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ABSTRACT

A literature review of the relalive rate of hydrophyte evapolranspiration (ETh) o open waler evaporation (EW)
is presenled. This lileralure suggesls that the ETh|EW ratio can exceed unily. Furthermore, the magnitude of the
ETh|EW ratio is dependeni upon the siale of growth of the hydrophyle, species, climale and densily. Mean annual
ETh|EW ratios for various species of hydrophyle according to climale can be oblained from tabulation of ihe relevant
literature.

Key worps: Evaporation — Evapotranspiration — Hydrophytes — Wetland.

R&suME

L’EVAPOTRANSPIRATION DES HYDROPHYTES : UNE ANALYSE BIBLIOGRAPHIQUE

Les résultals publiés concernant I'importance relative de I'évapolranspiration des hydrophytes (ETh) el de
Pévaporation d'un plan d’equ libre (EW ) sont préseniés et résumés. Il apparail que le rapport ETh|EW peut étre
supérieur & 'unilé; ce rapport dépend en oulre de la nalure des hydrophyles, de leur développement, de la densité
de la végélalion el du climal.

Les divers résultals ulilisés permellent de présenter des valeurs annuelles du rapport Eth|EW en fonction du

climat.

Morts cLEs : Evaporation — Evapotranspiration — Hydrophytes — Marécages.

Hydrophytes can be defined as plants of wet
habitats (Warming, 1895). Helophytes are hydro-
phytes with at least 1 m of aerial growth. Many
phreatophytes, plants whose roots are permanently
in ground water, also can be termed “hydrophytes”.
In this review of hydrophyte evapotranspiration
both helophytes and phreatophytes will be termed
“hydrophytes” except in citations where the authors
original wording will be used. A classification of
the various species of hydrophytes reviewed below
is presented in Table I.

The literature on hydrophyte evapotranspiration
is small. Indeed, Linacre’s (pp. 343-344, 1976)

comment that: “a thorough search of the (English)
literature has demonstrated the paucity of knowledge
on the physies of swamps (...) The process of
evaporation from a reed field remains a matter of
ignorance” is still appropriate. This “paucity of
information” has been attributed to the difficulty in
carrying out rigourous experiments in a hostile,
inaccessible area, that is remote from power supplies
or laboratories and is in nature rough, wet and
unstable (INegram, 1983).

Within this literature, confrasting results of
hydrophyte evapotranspiration have been reported
by several authors (Eisenuror, 1966; PriBaN
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and ONDox, 1980). BLaNeEYy and Young (1942),
McDonarp and Hucres (1968) and Smip (1975)
all reported that hydrophyte evapotranspiration
{ETh) could exceed open water evaporation (EW)
under identical meteorological conditions. Conflicting
resulis were obfained by Micamrp (1952), SHsEFLO
(1968) and Livacre et al. (1970},

One of the aims of this review is to establish the
magnitude of the ratio between hydrophyte evapo-
transpiration ETh and open water evaporation (EW)
studying the results of the various workers cited
below that the ETh/EW ratio for wheat and barley
is .13 to 0.7 depending upon stage of growth
{DoorENBOs and Prurrrt, 1975).

In order to facilitate the comprehension of the
debate surrounding hydrophyte evapotranspiration,
this review will be divided into three sections:

I) work that supports the hypothesis that hydro-
phyte evapotranspiration can exceed open water
evaporation,

II} work that supports the hypothesis that
hydrophyte evapotranspiration cannot exceed open
water evaporation, and

ITI) a concluding section that evaluates both
sets of results and attempts to explain the variation
in their conclusions.

I. HYDROPHYTE EVAPOTRANSPIRATION
CAN EXCEED OPEN WATER EVAPORATION

There have been various methodological approa-
ches to calculate hydrophyte evapotranspiration.
These approaches can be grouped into four broad
headings: lysimeters, Bowen ratiofeddy flux, water
halance and detached organ. Although some workers
{GeL'BuKkH, 1964) have used more than one metho-
dological approach, it was decided to describe the
work on hydrophyte evapotranspiration in these
four main headings.

Lysimeters

Lysimeters have been defined (Roppa, Downing
and Law, 1976) as “a container that is installed so
that its rim is level with the ground”. The evapo-
transpiration losses from the container are usually
calculated by differences in weight over a sef time
period. Also detailed in this section are tank experi-
ments and soil monolith experiments. Tank experi-
ments consist of growing hydrophytes in tanks and
noting the water needed to top up the tank to a set
level. Soil monoliths are undisturbed blocks of soil,
where evapotranspiration is measured by either
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noting the fall/rise of ground water level or by some
weighing technique. The similarity of the three
methods is obvious.

Otrs (1914) was an early worker to study the
water loss by hydrophytes compared to open water
evaporation. He planted hydrophytes in large tanks
which had been sunk into the margins of a lake to
simulate natural conditions for evapotranspiration.
He calculated the hydrophyte/open water (ETh/EW)
ratio of evapotranspiration for six species: Potamoge-
ton nodosus ETh{EW ratio 3.1; Typha latifolia, 2.5;
Acorus calamus, 2.0; Ponlederia cordata, 1.2; Scirpus
validis, 1.9; Nymphaea edorata, 1.0. According to
Otis: “Water loss from the areas covered by normal
densities of helophytes is several times greater than
the evaporation loss from the same area of water.”
(OT1s, 1914 cited by BernaTowicz el al., 1976,
p. 276). Ot11s coneluded that the cause of this inter-
species variation in the ETh/EW ratio were anato-
mical structure and differences in water management.

StearNs and Bryan (192D) also grew helophytes
in a tank set into the margins of Mud Lake, Idaho.
They found that water loss from a tank of Scirpus
acufus exceeded the water loss from a neighbouring
pan of water by as much as two times. They
concluded that (p. 100): “The total losses by evapora-
tion and transpiration from the marsh and tule
(Scirpus acutus)-covered areas are considerably
larger than the loss by evaporation from open water
surfaces.”

Prytz's (1932) pioneering work in Jutland
showed that lysimeter readings of hydrophyte
evapotranspiration exceeded adjacent sunken pan
values of open water evaporation by as much as
20 9%,

A most comprehensive, rigorous and diuturnous
series of studies on tank hydrophyte evapotranspira-
tion was initiated by Braney ef al. (1933). Between
1933 and 1965, BLaNEY, in conjunction with various
other authors, published several papers on the
subject of hydrophyte evapolranspiration (BLANEY
el al., 1933; BLANEY ef al., 1938; BLANEY ef al., 1942;
Young and Braney, 1942; Mucker and BLANEY,
1945; Braney and Ewine, 1946; BrLanNey and
MuckeL, 1955; Braney, 1959; Braney, 1961;
BraneEy and Hawnsown, 1965). All these papers
published differing “consumptive use” coefficients,
for various hydrophytes and phreatophytes, depend
ing upon species and climate. One experiment used
to gain these “consumptive use” coefficients was
carried out at San Louis Rey Valley in California
(BranEy and Ewine, 1946). Tules (Scirpus aculus)
were grown in 4 m? tanks, set up in in a swamp in
the valley floors, for three years. The results were
compared to an adjacent US Weather Bureau Class
A pan. The hydrophytefopen water ratios ranged
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from 1.08 to 1.55 depending upon the time of year.
The overall conclusions of BLaNEY’s work was that
the ETh-EW ratio could range above and below
unity, depending upon species, climate and time
of year.

These conclusions are borne out by the following
experiments. Scirpus acutus ratios ranged from 1.00
at Victorville and San Luis Rey, both in California
(MuckeL and Braney, 1945; Braney el al., 1933),
to 1,26 obtained at Parma, Colorado (Younc and
Braney, 1942). Sparlinia grown at Santa Ana
in California had a ratio of only 0.6 while Scirpus
acutus also grown in California had a ratio of 1.0.

