505

Cowan IR, Troughton J (1971) The Relative Role of Stomata in Transpiration and Assimilation. 
Planta 97:325–336

Cregg B (2004) Improving drought tolerance of trees: Theoretical and practical considerations. In: 
Acta Horticulturae Evaluation, Production and Use, XXVI International Horticultural 
Congress: Nursery Crops; Development. AUG 11-17, 2002, pp 147–158

Dachnowski (1914) Transpiration in relation to growth and to the successional and geo- graphical 
distribution of plants. Ohio Nat 14:241–251

Daubeny C (1836) On the action of light upon the atmosphaere. Philos Trans R soc 149

de Saussure N (1804) Chemische Untersuchungen über die Vegetation. Leipzig, 1890

Dehérain M (1869) L’évaporation de l’eau et la decomposition de l’acide carbonique par les feuilles
des végétaux. Aannales des Sci Nat - Bot

Dekker SC, Groenendijk M, Booth BBB, et al (2016) Spatial and temporal variations in plant water-
use efficiency inferred from tree-ring, eddy covariance and atmospheric observations. Earth 
Syst Dyn 7:525–533. doi: 10.5194/esd-7-525-2016

Dharmappa PM, Doddaraju P, Malagondanahalli M V., et al (2019) Introgression of Root and Water
Use Efficiency Traits Enhances Water Productivity: An Evidence for Physiological Breeding in
Rice (Oryza sativa L.). Rice 12:. doi: 10.1186/s12284-019-0268-z

Dietrich T (1872) Ueber die durch unsere Culturpflanzen verdunsteten Wassermengen. Mitth des 
landw Cent für den Regierungsbezirk Cassel 343



Dreibelbis F, Harrold L (1958) Water-Use Efficiency of Corn, Wheat, and Meadow Crops. Agron J 
50:500–5003

Eckert AJ, Maloney PE, Vogler DR, et al (2015) Local adaptation at fine spatial scales: an example 
from sugar pine (Pinus lambertiana, Pinaceae). Tree Genet Genomes 11:. doi: 10.1007/s11295-
015-0863-0

Egerton FN (2001a) A History of the Ecological Sciences : Early Greek Origins. Bull Ecol Soc Am 
93–97

Egerton FN (2001b) A history of the ecological sciences, part 2: Aristotle and Theophrastos. Bull 
Ecol Soc Am 149–152

Egerton FN (2001c) A History of the Ecological Sciences, Part 4: Roman Natural History. Bull Ecol
Soc Am 243–246

Egerton FN (2002) A History of the Ecological Sciences, Part 7: Arabic Language Science: Botany, 
Geography, and Decline. Bull Ecol Soc Am 261–266

Egerton FN (2003) A History of the Ecological Sciences , Part 10 : Botany during the Italian 
Renaissance and Beginnings of the Scientific Revolution. Bull Ecol Soc Am 130–137

Egerton FN (2004a) A History of the Ecological Sciences, Part 12: Invertebrate Zoology and 
Parasitology During the 1500s. Bull Ecol Soc Am 27–31. doi: 10.1890/0012-
9623(2008)89[407:AHOTES]2.0.CO;2

Egerton FN (2004b) A History of the Ecological Sciences, Part 13: Broadening Science in Italy and 
England, 1600–1650. Bull Ecol Soc Am 110–119. doi: 10.1890/0012-
9623(2004)85[110:AHOTES]2.0.CO;2

Egerton FN (2004c) A History of the Ecological Sciences, Part 14: Plant Growth Studies in the 
1600s. Bull Ecol Soc Am 208–213. doi: 10.1890/0012-9623(2004)85[208:AHOTES]2.0.CO;2

Egerton FN (2005) A History of the Ecological Sciences, Part 16: Robert Hooke and the Royal 
Society of London. Bull Ecol Soc Am 93–101. doi: 10.1890/0012-
9623(2005)86[93:AHOTES]2.0.CO;2

