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Abstract. Because OOy diffuses D0GEE mmes maore
glowly theough water dthan air, ihere msy be strong
selective pressure for increased water repellency in
terresdrial plant leaves. In the present stualy, keal
irichomes appearcd (o have o strong influence on keaf
whler repellency (1.e. degree of water droplet formation
on the leaf surface) as well os the retention of droplets on
ihe leal. Based upon evaluation of 38 plinl species from
2] families, we found thist leaves with tnichomes were
more witer repellent, especially whene irchome density
wis greater than 25mme. However, deoplet repellency
and retention were bath high in some species where
trichomes - entrapped  droplets, Finally, the lensing
eifects of water dioplets o leal surfneea inercascd
meident sunbight by over 20-fold directly Benearh indi-
vidual droplets. These results may have important
implications for such proccsacs as stomatal funchion,
whole leaf photosynthesis, and transpiration for o large
variety of plant species,

Kryewnmly: ol weltabilily, water deoplers; inchwomes; dreplet reten:
tiom , drerplet upgics

Introduciion

There has been o long-standing interest in the mtersc-
tion of the leal surfaece of terrestrial planis with liguid
wiler. Common precipifation cvenfs such as rain,
dewlnll, ground fog and cloud mist moy generate leal
wetness for large parts of o day for many nidive plants
{Berg, 1985; Harrington & Clark, 1989) and both
nikixial nnd alixiad surfaces are frequently affected, The
{nlscmee of leal wetness on pathogen invasson hiss been
a long-standing concemn (c.g. Hollier, 1985; Reynolds e
al,, PRR9). In addition, the use of spray apphcations fof
irrigation and pest management in agriculforal sysems
(Bokovae, Flore & Baker, 1979 Gueman & Gomes,
1957} has generated 4 broad interest in the waler
pbsorption charactenstics of leaf surfaces (Fogg, 1947,
Challen, 1960, 192 Hollowiay, 1970}

As elirly as 1598, Stahl suggested thut dew on leal
surfices might inhibil early moming  transpiraten.
Although Stone {1957, 1963) suggested a positive effect
of dew on plant franspiration, only very recently have
studies clearly shown imponant infloences of natural

Comespondense: W, K. Smsith. D partmcst of Botany, Universivy of
Wemming, Lasamie . Wismmmg R2071, LLE A

leal surface wetness on plant gas exchanpe (Smith &
Mot lean, 155

The purpose of the current siudy was o evaluate the
podential importance of leaf trichomes and pubescent
kayers (o the formation, distnbution, and retention of
witer droplets on o beafl surface, We present evidence
that associates trichome armngement with specific
effects on waler droplet formation (repellency) as well
as droplel retention. We also repart on some lonsing
effects of water droplets thit prodisced extreme amplili-
cation and varinticn in incident sunlight on the leal
surface. Toour knowledge, there are o other reporis of
this phenomenon

Materials and methods

Thirty-eight plant species (21 Tamilies) were rindomily
selected for study from o wotal of approximately 650
species in the University of Wyoming, Loramie, LS A,
glivahause comples { Tuble 1), Ginns surlice churscier-
itecs of adaxinl and abaxial leaf sides were examined
with an Olympus Model 52111 Zoom Stercomicro-
scope. The following messurements for both adaxio] and
abiaxial leaf sorfsces were made on five leaves of each
species: [Achome densily (number por amid anci),
trichome bength and approximate irichome cinopy
helght, contact angle of water dmoplers. on the leal
surface (8], and the capability {or dooplet reténtion,