Turner and HarpeEnny (1941) also worked in
the south west of the USA, calculating that the
ETh/EW ratio of Tamariz and Baccharis ranged
from 0.4-2.1 and 0.3-1.2 respectively. These ratios
were derived from circular pans compared to US
Weather Bureau class A pan. The range in the ratio
was attributed to the state of growth. GATEwWooD
et al. (1950) also caleulated the water lost by Tamariz
and Baccharis in Arizona and found ratios to be
0.8-2.0 and 0.5-1.1 respectively.

TinsercEN (1940), working in the head waters
of the Roer, in the Belgium Ardennes, compared
hydrophyte evapotranspiration values, obtained
from soil monoliths to sunken pans of open water;
the ratio for Sphagnum ranged from 0.8 to L1.6.
KuzneTsov (1949) carrying out lysimeter experiments
in Russia, stated that: “Water loss from a surface
overgrown by helophytes is 1.5-2.5 times higher
than from an open water surface, sometimes even
three iimes higher (depending on species and fheir
density.)” (KuzneTsov, 1949 cited by BErNATOWICZ
el al. 1976).

KienpL (1953) also used lysimeters while working
on Phragmiles ausiralis, concluding that hydrophytes
‘rob the water from water bodies’. Kovarix (19568)
showed that the ratio of water loss from Typha
latifolia was between 2 and 2.5 depending upon the
stage of growth. EccLeEsmann (1963 and 1964)
worked upon the raised mires and swamps at the
Konigsmoor in NW Germany. Using lysimeters with
a surface area of 500 em?2, EccLEsMANN calculated
that the hydrophyte/open water ratio of Sphagnum
and Calluna species ranged from 0.9 to 1.5, depending
upon time of year. BaApEN and EecLEsmann (1966)
concluded that, “Raised bhogs displayed a higher
rate of evapotranspiration than comparable catch-
ments without mire development.”

There has been a considerable amount of work by
authors from the USSR on hydrophyte evapo-
transpiration from ponds, lakes, reservoirs and
bogs. Romawnov (1953) compared lysimeter and
Bowen ratio measurements of hydrophyte evapo-
transpiration to values of open water evaporation
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derived from the Bowen ratio method. Romanov’s
hydrophytejopen water ratios were between 1.1
and 1.4. He then went on to develop an empirical
equation to predict bog evapotranspiration set out
below:

E = Rz - C Where E is evaporation, R is the
radiation balance of the bog, z and ¢
are empirical coefficients.

Kuznetsov (1964 and 1959) cited by KonsTan-
TiNov (1963) stated that partly submerged aquatic
vegetation could exceed open water evaporation
during the summer, by up to 10-20 %, but in winter
open water evaporation was higher. BrAsLAVSKII
and Vikurina (1963) cite other work by KuzneTsov
that took place at the Valdai reservoir. Hydrophytes
grown in 0.3 m? tanks over two years gave ETh/EW
ratios of between 1.28 and 2.02 depending upon
species type. Brasravskil and VikuLina (1963 p. 113)
stated that the reason for these ratios was, “because
of the intensive transpiration of moisture by the
vegetation.”

GeL’BUKH (1964) calculated hydrophyte evapo-
transpiration rates from 0.3 m? “transpiration
evaporimeters’, comparing the results gained to
a GGI-3000 pan, in mnorthern Kazakhstan. He
concluded that, “the evaporation from growths of
aquatic vegetation can considerably exceed evapora-
tion from an open water body”’. He then went on
to postulate that this was because, first, the plants
could utilize solar radiation better than a water
surface; second, that plants were more susceptible
to the effects of advection; and third that plants had
a higher interchange of convectional heat from the
air than open water. GEL'BUkH (1964) also linked
hydrophyte evapotranspiration to the leaf area and
thus the density of growth and then calculated the
effect that hydrophytes would have on several
Russian lakes. These results are detailed in the
section on water balance methodologies.

Bavina (1967) compared lysimeter readings (using
a Russian B-1000 lysimeter) to Borisov's (Borisov
1965) estimate of potential evapotranspiration for
the area where Bavina was working, deriving an
ETh/EW ratio of beiween 1.1 and 1.4, tor Sphagnum.
In a concluding/reviewing article Buravko (1971)
cited lysimeter work that gave a hydrophyte/open
water ratio of between 1.2 and 1.4. Buravko stated
that, “The evaporation from a water-logged marsh
is often 20-40 %, more than from a free water
surface.”

PenrFoLD and EArrLe (1948) experimented on the
water loss of water hyacinths in Louisiana, finding
the hydrophyte/open water ratio to be 3.2 for
‘tightly packed’ (i.e. high density) 1 m? tanks of
water hyacinths (Eichhornia crassipes). TiMMER
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and WeLDoN (1967) and Rocers and Davis (1972)
both worked in Florida, deriving ETh/EW ratios
for water hyacinth from tank experiments of 3.7
and 5.3 respectively. Van der WEERT and KaMeRLING
(1974) carried out tank experiments in Holland on
water hyacinth evapotranspiration obtaining an
ETh/EW ratio of only 1.44-1.48 substantially lower
than the American work had indicated. Van der
WEERT and KamerLING (p. 212) stressed that
“For water plants the “ecrop” characteristics deter-
mine to a large extent the transpiration rate.
Evaporation of swamps therefore depends on the
species growing in the swamp... The climatological
conditions seem to be very dominating.”

BreEnZNY ef al. (1973) also calculated the water
loss from water hyacinth as well as from 5 other
species of hydrophytes. Working in Rajasthan,
India, they used 3600 em? cement tanks to grow
the hydrophytes, comparing the results to identical
tanks with no hydrophytes. The ratios they obtained
varied from 0.92 to 2.5 depending upon species
type and time of year. For instance, Typha augusli-
folia ratio ranged from 1.64 in summer to 1.38 in
winter. In the corresponding time period, water
hyacinth’s ratio ranged from 1.02 to 1.36.

Bay (1966, 1968) calculated the evapotranspiration
of peat bogs in Minnesota. Comparing the results
gained from 3 bottomless lysimeters, containing
mainly Sphagnum, to US Weather Bureau Class A
pan, and THORNTHWAITE and HAUDE's measure
of evaporation, Bay derived a hydrophyte/open
water ratio of 0.9 to 1.45 depending upon the time
of year. NicsoLs and Browwn (1980) experimented
upon cores transplanted from Minnesota peat bogs
to an experimental station, and discovered that
evapotranspiration from Sphagnum was twice that
from a similar sized ‘tub’ of water. SturcEs (1968)
found thai evapolranspiration from a lysimeter
sttuated in a Wyoming sedge bog was 27 9, greater
than evaporation from a 1.8 m diameter pan.

ScHIEMDL el al. (1970) also experimented upon
the evapotranspiration of Sphagnum using lysimeters
of the Porov and Ivitskir design, calculating the
ETh/EW ratio to be 1.4. Crymo (1973) caleulated
the evapotranspiration loss of various species of
Sphagnum contained in small beakers in a laboratory,
deriving hydrophytefopen water ratios of between
1.5 and 3, depending upon species type.