Egerton FN (2008) A History of the Ecological Sciences, Part 28: Plant Growth Studies During the 
1700s. Bull Ecol Soc Am 159–175. doi: 10.1890/0012-9623(2007)88[50:UFCAFW]2.0.CO;2

Egle K, Ernst A (1949) Die Verwendung des Ultrarotabsorptionsschreibers für die vollautomatische 
und fortlaufende CO2-Analyse bei Assimilations-und Atmungsmessungen an Pflanzen. 
Zeitschrift für Naturforsch B 4:351–360

Ehleringer J, White J, Johnson D, Brick M (1990) Carbon isotope discrimination, photosynthetic 
gas exchange, and transpiration efficiency in beans and range grasses. Acta Oecologia 11:611–
625

Farquhar G (1980) Carbon isotope discrimination by plants: effects of carbon dioxide concentration
and temperature via the ratio of intercellular and atmospheric CO2 concentrations. In: Carbon 
Dioxide and Climate: Australian Research. Australian Academy of Science, Canberra, pp 105–
110



Farquhar GD, O’Leary MH, Berry JA (1982) On the Relationship between Carbon Isotope 
Discrimination and the Intercellular CO2-concentration in Leaves. Aust J Plant Physiol 9:121–
137

Farquhar GD, Rashke K (1978) On the resistance to transpiration of the sites of evaporation within 
the leaf. Plant Physiol 61:1000–1005

Farquhar GD, Richards PA (1984) Isotopic composition of plant carbon correlates with water-use 
efficiency of wheat genotypes. Aust J Plant Physiol 11:539–552

Farsky F (1877) Ueber die Wasserverdunstung von Korn, Gerste und Erbse. Chem List [Chemische 
Blätter] tom L:

Fittbogen J (1871) Altes und Neues aus dem Leben der Gerstenpflanze. Landwirtsch Versuchs-
Stationen 81-

Gaastra P (1959) Photosynthesis of crop plants as influenced by light, carbon dioxide, temperature, 
and stomatal diffusion resistance. Meded van Landbouwhoogeschool Wageningen 59:1–68

Grew N (1682) The anatomy of plants

Grinsted M (1977) A study of the relationships between climate and stable isotope ratios in tree 
rings. University of Waikato PhD Thesis

Hales S (1727) Vegetable staticks, or, An account of some statical experiments on the sap in 
vegetables : being an essay towards a natural history of vegetation : also, a specimen of an 
attempt to analyse the air, by a great variety of chymio-statical experiments. W. and J Innys 
and T Woodward, London

Hellriegel (1871) Wie viel Wasser beanspruchen unsere Getreidearten zur Production einer vollen 
Ernte? Amtliches Vereinsblatt des landwirtlischaftlichen Prov fuer die Mark Brand und 
Niederlausitz 3:60–62

Hellriegel H (1883) Beiträge zu den Naturwiss. Grundlagen des Ackerbaus. F. Vieweg und Sohn, 
Braunschweig

Hershey D (2003) Misconceptions about Helmont’s Willow Experiment. Plant Sci Bull 49:78–83

Hobart C, Harris K (1946) Fitting Cropping Systems to Water Supplies in Central Arizona. College 
of Agriculture, University of Arizona, Tucson, AZ, USA

Hopkins J (1996) Nicholas of Cusa on wisdom and knowledge. Arthur Banning Press, Minneapolis

Hubick K, Farquhar G, Shorter R (1986) Correlation between Water-use Efficiency and Carbon 
Isotope Discrimination in Diverse Peanut (Arachis) Germplasm. Aust J Plant Physiol 13:803–
16

Iljin V (1916) Relation of Transpiration to Assimilation in Steppe Plants. J Ecol 4:65–82. doi: 
10.2307/2255326

Ingen-Housz J (1779) Experiments Upon Vegetables, Discovering Their Great Power of Purifying 
the Common Air in the Sunshine and of Injuring it in the Shade and at Night. London