McDonarp and Hucaes (1968) found that
Typha latifolia grown in 10 m?2 tanks in the fringes
of Lake Mitty near Yuma, Arizona, had an ETh/EW
ratio of 0.9 in winter and 1.56 in summer. PRiBAN
and Onpoxk (1978, 1980) experimented on a [ m?
tank of Calmagroslisis canescens in the Trebon
fishpond in Czechoslovakia, deriving an ETh/EW
ratio that lay between 1.1 to 1.5, depending upon
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the season. Gavenciack (1972) experimented upon
Phragmites aqusiralis in southern CGCzechoslovakia
and found that the maximum rate of evapotranspira-
tion was as high as 27.8 mm per day. BErRnaTOWICZ
el al. (1976) used small lysimeters (called phyto-
meters) situated in Lake Mikolajskie, to calculate
the water lost by Phragmites australis, Scirpus
lacustris, Typha angustifolia and Typha latifolia
over a three year period. The ratios they gained
were 2.1, 3.0, 3.2, and 3.4 respectively.

Newson and Groman (1983), working in Great
Britain, discovered that hydrophyte evapotranspira-
tion from Phragmiles ausiralis and Cladium marissus
communities in the Anglesey wetlands exceeded
open water evaporation by about 1.2 to 2.0 times
The hydrophyte evapotranspiration values were
derived from ‘measuring cylinders’ and ‘bucket
tanks’, whilst the open water evaporation was
calculated using Penman’s formulae.

WirLiams (1986), also working in Great Britain,
calculated lhe loss of water from Carer riparia.
Comparing the results gained from two adjacent
floating US Class A pans, WiLLiams derived ratios
for high states of growth of 1.17 and 1.49 over the
two year study period.

Detached organ

This methodology is based on the cutting and
then periodic weighing of leaves from hydrophytes.
In many cases only transpiration rates have been
obtained and there were no direct comparisons to
open water evaporation. These experiments are
discussed in ‘Pond Littoral Systems’, edited by
Dykysova and Kver (1978). The experiments
where the results were compared to open water
evaporation are discussed below.

TuscHL (1970) weighed water loss from single
leaves of Phragmiles australis from a lake in Austria
and found that hydrophyte evapotranspiration
exceeded open water evaporation. Czechoslovakian
workers such as KrowLikowska, KverT and
Rycunovska calculated transpiration losses for
a variety of hydrophytes, coming to the conclusion
that hydrophyte evapotranspiration was equal to,
if not above open water evaporation (HenJy, 1969,
Krowrikowska, 1971; Kver, 1973; RycHNOVSKA,
1972; Rycunovska ef al., 1972; Rycunovska and
Smip, 1973). Neunausar (1975) reporting on earlier
work carried out. in the fifties, concluded that
hydrophyte transpiration rates, exceeded Piche
atmometer values by up to 1.18, depending upon
species type.

Water balance approach

This approach calculates the effect that hydro-
phytes have on the overall water budgets of lakes
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or swamps by either calculating the water loss from
lakes with and without hydrophytes, or by applying
evaporation empirical formulae with a hydropliyte
‘crop coefficient’ to the water budget of various
lakes.

BraneY and MuckeL (1955) used the “consumptive
use” coefficients derived from their earlier work to
calculate the effect of Scirpus aculus and Typha
latifolia on the water balance of San Francisco bay.
They calculated that Scirpus aculus and Typha
latifolia would lose substantially more water than
open water evaporation, from 1.16 to 1.4, depending
upon location within the bay.

GeL'BUKH (1964) used the results from his lysime-
ter and density studies to calculate the effects of
hydrophytes on 11 Russian lakes. The ratios he
derived ranged from 0.9 to 2.2. This range in ratios
was mainly caused by the differences in densities
of hydrophytes growing in the respective lakes, the
size of the lake, and the annual average windspeed
across the lake, for GerL'BuxH calculated his open
water evaporation values from a mass transfer
methodology devised by Zavyrov (1949).

BerNaTOWIECZ el al. (1976) used their results
described above to calculate the effect that emergent
hydrophytes would have on the water balance of
four Polish lakes. Using a formula developed by
Novikova (1963), they found that in three out of
the four cases presented, the presence of hydrophytes
would mean more water loss than if there were no
hydrophytes present.

BENTON ef al. (1978) calculated the effect of water
hyacinth upon Texas reservoirs. Using PENFOLD
and EARLE’s earlier work, Benton ef al. caleulated
that on a variety of Texas reservoirs the “water loss
by a mature plant is about three times as much as
evapotranspiration from an equivalent area of
open water”.

RurHERFORD and ByEers (1973) have been cited
by Nicors and Brown (1980) as stating that
evapotranspiration from a New England bog exceeds
open water evaporation by 30 %,

Baiex and PeErrY (1973) compared evapotranspi-
ration from stands of Brachyslegia woodland, in the
Kafue basin in Zambia, calculated by a water
balance approach to Penman'’s estimate of evapora-
tion. They obtained average ETh/EW ratios for
the three year study period of between 0.3 and
1.35 depending upon season.

DoLaN el al. {1984) calculated the evapotranspira-
tion of a freshwater wetland in Florida using a quasi
water balance technique. Utilizing a groundwater
measuring technique pioneered by Davis and
DeWiest (1966), they calculated that the evapo-
transpiration from Saggittaria lancifolia could exceed
open water evaporation by a factor of 2.5. The
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ETh/EW ratio they gained depended upon state
of growth. They then linked the exact magnitude
of the ETh/EW ratio to an indicator of state of
growth: above ground biomass.

Bowen ratio/Eddy correlation

This methodology measures the vapour/tempera-
ture profile over hydrophytes and then compares
the results gained to measures of open water
evaporation.

The Bowen ratio methodology was extensively
used by Russian mire workers such as Romawov
(1953), Bavina (1967) and BELOTSERKOVSKAYA
ef al. {1969). Rates of hydrophyte evapotranspiration
rather than comparisons with open water evaporation
were made so no ETh/EW ratio’s were obtained.

Smip (1975) in Czechoslovakia, compared hydro-
phyte evapotranspiration to some form of open
water evaporation. Working with mixed stands of
Phragmiles ausiralis with an undergrowth of Carex
riparia, at the Nesyt fishponds in South Moravia,
Smip found that the hydrophyte evapotranspiration
calculated from the Bowen ratio method was
0.8-1.8 times higher than from a moored pan of
water situated in a nearby lake, depending upon
species type and state of growth, PriBaN and
Onpox (1980) also used a Bowen ratio method to
calculate the evapotranspiration from a fishpond
in Trebon. They concluded that using this approach,
“The evaporation from the Treborn marsh must
approach the potential evapotranspiration.”

Conclusions

Table II is the tabulation of the work described
above into climate, species and then stage of growth.
Figure 1 is the means of each major species for each
major climate. From table II and figure 1, few firm
conclusions on hydrophyte evapotranspiration can
be drawn, primarily due to the lack of detailed
experiments. Many pieces of work cited above can
not be tabulated because the authors did not describe
their work fully. GevL’BukH (1964) is a good example
of this, as he described the hydrophytes under
investigation as “reeds”. From table I this could be
construed to mean DPhragmites, but as no latin
name was given the result can not be tabulated.

However, despite these problems, some tentative
conclusions can be drawn. From table II it is clear
that a dominating factor on the ETh/EW ratio is
state of growth. It is important to note that in
many of the pieces of work shown in table II, the
ETh/EW ratio is below 1.0 for low states of growth
and above 1.0 for high states of growth. This fact
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Fig. 1. — Mean ETh/EW ratios for selected hydrophytes in various climates

Rapporis moyens de I'évapoiranspiration d’un marais par rapport @ I'évaporaiion d’une nappe d’eau libre pour divers types d'hydrophytes
dans différents climats

will become more important when the results
presented above are compared to those which state
that the ETh/EW ratio is below 1.0. In fact differen-
ces in the ETh/EW ratio due to stage of growth can
have a larger effect. than that of climate. For instance,
the difference in the ETh/EW ratio for stage of
growth in Typha is 0.5 in climate types A and C
while it is 1.1 in climate type B. The difference in
climate for Typha has only the range of 1.2 to 2.1.