Kearney TH, Shantz HL (1911) The water economy of dry-land crops. Yearb United States Dep 
Agric 10:351–362

Kiesselbach T (1916) Transpiration as a factor in crop production. Bull Agric Exp Stn Nebraska 6:

King F (1889) Soil Physics. Annu Rep Agric Exp Stn Univ Wisconsin 6:189–206

Kolkunov W (1905) Contributions to the problem of breeding drought resistant crop plants. I. 
Anatomical and Physiological investigations of the degree of xerophily of certain cereals. 
Mém Polytech Inst Kiev 5:

Lavoisier A-L (1770) Sur la nature de l’eau et sur les expériences par lesquelles on a prétendu 
prouver la possibilité de son changement en terre. Mémoires l’Académie des Sci 73

Lawes JB (1850) Experimental investigation into the amount of water given. J Hortic Soc London 
5:38–63

Lawes JB (1851) Report upon some Experiments undertaken at the suggestion of Professor Lindley,
to ascertain the Comparative Evaporating Properties of Evergreen and Deciduous Trees. . J 
Hortic Soc London 6:227–242

Lazenby EM (1995) The historia plantarum generalis of John Ray: Book I - A translation and 
commentary. Newcastle University PhD thesis

Leather JW (1910) Water requirements of crops in India. Mem Dep Agric India Chem Ser 1:133-
154 (3

Leather JW (1911) Water requirements of crops in India. — II. Mem Dep Agric India Chem Ser 
1:205–281

Lévesque M, Siegwolf R, Saurer M, et al (2014) Increased water-use efficiency does not lead to 
enhanced tree growth under xeric and mesic conditions. New Phytol 203:94–109. doi: 
10.1111/nph.12772

Linares J, Camarero J (2012) From pattern to process: linking intrinsic water‐use efficiency to 
drought‐induced forest decline. Glob Chang Biol 18:1000–1015

Luft K (1943) Über eine neue Methode der registrierenden Gasanalyse mit Hilfe der Absorption 
ultraroter Strahlen ohne spektrale Zerlegung. Zeitschrift für Tech Phys 24:97–104

Malpighii M (1675) Anatome Plantarum. Johannis Martyn, London

Marié-Davy H (1869) Evaporation du sol et des plantes. J d’Agriculture Prat tome 2:

Marié-Davy H (1874) Note sur la quantité d’eau consommée par le froment pendant sa croissance. 
Comptes rendus Hebd des séances l’Académie des Sci 208

Maskell E (1928) Experimental researches on vegetable assimilation and respiration. XVII.—The 
diurnal rhythm of assimilation in leaves of cherry laurel at “limiting” concentrations of carbon 
dioxide. Philos Trans R Soc B 102:467–487

Maximov NA (1929) The plant in relation to water. George Allen & Unwin LTD London

Maximov NA, Alexandrov V (1917) The water requirement and drought resistance of plants. Trav 



du Jard Bot Tiflis 19:139–194

McCarroll D, Loader NJ (2004) Stable Isotopes in tree rings. Quat Sci Rev 23super ar:771–801

Medlyn BE, De Kauwe MG, Lin YS, et al (2017) How do leaf and ecosystem measures of water-
use efficiency compare? New Phytol. doi: 10.1111/nph.14626

Meinzer FC, Ingamells JL, Crisosto C (1991) Carbon Isotope Discrimination correlates with bean 
yield of diverse coffee seedling populations. HortScience 26:1413–1414

Möbius M (1901) Die Anatomie der Pflanzen I: and II. Theil. Engelmann, W, Leipzig

Mohl H (1856) Welche Ursachen bewirken die Erweiterung und Verengung der Spaltöffnungen ? 
Bot Zeitung 14:697–704

Möldenhawer J (1812) Beyträge zur Anatomie der Pflanzen

Montgomery E (1911) Methods of determinng the water requirements of crops. Proceedings, Am 
Soc Agron 3:261–283