Many workers (BLANEY et al. 1942, Van der WEERT
and KameErLiNG 1974) have stated that climate has
an important effect on the ETh/EW ratio, yet from
figure 1 it appears thal this effect is not constant.
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A dry climate (B) would expect to have a higher
ratio than a humid meso-thermal climate (C) yet
figure 1 shows this not to be the case. The anomalies
in the effect of climate shown in figure 1 could be
due partly to the classification, as meso-thermal
climates (C) groups a Mediterranean climate with
a British climate. To overcome this problem, more
classifications of climates could have been used, but
there are nol enough studies for each climate to
obtain a meaningful average. It could also be due
to the fact that while hydrophyte transpiration
stays more or less the same from climate to climate,
the open water evaporation decreases in the humid
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TABLE 1

' Characteristics and habits of hydrophytes described in the review
Caraciéristiques et comporiemeni des hydrophyles décriis dans le texie

HABIT/HABITAT

LATIN NAME COMMON NAME
Cyperus papyrus Papyrus
Phragmites australis Reeds

Scirpus lacustris Bulrush

Scirpus validus Soft-stem bulrush
Typha latifolia Reedmacecat-tails
Typha angustifolia Narrow leaf reedmace
Typha orientalis Reedmacecat-tails
Equisetum Horse-tail

Scirpus acutus Tules

Scirpus olneyi "

Scirpus americanus "

Calamagrotis canescens

Purple small-reed

Tall emergent macrophyte

"

EIEE T

Leafless emergent macrophyte

"

"

Leafy emergent macrophyte

Carex riparia Great pond sedge

Baccharis Baccharis Woody shrub
Tamarix gallica Saltcedar "

Cyperus rotundus Purple nutsedge Floating macrophyte
Eichhornia crassipes Water hyacinth i

Ipomaea aquatica Swamp morning-glory "

Lemna minor Common duckweed “

Nymphaesa Water lily "

Pistia stratiotes Water lettuce "

Potamogeton nodosus American pondweed "

Trapa natans Water chestnut "

Sphagnum Bog moss Bog macrophyte
Thuja occidentalis Eastern white cedar Conifer

221

All nomenclature follows Tutin et al. 1964-1980

meso-thermal climate (C), the net effect being an
increase in the ETh/EW ratio obtained.

Otis (1914) and Crymo (1970) are among many
authors who identified species as having an important
effect upon the ETh/EW ratio. Information gained
from figure 1 tends to support this view as such
genus as Eichhornia and Typha have a higher ratio
than Tamariz or Baccharis.

Work by Baviva (1967) and Priean and ONboOx
(1980) has shown the variance in results gained by
different methodologies as shown in table III.

It has proved impossible to substantiate this
with reference to other workers results as there are
not enough studies in the same climate with the
same species using different methodologies to
obtain a meaningful average. Yet if the varying
methodologies are scrutinized it is apparent that
the choice of methodology affects the ETh/EW ratio.

KieserrBacr (1916) lists the main sources of
error in using tank/lysimeter experiments. Hydro-
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phyte tank experiments add several other potential
errors to those listed by Kiesellbach. Firstly, if the
tanks are taken out of sifu and thereby isolated, the
resulting ETh/EW ratio will be artificially high
due to the effects of advection. This is clearly shown
by the results of BLANEY ef al. (1933) who measured
the water loss of a tank of Scirpus both inside and
outside a swamp in California. The resulting ETh/EW
ratios gained from either tank differed by a factor
of four. BLANEY ef al. (1933) stressed that “Consump-
tive use of water by tules or cat-tails grown in tanks
in exposed locations is not closely indicative of the
true use by these plants growing in their natural
environment... use of water by swamp growth
transplanted to exposed locations is inordinately
high.”

Indeed several authors (notably Linacre, 1976)
have stressed that advection would affect all tank
experiments, whether grown in silu or not. NEwsoN
(pers. comm. 1986) stated that the biggest problem
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TasLE 11

Studies of individual species of hydrophyte which showed the ETh/EW ratio could be greater than unity
Etude des espices d’hydrophytes dont le rapport ETh{EW montre une grandeur supérieure & I'unité

CLIMATE SPECIES REFERENCE STATE OF ANNUAL AVERAGE WORKER
of EW GROWTH
High Low ETh/EW ET /EW
A-Tropical 1-Tropical
rainy rainforest
2-Tropical Brachystegia Penrman PEt 135 030 0.80 - Balekand Perry 1973
savanna Cyperus rotundus 3.6mZtanks 24 ke 24 - Brezny et.al 1973
Eichhornia crassipes “ 135 1.02 1.15 115 "
Ipomaea aquatica ” 124 1.01 1.10 - "
Pistia stratiotes i 1.08 090 1.00 - “
Trapa natans - 103 093 0.85 - i
Typha angustifolia " 165 127 1.40 140 "
B-Dryclimates  1-Steppe Scirpus acutus USClassApan 20 07 1.35 1.35  StearnsandBryan 1925
Sphagnum USClassApan  **¥*  *¥*x 1.27 1.27  Sturges 1968
2-Desert Baccharis " 1.25 04 0.98 - Turnerand Halpenny 1941
Baccharis " 1.1 05 0.85 090 Gatewoodetal. 1950
Scirpus acutus “ KERE AXAX 1.26 1.26  YoungandBlaney 1942
Tamarix gallica “ 20 035 1.02 - Turnerand Halpenny 1941
Tamarix gallica . 2.1 05 1.30 1.16  Gatewoodetal. 1950
Typha latifolia 4 16 05 1.20 - McDonald and Hughes 1968
Typha latifolia “ 1.8 085 135 - Blaneyetal. 1938
Typha Iatifolia ” 162 077 1.18 - Blaneyetal. 1938
Typha Iatifolia " 168 112 1.40 128 Blaneyetal. 1942
C-HumidMeso-  1-Mediterr- Scirpus acutus USClassApan 15 1.1 1.25 - Muckel and Blaney 1945
thermal anean Scirpus acutus " EERE FEER 1.24 - Blaney and Ewing 1946
Scirpus acutus ” 1.2 2.0 1.35 1.27  Blaney and Mucke! 1955
2-Humidsub-  Eichhornia crassipes Smallpotinlab, ***¥ #xx«x 32 - Penfold and Earle 1948
tropical Eichhornia crassipes ikl RERE XN 37 - Timmer and Weldon 1967
Eichhornia crassipes *ExX HREX RARR 53 406 Rodgersand Davis 1972
3-Marinewest  Calamagrostis canescens i 1.1 2.0 1.55 - Priban and Ondok 1980 (tank)
coast Calamagrostis canescens FRER HRRE RREE 1.00 - Priban and Ondok 1980 (B'wen)
Eichhornia crassipes ik FEAE ERER 20 - Otis 1914
Eichhornia crassipes USClassApan 169 1.28 148 175 V'D'Weert &Kamerling 1974
Phragmites  australis 3m?floatingpan 18 08 1.2 - Smid 1975
Phragmites australis 0.3m?phytometer ****  *x*x 21 - Bernatowieczetal. 1976
Phragmites australis Penman PEt 20 1.2 16 165 Newsonand Gilman 1983
Potamogeton  nodosus *HEE TEEE EAER 3.1 - Ctis 1914
Scirpus olneyi USClassApan 155 053 1.04 - Blaneyetal.1933
Scirpus lacustris 0.3m?phytometer**¥*  *xxx 30 - Bernatowieczetal. 1976
Scirpus validis FREH EREE HAEX 25 275 Otis1914
Sphagnum Haude PEt 15 09 12 - Egglesmann 1963
Sphagnum USClassApan 145 09 1.14 - Bay 1966
Sphagnum Thornthwaite PEt 14 0.6 1.1 - Schmied| 1970
Sphagnum Smallbeaker 25 2.0 225 140 Clymo 1970
inlab
Typha angustifolia 0.3m?phytometer ¥***  **%x 32 - Bernatowiczetal. 1976
Typha latifolia wx* KEEE XXX 20 - Otis 1914
Typha latifolia 0.3m?phytometer2.5 20 2.25 - Kovarik 1958
Typha [atifolia " EREK RRXR 34 27 Bernatowieczetal. 1976
D-Humid Carex 0.3m?phyometer 1.28  **** 1.16 - Kuznetsov 1952
micro- Carex “ 145  ¥¥¥% 1.18 - " 1953
thermal Equisetum “ 1.34  wxxx 1.36 - Kuznetsov 1953
Equisetum " 153  xxxx 1.19 128 "1952
Sphagnum recurvum 0.15m?'tub’ EREK R 20 - Nicols and Brown 1980
Sphagnum 0.3m?phytometer1.d 1.1 1.25 - Bavina 1967
Typha " 175 **¥x 1.60 . Kuznetsov 1953
Typha ” 138 xxxx 1.23 142 "1952

N.B. i) Only tank experimenits carried out in situ included
ii) Mean values obtained from at least one full year of results
jii) **** - Missing or data not available
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TasLE III

A comparison of daily hydrophyte evapotranspiration for similar species with different methodologies (mm)
Comparaison de I’évapolranspiration journaliére d’espéces similaires selon différenies mélhodologies (mm)

Bavina (1967) Heat balance method
Tank measurements

Pribanand Heat balance method

Ondok (1880) Tank measurements

June  July Aug. Sept.  Oct.
39 35 2.6 1.6 0.3
a7 4.1 3.2 1.9 08
35 32 24 1.7 1.2
46 5.1 33 26 1.5

in calculating hydrophyte evapotranspiration in the
Anglesey wetland study was to overcome the
effects of advection. Advection plays an important
role in the process of hydrophyte evapotranspiration
and affects tank methodologies in particular by
the oasis and clothes line effects.

The oasis effect arises due to horizontal differences
in the wetness of an area. Incoming dry warm air
supplements the mnet radiation, providing more
energy for evapotranspiration to occur. The oasis
effect would, therefore, affect areas of hydrophytes
along a narrow strip, such as a river bed or the edges
of a larger swamp.

The clothes line effect increases evapotranspiration
by increasing the ventilation of air through a canopy,
increasing the turbulent exchange and thereby
increasing evapotranspiration. The clothes line
effect would affect all tall hydrophytes and all
helophytes. A clear example of the combined effects
of advection has been detailed by Davenrort and
Hupson (1967). Working on cotlon fields in the US,
they found that evapotranspiration decreased signifi-
cantly as progression was made into the cotton
fields. Advection will, therefore affect the results
gained from workers using the tank methodology.

However, LiNacre (1976) states: “Advection
affects all swamp evaporation except in the middle
of a large swamp, where the air is remote from the
influence of the surroundings.” It iz apparent that
hydrophytes growing in natural conditions, in most,
though not all, cases will be affected by advection
and this therefore is an inherent part of their
evaporative characteristics. GeEL'BUKkH (1964) cer-
tainly believed that advection was an inherent part
of hydrophyte evapotranspiration. The conclusions
that can be drawn from the above discussion on
advection are that it is an important factor on
isolaled tank methodologies but as advection is an
inherent part of most hydrophyte evapotranspiration
as long as the tanks are sited in silu the results
gained will be the actual wvalues of hydrophyte
evapotranspiration.

Secondly, if the pan of water is located within the
swamp, there will be restricted airflow over the
pan, reducing the evaporation and therefore raising
the ETh/EW ratio. Yet if the pan of water is situated
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outside of the swamp, the pan is then subjected to
the effects of advection described above.

Bowen ratio/heat transfer/eddy correlation techni-
ques are also prone to inaccuracies. These are
because the complex series of measurements are
usually only taken for parts of the day, and there
are great problems in data capture and analysis.
Advection (which Linacre (1976) stated affected
all swamps except very large ones) could conceivably
create air instability, which will certainly affect
Bowen ratio measurements.

There are only a few water balance studies that
primarily compute ETh/EW ratios; most use
ETh/EW ratios gained from other methodologies,
albeit their own work, and then apply those ETh/EW
ratios to water balance studies. Thus the main
errors in the water balance methodologies are the
errors in other methodologies that have already been
described.

Single leaf and detached organ methods suffer
from two principle errors; firstly that the water
lost from a cut leaf-is un-natural. Secondly that not
all the leaves on a plant will transpire at the same
rate. It is not easy either to make leaf area estimates
of large areas, so that applying ratios gained from
single leaves is extremely hazardous.

KuzneTsov (1949), GEL'BUkH (1964) and BERNA-
Towicz el al. (1976) have all stressed that the density
of the hydrophytes hag an important effect upon
the ETh/EW ratio. It is hard to quantify this from
studying table 1 and figure 1. Ranrtz (1968)
published coefficients relating to BranNey el al’s
consumptive use coefficients that were dependent
upon the density of the hydrophyte under study.
Rantz suggested a simple linear decrease in the
ETh/EW ratio with decreasing densities. However
GeL’BUKH (1964) postulated that the effect of
density was more complex than this, stating (p. 369),
“The increased density increases the shading of the
plants which, in turn, reduces the rate of transpira-
tion and of total evaporation.” Density, therefore,
will be an important factor on hydrophyte evapo-
transpiration, yet the precise effect is unclear.

An indicator of the exact magnitude of the
ETh/EW ratio was identified by DoLaN ef al. (1984):
above ground biomass. Tt is clear that this factor is
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influenced by state of growth, species type and
density: three of the five factors that influence the
ETh/EW ratio. Measurements of above ground
biomass could thus potentially be important in
calculating hydrophyte evapotranspiration. This is
because if a relationship is experimentally derived
which links above ground biomass to the exact
magnitude of the ETh/EW ratio, this relationship
could then be applied to values of above ground
bhiomass gained from large areas of freely growing
hydrophytes. Accurate measurements of evapo-
transpiration from this area of hydrophytes could
be then be made by multiplying standard meteoro-
logical values of evapotranspiration by the ETh/EW
ratio inferred from above ground biomass values.
Gev’'sukH (1964) utilized this methodology by
linking the magnitude of the ETh/EW ratio to the
leaf area (which is highly correlated to above ground
biomass) in his experiments in Kazakhstan.

Partial conclusions (I)

The following conclusions can be drawn :

1) There is very litile long-term systematic work
upon hydrophyte evapotranspiration. This entails
that any conclusions can only be tentatively put
forward.

2) The ETh/EW ratio can be greater than unity,
and this ratio is affected by the following factors:
a. State of growth
b. Species
c¢. Climate
d. Methodological approach
e. Density

3) Hydrophyte evapotranspiration is affected by

advection which in most cases is an inherent part
of hydrophyte evapotranspiration.

4) The exact magnitude of the ETh/EW ratio
for a particular species in a particular climate can
be gained from measurements of the above ground
biomass or the leaf area index.