Moore B (1924) Reviewed Work: Physiological Requirements of Rocky Mountain Trees by Carlos 
G. Bates. Ecology 5:298–302

Morton A (1981) History of Botanical Science: an account of the development of botany from 
ancient times to the present day. Academic Press, London

Nickelsen K (2007) From Leaves to Molecules: Botany and the Development of Photosynthesis 
Research. Ann Hist Philos Biol 12:1–40

Park R, Epstein S (1960) Carbon isotope fractionation during photosynthesis. Geochim Cosmochim
Acta 21:110–126

Passioura JB, Angus JF (2010) Improving productivity of crops in water-limited environments. Adv 
Agron 106:37–75

Pellizzari E, Camarero JJ, Gazol A, et al (2016) Wood anatomy and carbon-isotope discrimination 
support long-term hydraulic deterioration as a major cause of drought-induced dieback. Glob 
Chang Biol 22:2125–2137. doi: 10.1111/gcb.13227

Penman HT, Schofield RK (1951) Some physical aspects of assimilation and transpiration. Symp 
Soc Exp Biol 5:115–129

Perrault C (1680) Essais de Physique. Jean Baptiste Coignard, Paris

Picon C, Guehl J-M, Aussenac G (1996) Growth dynamics, transpiration and water-use efficieny in 
quercus robur plants submitted to elevated CO2 and drought. Ann des Sci For 53:431–446

Polster H, Weise G, Neuwirth G (1960) Ecological researches on the CO2 balance [net assimilation]
and water economy of some tree species in sand and alkali soils in Hungary. Arch für Forstwes
9:947–1014

Porter R (1979) John Woodward; ‘A Droll Sort of Philosopher.’ Geol Mag 116:335–343. doi: 
10.1017/S0016756800043971

Priestley J (1775) Experiments and observations on different kinds of air. London



Raber O (1937) Water utilization by trees, with special reference to the economic forest species of 
the north temperate zone. Washington DC

Ray J (1686) Historia Plantarum. The Royal Society of London

Ray J (1691) The Wisdom of God manifested in the Works of Creation

Roeser J (1940) The water requirement of Rocky Mountain conifers. J For 38:24–26

Rötzer T, Liao Y, Goergen K, et al (2013) Modelling the impact of climate change on the 
productivity and water-use efficiency of a central European beech forest. Clim Res 58:81–95. 
doi: 10.3354/cr01179

Roupsard O, Joly HI, Dreyer E (1998) Variability of initial growth, water-use efficiency and carbon 
isotope discrimination in seedlings of Faidherbia albida (Del.) A. Chev., a multipurpose tree of 
semi-arid Africa. provenance and drought effects. Ann des Sci For 55:329–348

Rundel P, Ehleringer J, Nagy K (1989) Stable Isotopes in Ecological Research. Springer-Verlag, 
New York

Rüsch J (1959) Das Verhältnis von Transpiration und Assimilation als physiologische Kenngröße, 
untersucht an Pappelklonen. Theor Appl Genet 29:348–354

Scarth GW (1927) Stomatal Movement: its regulation and regulatory role - A review. Protoplasma 
2:498–511

Schmidt H-L, Winkler F (1979) Einige Ursachen der Variationsbreite von d13C-Werten bei C3- und
C4-Pflanzen. Ber Dtsch Bot Ges 92:S 185-191

Schröder M (1895) The transpiration of various crop plants. Agric For 320–336

Shantz HL (1927) Drought resistance and soil moisture. Ecology 8:145–157

Sharrock R (1660) The history of the propagaion & improvement of vegetables. A. Lichfield, 
Oxford

Sinclair TR, Tanner CB, Bennett JM (1984) Water-Use Efficiency Crop Production. Bioscience 
34:36–40

Sorauer P (1880) Studien über Verdunstung. Wollny - Forschungen auf dem Gebiete der Agrik tom 
3:351–490