II. OPEN WATER EVAPORATION EXCEEDS
HYDROPHYTE EVAPOTRANSPIRATION

There is less work that suggests hydrophyte
evapotranspiration cannot exceed open water evapo-
ration. This work will, however be covered in the
same manner as the earlier section.
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Lysimeters

Micaump (1952 quoted by Penman, 1963) was
an early worker to conclude that hydrophyte
evapotranspiration, measured in a tank was lower
than open water evaporation. In the Sud region
of the Nile, papyrus was grown in 10 m? tanks set
in the middle of a large swamp. Evapotranspiration
from this tank was compared to evaporation measu-
rements of a tank of water, situated in a nearby,
open lagoon, taken the following year. The results
for the two years in question gave a hydrophyte/
open water ratio of 0.9. MigaHID is also cited as
saying, “Water lost by evaporation from a free water
surface inside a swamp was about 20 9%, of the loss
from a free water surface in the open.” (Mrcamip
cited by Giss el al. 1956 in LiNnacre 1976, p. 338).

Indeed, Risks (1969) cites other work by MicHAD
where plants left undisturbed for six years yielded a
hydrophytefopen water rafio of 0.55.

GiBs el al. (1956), working near the Shambe in
Sudan, compared tank values of hydrophyte evapo-
transpiration to values of open water evaporation
obtained from Oliver’s and Thornthwaite’s evapora-
tion formulae. The hydrophyte/open water evapora-
tion ratioc was found to be 0.6.

Jonansson (1974) working in Komosse, south
Sweden, compared B-1000 lysimeter readings of
Sphagnum, to estimates of open water evaporation
derived from Us Weather Bureau Class A pan,
3GI-3000 pan and Penman’s empirical formula.
Johansson’s ETh/EW ratio ranged from 0.64 to 0.85.

BrezNy ef al. (1973) cite work by SEvsoLD (1930)
which showed that a water surface covered by
Lemna minor decreased the evapotranspiration loss.

One of the more recent pieces of work to be
published on tank hydrophyte evapotranspiration
being lower than open water evaporation was that
of CooLey and Ipso (1980) and AnpDERsoN and
Inso (1985). Responding to the work of BenTown
et al, (1978) on the water loss of water hyacinths,
CooLEY and Ipso published data on evapotranspira-
tion from Nymphaea that had been collected in the
month of May 1968. Two sunken evaporation pans
were measured daily, one with Nymphaea cover
of about 18 9%, the other totally clear. The hydro-
phyte/open water ratio Cooley and Idso derived
was 0.9.

Anperson and Ipso (1985) extended this work
and calculated the water loss from four species of
hydrophytes grown in a variety of pans. This was
because they believed that the reason that some
workers found the ETh/EW ratio to be above
unity was due to differences in the evaporative
surface areas of the tanks of hydrophytes and the
tanks of open water. They wanted to show that
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there was a strong correlation between the ETh/EW
ratio and the vegetation/open water surface area
ratio. The ETh/EW ratios gained ranged from 0.8
to 1.5 depending upon species type and height of
the vegetation.

Water balance

Novikova
evapotranspiration losses of Typha angusiifolia and
Phragmiles ausiralis on the water balance of the
Kengirdam reservoir in Kuzakh, finding the ratio
of hydrophytejopen water to be 0.71-0.73. He then
developed an empirical formula to calculate lake
evaporation with the presence of hydrophytes
shown below:

T e
Eht = +

where Eht is total loss of water of lake as quotient
(T + e) is water loss from the area overgrown by
hydrophytes, and E is the evaporation from the
open area of the lake.

E1senHLOR (1966) and SuJeFLO (1968) calculated
the water loss by evapotranspiration from vegetated
and unvegetated prairie potholes in N. Daxora,
USA, using a water balance approach and a mass-
transfer approach devised by Harseck (1962).
They concluded that the hydrophyte/open water
ratio for a mixture of ‘white top’ and ‘hardstem
bullrush’ was between 0.7 and 0.86. Eisenhlor
argued that hydrophytes would reduce evaporation
in two ways:

1) by sheltering the water surface from the wind
and

2) by shading the water surface, thereby reducing
the incident solar radiation.

ErsgNHLOR (p. 462) concluded that; “The presence
of hydrophytes reduces the evaporation from a free
water surface significantly.”

Bowen ratio/Eddy correlation methods

Ruks (1969) worked in a papyrus swamp in
East Africa. Measuring hydrophyte evapotranspira-
tion using the Bowen ratio method, he compared
this to open water values of evaporation gained from
Penman’s 1948 empirical formulae. The hydrophyte/
open water ratios gained by Risxs ranged from
between 0.38 and 0.81. :

LiNacrE el al. (1970) used an Eddy correlation
method devised by Dyer el al. (1967) to compare
calculations of evapotranspiration from Typha
orientalis and Typha dogingensis to those of a lake
some 16 km away, in the Barren Box Swamp in
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(1963) worked on the effects of the

SW Australia. Taking readings for about 3 hours
per day and for four days in February, LiNACRE
et al. found the hydrophyte/open water ratio to be
between 0.3 to 0.9, depending on prevailing weather
conditions. This ratio was attributed to the lower
albedo of clear water surface of the lake, the shelter
given by the reeds in the swamp to the water surface
and- the internal resistance to water movement
of the reeds themselves. Linacre (p. 38D) concluded
that, “It is likely that the growth of reeds in a lake
or other water body will reduce rather than increase
the water loss.”

The evaporative characteristics of the saturated
tundra around Hudson Bay, Canada were examined
by Rouse el al. (1977). Comparing hydrophyte
evapotranspiration calculated by the equilibrium
technique, RousE et al. found that the hydrophyte/
open water ratio was 0.9-1.0.

Munro (1979) used a Bowen ratio method to
calculate the evapotranspiration losses from a
wooded swamp in southern Ontario, obtaining a
hydrophytefopen water ratio of 0.76 to 1.04, over
the five day study period.

Partial conclusions (II)

The results can be tabulated in the same manner
as section I (table IV). Table IV shows that the
ETh/EW ratio is never greater than unity. From
the study of Micamip (1952) and Muwnro (1979)
that stage of growth is an important factor in
determining the exact magnitude of the ETh/EW
ratio.

The following conclusiens can be drawn:

1) Hydrophytes lose less water than a correspon-
ding area of open water,

2) This ETh/EW ratio depends mamly upon the
state of growth and

3) Although climate and species are probably
important factors in determining the ETh/EW ratio,
the results presented above do not justify this
assumption.

[II. THE EVALUATION OF HYDROPHYTE
EVAPOTRANSPIRATION RESEARCH

The first major point in evaluating why there is a
conflict in the conclusions drawn by the authors
in I and ITis that most of the work in I had ETh/EW
ratios of below and above unity. Those in IT generally
did not.

To fully comprehend why this has occurred,
section III will be split inte two parts: firstly, to
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TasLE IV

Studies of individual species of hydrophyte which showed the ETh/EW ratio was lower then unity
Etude des espéces d’hydrophyies dont le rapport ETh]EW monire une grandeur inférieure a I'unité

CLIMATE SPECIES REFERENCE ~ STATE OF GROWTH ANNUAL  WORKER
OF EW High Low  ETh/EW
A-Tropical 1-Tropical
rainy rainforest
2-Tropical
savanna

B-Dryclimates  1-Steppe

2-Desert Eichhornia crassipes Varioussizedponds 088 **** (088 {’\nderson and ldso 1985
Eichhornia crassipes " 144  ***% 144
Nymphaea 3.46m?sunken pan 095 **** 095 Cooley and Idso 1980
Nymphaea Varioussizedponds 0.85 **** 085 Anderson and ldso 1985
Cyperus papyrus 10m?pan 1.98 08 0.95 N!!gahxd 1952
Cyperus papyrus Penman PEt ¥*¥¥¥ 06 0.6 R'uks 1969
Typha orientalis Mastransfer *xx% 0.6 0.6 Linacre etal. 1970
C-Humid Meso- 1-Mediterr-
thermal anean
climates
2-Humid sub-
tropical
3-Marinewest  Sphagnum GGI-3000 0.8 0.6 0.7 Johansson 1974
coast
D-Humid 1-Humid Thuja occidentalis  Equilibrium model 1.0 07 0.85 Munro 1978 .
micro- Continental Typha Mass Transfer 0.8 0.7 0.75 Eisenhlor 1966 & Shjeflo 1968
thermal Typha FhAx FRXX XXEX 05 Novikova 1963

N.B. i) Only tank experiments carried out in situ included
i) **** indicates missing or data not available

assess whether hydrophyte evapotranspiration can
theoretically exceed open water evaporation.
Secondly, to explain why the two sets of workers
came to different conclusions.

Can hydrophyte evapotranspiration theoretically
exceed open water evaporation?

There are three main theories whereby it is
possible that hydrophyte evapotranspiration can
exceed open water evaporation: Increases in surface
area, lower areodynamic resistances and finally
high transpiration coefficients.

[INCREASES IN SURFACE AREA

The basic premise is that as hydrophytes grow out
of a water surface, an increase in the evaporative
surface area results, due to the foilage of the hydro-
phytes.

Ipso (1979) estimated that out of the ETh/EW
ratio of 3.7 for water hyacinth derived from TiMmER
and WeLpon (1967), 85 %, was due to the differences
in the total evaporative area of the hydrophyte
compared to the open water. This factor is thus
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clearly important in determining not only whether
hydrophyte evapotranspiration can exceed open
water evaporation, but also the exact magnitude
of the ETh/EW ratio. Thus the increase in surface
area factor will depend upon species type, density
and state of growth.

Low AERODYNAMIC RESISTANCES

MonTEITH (1967) and Van BAVEL (1968) published
evaporation formulae with a term known as the
‘aerodynamic resistance’. This factor was dependent
upon the nature of the evaporative surface and was
a surrogate value for the amount of turbulent
exchange.

Van BaveL suggested that the evaporation rate
is proportional to the sum of net radiation added to
the daily range of ambient temperatures divided by
the aerodynamic resistance of the evaporative
surface. Because of the differences in the resistances
of hydrophytes and open water it is theoretically
possible for hydrophyte evapotranspiration to exceed
open water evaporation. For example, using values
obtained from Linacre's 1970 work it apears that
at a temperature of 20°C and a wind speed of 2ms-!
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$ha +3
the ratio of hy drcp h

yt
water evaporation is 1
evapotranspiration of Typha and from table I
it is clear that this ratio of 1.3 derived from Van
BaveL's equation is very similar to the results of
McDowarp and Hueues (1968) who were working
in a similar climate.

[f the equation for predicting the aerodynamic
resistance developed by Trom and Ouiver (1977)
is studied it is seen that the exact magnitude of
the aerodynamic resistance is dependent upon
height as shown below:

4.72 [Ln(Z]Zo)]*
1 + 0.54U

Where Ra is aerodynamic resistance, U windspeed
at height h, z is distance above surface’s zero plane
displacement and Zo is 0.1 the height of the vegeta-
tion.

Thus Ra is a function of species type as well as
state of growth, for both of these factors will
influence the height of the plant. Therefore, the
aerodynamic resistance factor can mean that the
ETh/EW ratio is above unity, though this will
depend upon species type and state of growth. The
similarity between this process and the clothes line
effect discussed in I is abvious. This merely reinforces
the belief that advection is an inherent part of
hydrophyte evapotranspiration.

HIiGH TRANSPIRATION COEFFICIENTS

LorTrieLp (1921) was an early worker to comment
that hydrophytes had very little control on their
stomatal openings. LorrriELD (p. 299) stated:
“Such plants as Seirpus validus, Equisetum hiemale
and Equiselum palusire, showed the stomata conti-
nously wide open, and this seems to be their usual
state.” FirBas (1931) cited by Incram (1983, p. 83)
concurred with LorTFIELD’s earlier results, stating,
“Their [hydrophytes] stomata remain fairly wide
open even on sunny days at noon, and showed
maximum stomatal apertures in dull weather.”

More recent confirmation of this lack of control
of stomata has come in the work of PENMaN (1963),
Ipso (1968) and Van BaveL (1968). All believed that
hydrophytes behaved as passive wicks, responding
to the atmospheric demand for water. As hydrophy-
tes, by definition, live in areas where water supplies
are not a limiting factor they must be able to
transpire at a potential rate. Thus the transpiration
coefficients as used in Novikova’s work (detailed
in II) can be high, thereby suggesting that hydro-
phytes can indeed lose more water than open water
areas.
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1t is seen that throuch the three main processes

seen ugh the three pro

described above it is theoretically possible for
hydrophyte evapotranspiration to exceed open
water evaporation. Therefore, why did the workers
detailed in II come to varying conclusions to those
detailed in I? The next section will detail why.

An evaluation of the varying conclusions

The variance in the conclusions drawn by the
authors in I and 1I can be explained by three main
factors: poor experimental design resulting in
incorrect conclusions, the drawing of sweeping
conclusions from a limited amount of work. finally,
the current ‘accepted’ geographical thinking.

POOR EXPERIMENTAL DESIGN

The best example of poor experimental design
is that of Micammp (1952). Widely quoted as the
first to prove that hydrophyte evapotranspiration
was lower than open water evaporation, the experi-
ment was published in 1952 and was not widely
known until it was cited by Penman in 1963. The
fatal flaw in the experimental design was that
Micauip compared tank values of hydrophyte
evapotranspiration gained in 1947 to open water
values gained in 1948. When the results are examined,
the ‘real’ ratio is 1.14 as shown in table V. The
value of 0.98 was only gained by claiming that 1947
was a abnormal year and that the value of hydro-
phyte evapotranspiration should be lowered accord-
ingly. PENMAN then went on to quote other work by
Micanip that compared tanks of hydrophytes to
open water tanks. The ratio then was 6.0. This
second result of Mrcauip, published on the same
page as the other experiment seems to have received
scant attention shown by those who cite the experi-
ment.

Another example of poor experimental design is
that of the USGS work of the potholes of the Dakota
prairies (EisenaiLor, 1966 and SuierLo, 1968).
The error in this work was the division of the evapo-
transpiration term into its two components: evapora-
tion and transpiration. Each component was calcula-
ted separately, and then added together to produce
a value of evapotranspiration for each of the potholes
studied. This experimental design leads to errors
for no account of the transpiration of water drawn
from the roots is made in the calculations. This
would lead to an under-estimation of the transpira-
tion term, and a consequent under-estimation of
the total hydrophyte evapotranspiration.

The errors in this work are clearly shown when the
seepage losses of the potholes are studied (SHJEFLO,
1968). A straight comparison of clear pothole to
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TABLE V

Evaporation from swamp vegetstion and open water: Sudan
Evaporation d’un marais el d’un plan d’eau libre au Soudan

Papyrus

Open water

t Year Evaporation Month Year Evaporation
Month (mrr?/dav) {mm/day)
May 1947 6.6 May 1948 5.8
June " 6.7 June . 75
July i 53 July 5.4
Aug. 44 Aug. M 6.3
Sep. 7.8 Sep. M 4.0
Oct. 7.1 Oct. Y 5.2
Nov. 7.1 Nov. . 5.2
Dec. " 8.3 Dec. 47
Jan. 1948 6.1 Jan. 1949 6.3
Feb. " 6.2 Feb. 5.1
Mar. 6.3 Mar. 6.1
Apr. 6.2 Apr. 6.5

Mean (12) 6.5 57
Omit Sept.- 6.0 6.1
Dec.