Spedding J, Ellis R, Heath D (1900) The Works of Francis Bacon. Houghton, Mifflin and Company,
Boston

Stanhill G (1986) John woodward - a neglected 17th century pioneer of experimental botany. Isr J 
Bot 35:225–231. doi: 10.1080/0021213X.1986.10677056

Tallec T, Béziat P, Jarosz N, et al (2013) Crops’ water use efficiencies in temperate climate: 
Comparison of stand, ecosystem and agronomical approaches. Agric For Meteorol 168:69–81

Tanner CB, Sinclair TR (1983) Efficient water use in crop production: research or re-search? 
Limitations to Efficiet Water Use Crop Prod 1–27

Thornthwaite C (1947) Climate and moisture conservation. Ann Assoc Am Geogr 37:87–100



Tomic S, Cussenot M, Dreyer E (2005) La lumière et les plantes : histoire de la découverte de la 
« photosynthèse », 1779-1804. In: Changeux J-P (ed) La lumière au siècle des lumières et 
aujourd’hui: Art et science. Odile Jacob, Paris, pp 145–161

Torre ARD La, Puiu D, Langley CH, et al (2019) Genomic architecture of complex traits in loblolly 
pine. New Phytol 221:1789–1801. doi: 10.1111/nph.15535

Troughton J (1969) Plant water status and carbon dioxide exchange of cotton leaves. Aust J Biol Sci
22:289–302

Tschaplowitz (1878) Ueber die Verdunstung und Substanzzunahme der Pflanzen. Berichte der Sect 
für Landwirtsch Versuchswes auf der Naturforscherversammlung zu München,1877 tome 
XX:74-

Tuberosa R (2012) Phenotyping for drought tolerance of crops in the genomics era. Front Physiol 3 
SEP:1–26. doi: 10.3389/fphys.2012.00347

Unger F (1862) Neue Untersuchungen über die Transpiration der Pflanzen. Beiträge zur Anat und 
Physiol der Pflanzen Sitzungsberichte der Kais Akad der Wissenschaften Wien tom 
XLIV:181/327

Vadez V, Kholova J, Medina S, et al (2014) Transpiration efficiency: New insights into an old story. 
J Exp Bot 65:6141–6153. doi: 10.1093/jxb/eru040

van Helmont J (1662) Oriatrike or Physick Refined. Lodowick Loyyd, London

Vialet-Chabrand S, Matthews JSA, Brendel O, et al (2016) Modelling water use efficiency in a 
dynamic environment: An example using Arabidopsis thaliana. Plant Sci. doi: 
10.1016/j.plantsci.2016.06.016

Viets FG (1962) Fertilizers and the efficient use of water. Adv Agron 14:223–264

Virgona J, Hubick K, Rawson H, et al (1990) Genotypic Variation in Transpiration Efficiency, 
Carbon-Isotype Discrimination and Carbon Allocation During Early Growth in Sunflower. 
Aust J Plant Physiol 17:207. doi: 10.1071/PP9900207

Vogel JC (1980) Fractionation of the carbon isotopes during photosynthesis. In: Sitzungsberichte 
der Heidelberger Akademie der Wissenschaften. Springer, New York, pp 111–135

von Höhnel FR (1879) Ueber die Wasserverbrauchsmengen unserer Forstbäume mit Beziehung auf 
die forstlich-meteorologischen Verhältnisse. Wollny - Forschungen aus dem Gebiet der Agric 
tom II:398–421

von Schleiden MJ (1849) Grundzüge der wissenschaftlichen Botanik, 3rd edn. Verlag von Wilhelm 
Engelmann, Leipzig

Woodward J (1699) Some thoughts and Experiments Concenring Vegetation. Philos Trans R Soc 
London 21:193–227

Zhang J, Marshall JD (1994) Population differences in water-use efficiency of well-watered and 
water-stressed western larch seedlings. Can J For Res 24:92–99