After Migahid 1952,from Penman 1963 p63

vegetated pothole gives a result of 0.89 for the
ETh/EW ratio. Yet vegetated potholes always had
a higher average seepage rate than clear ones, on
average 33 9, higher. This means that if seepage is
taken into account the true ETh/EW ratio is about
1.14, much closer to the results gained for other
hydrophytes in the same climate (see lable II).

Thus it is seen that two of the results that proved
hydrophyte evapotraunspiration was below that of
open water were obtained from poor experimental
design. Yet there are several others who came to
the same conclusions as Micamip and ErseEnuHLOR/
SuJeFLo. Some of these are explained by the next
section.

The above discussion is not meant to imply that
the experiments detailed in I all have good methodo-
logies. Rather it is the author’s intention to show
that since it is clear that hydrophyte evapotranspira-
tion can exceed open water evaporation theorelically,
the variance in the conclusions between I and II
must be due to something such as the faclors
mentioned above.

EXPERIMENTS WITH LIMITED APPLICABILITY

These are the experiments detailed in II which
drew conclusions far beyond the scope that their
work actually allowed. Linacre el al. is a prime
example of this. Although they used a correct
experimental procedure their experiments were for
only 4 days at the end of the growing season. As
stated in I, one of the key factors in determining
the ETh/EW ratio was state of growth. McDonaLD
and Huceurs (1968) working on the same species
and in a similar climate found the average ratio of
ETh/EW in the low season of growth to be 0.5.
This is very similar to the average of 0.6 derived by
LiNacRE el al. Tt is thus dubious to claim (LINACRE
et al. 1970, p. 385) that, “it is likely that growth

Rev. Hydrobiol. irop. 19 (4-4): 215-232 (1986).

of reeds in a lake or other water body will reduce
rather than increase water loss”, due to the fact
that LiNacre el al. only measured “low state of
growth evapotranspiration.”

Exactly the same criticisms can be levelled at
the work of Ruyxs (1969) who calculated the water
loss of an “old stand of papyrus with a fair proportion
of brown and dried out heads”. Coorevy and Ipso
(1980) also omly calculated the water loss for one
month and ‘fiddled’ the results from a true ratio
of 0.98 obtained from the actual result to a result
of 0.85 by subtracting from the original ETh/EW
ratio a factor of reflectivity.

Munro (1979) had a flawless experimental design,
but the results that he gained from a wooded swamp
containing mainly Cederus could not apply to all
other hydrophytes. To draw this latter conclusion
as CoorLEY and Ipso did in 1980 is obviously incorrect.

Finally, a last possible cause in the difference
between the two sets of workers could be the date
at which the work was published. This is elaborated
upon below.

CURRENT GEOGRAPHICAL THINKING

If all the work listed in I and IT are tabulated then
grouped into year of publication and result, the
theory that hydrophyte evapotranspiration was
lower than open water evaporation started in the
late 1940’s to early 1960’s- the time that PEnMan
was presenting his views upon potential evapo-
transpiration. This idea of a theoretical maximum
evapotranspirational loss calculated from meteoro-
logical variables seemed to mean that it was not
possible for hydrophytes to exceed it. Yet not only
has this idea been shown to be untrue, but the
whole concept of potential evapotranspiration is
under attack, from the theories of causal evapotrans-
piration developed by PriestLy and TavLor (1972)
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and from the idea of complementary relationship
areal evapotranspiration proposed by Morron (1983).

IV. GONCLUSIONS

From the preceding sections, the following conclu-
sions can be drawn:

1) Hydrophyte evapotranspiration can on occasion
exceed open water evaporation. This is due to the
increases of surface area, the differences in the
aerodynamic resistances of water bodies and hydro-
phytes, and the large transpirational coefficients
that hydrophytes have.

2) The conflict reported by several authors was
due to poor experimental design, the drawing of
conclusions from inadequate data sets and the
reluctance of some authors to accept a value of
hydrophyte evapotranspiration above that of
Penman’s potential evapotranspiration.

3) The exact magnitude of the ETh/EW ratio
depends upon the state of growth, species type,
climate and density.

4) Above ground biomass and leaf area index
can be useful indicators of the ETh/EW ratio.

It is important to compare these conclusions with
those of the published review articles on hydrophyte
evapotranspiration. This is dealt with below.

Review papers on hydrophyte evapotranspiration

There have been three review papers published
on hydrophyle evapotranspiration (Linacre, 1976;
Ipso, 1981; INgram, 1983). LinACRE, described by
Ingram (1983) as carrying oub a ‘careful’ review,
posed (p. 332) the fundamental question: “The
main concern has been to determine the evaporation
rates of swamps for comparison with the rate of
evaporation from a lake in a similar environment”,
but avoided answering it by concluding (p. 344):
“Compared with regional climate and local advection,
the presence of swamp vegetation and its type have
relalively minor influences on evaporation rates, at
least while the vegetation is growing.”

This is in contrast to LiNacRE ef al. work of 1970
cited in II. Yet, despite this apparent neutrality
on the exact magnitude of ETh/EW ratio expressed
in the literature review, LiNacre (1976) was at
pains to find fault in the work that gave a hydro-
phytefopen water ratio greater than 1. LINACRE
correctly noted that most of the tank experiments
were grown in the {ringes of swamps or lakes, and
that this would lead to misleading results due to
the clothes line andfor oasis effects. These effects
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and the errors that could arise have been dealt
with in I and need no further comment here.
Linacre (1976) made few conclusions but it appears
that he did recognize climate as an important factor
controlling hydrophyte evapotranspiration.

The next review paper to be published was that
of Idso in 1981. It was considerably shorter in
lenght than that of Linacre (1976), and started
by quoting (Ipso, 1981, p. 47): “The presence of
vegetation does indeed increase the evaporative
water loss [on an open water surface]”.

Ipso then used results gained by Muwnro (1979)
and CooLEYy and Ipso (1980), detailed in II, to
introduce new coefficients for stomatal resistances
into Livacre’s 1970 equations so that the hydro-
phytefopen water ratio was less than 1. Ipso
concluded that for an extensive body of water the
ETh/EW ratio will be about unity, though for
smaller bodies the ETh/EW ratio will be greater
than unity. He also recognized the effect of state
of growth on the ETh/EW ratio.

The last review to be published was that of
InGgraM (1983). It covered mainly bog and fen
evapotranspiration. It is the most extensive of the
three reviews. He concluded (p. 98) that: “Actual
evapotranspiration from bogs is approximately
equal to potential evapotranspiration, while on
the limited evidence that from fens is greater.”

As far as swamps were concerned, INGRAM (p. 98-
99) concluded that: “The evidence presented so far
tends to make one cautious of accepting LiINACRE'S
1976 conclusion that tall helophytes reduce lake
evaporation (...) In their evaporative behaviour,
reed swamps and allied systems therefore differ
profoundly from the majority of true mires (...) and
one is justified in regarding the tall helophyte
swamps as special cases.” Ingram (p. 99) then
tentatively put forward the conclusion from the
study of the literature presented in the preceeding
review that, “(Hydrophyte/open water ratio for
tall helophytes) falls between 1 and 1.4...in summer
advection may cause a temporary rise above 2.5”.

From the sections above, the conclusions drawn
in III. 2 are backed up to some extent by the three
reviews. Where there was a major diagreement,
as in Linacre’s 1976 critic of tank experiments,
a justification of the results was presented.
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