Trichorene sireciire

Average trichome density was caloulated by counting
the number of trichomes within a micrometer grid (2.5 x
2. 5mm) using five replicates per leal sorfsce and fve
leaves per species. Maximum trichome length and
height were measured using epidermal peels from both
adaxial and abaxial leaf surfaces, Tocdwome canopy
height measured from the leal epidermis wis estimated
from leaf cross sections. Because trichome are often
bent or curved, this length wis often less than the
maximum trichome  length, This interpretation of
canapy hoight also provided an estimnte of the distance
water droplets would rest from the Jeal surface. Mean
values for both leaf surfaces were determined from 10
measurements.  of  trichome  length  and  five
messurements of trichome canopy height per leaf.
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Trchomes
Family Specio Adunal Abaxisl
Acanihaceas Hypodsiey plplousciie Bak * =
Tuntica fromadepeang Wakh. & L0 S, + +
Afusccas Larwienrwem afficimale 'W. 0L Kook = =
Aunlinicas Frareain arinoplivils il - -
Asclepuaidaces Cernprgia Wosdil Sclilechies - *
ATIEmOCaE vl Merckid Lebom, 4 i
Chrypndhemmm 1, i #
Nesarria arescutanar (L LY Schaliz- Rip, - -
Newarpyes Cimrraria 1M 4 +
Beprmiareas e pemia s -
lamicace ae: T samaria g L. i -
Commolinmo s Cpanovdr Kewrmnr (Flaak ) CB Clarke . -
Tradencarmita paviralaia Omp, . +
Crawulsccac Evhreren pradivmeta Wise - +
Kalerivkor deharenny Chake " +
Kalenrieor Milloui Hamat & Perr. B & +
Kalencivor sp. ' +
Evphoitiscras Erghariin piccherrima Wilhl, 3 Klotoc r *
Fabaces: Medicags s 1 . 4
Semane saman [Henth, ) Meerill * L]
(heranmsceas Felargamiiim * i
Hypeticacrag Hypericsin sp v -
Plecrransbur sanralis K- Be + v
Mierrromnfa domesiosus Besthe ex 2 H Moy, + 4
Ko o fivveeands L. + *
by soese Atwatidion piriiom (Chifies o ook & A} Walp + .
Hiébircree Moma-viaemais L + .
Cagracras Fuckoie o hyhrida Hor en Wil + 8
bl sccar Tloivwsrra dineviow {Ker-Chawl. ) Limll - =
Cruatislacome TPy Faivo 58.-Hil - i
Fipcrnceas Prpernmia chiusifoda (L] A Detr - .
Prpresamigt oy Bunt, 4 =
Huiasosc £ ey srvedilfvilian {(CTinhatm, b Sowringle - o
Urieacoad Pifvd milucrnie [Sime) Lias, 4 i
Ul § 4 -
w2 P &
Ui ndonows 1 i +

Warer repellency af the feaf surface

o investigate the internction between water droplets
and trichomes, leaf surfaces were misted with a fine
spruy {droplets < (L. 2mm) and then observed microscos
pically. Natural droplet formaticn following dewfall was
also observed in the fGeld and compared to the spray
misting technigque used in the lnboratory. Droplet sises
o leaves of 19 species in the feld rnged from approxd-
mslely M gm o over Bmm i dummicter.

The degree of water repellency of the leaf surface was
determinid by measuring the contact anghe {#) of 3 mm®
waler droplets placed on ench leal surface uxing o
micropipette (Adam, 1963), For all leaves, 0 was
meisured relative to the epidermis for horizonially
positioned leaves even when droplets rested above the

surface on trichomes (Fig: 1A). Five replicates per lenf
were measured on both leafl surfaces for all species.
Criteria for judging surface wettability were hased on
those of Crisp (1963) where ¢ < 110" was considered a
weltahile surfece while # = 13 was non-wettable, The
diameter of a spherical Smm® droplet was approxi-
mately 0 4mm. The width of more flattened droplets
could be s preat as |3 mm, depending on 8,

The amaount of surface area in confact with o given
waler droplket wus  delermined  microscopically’ by
measunng the contact lengih in cross section between
the droplet and keaf surfoce. Contact area was estimated
by assuming that the contact length of the droplet was
ecqual o the dinmeter of the circle in contact with the leaf
surface beneath the water dropbet.

Flgure 1. Dropllet comtact sngle (8] and 15y bacings L sphota] and plane-convon lomse. (A) The engle! & ol b line tamgent io 1he
etregilet thaveagh ihe point of vostiet hetween the dnaple amd Yesd surface wos messsied. Circaser # indicates grester walpr svpe Booy
Detigranns I, el IV illustrabe pay iracsags of cedlimated Hght paesn g tBmough lenses scosnding b Seell's L of Belraction IWFL i ibe
Bk fical bemgali, PP s the fuead pain, % s the cos shadive, and B s e rebm e inden ., Tha first bens () ot o refrece inde for
b (152wl (e accond (C) s @ pefonctive indes o water (1330, The ithifd benad D) is a plaso-conves lems of wates repressnsing a
Rastend dpoplet, The AFTH {distance from ol Bock of th aphe e difha Bl poini increascs approainsaecly 2.8 Emes b waser deoplons

versih (B e spheres wand in the experinsests.
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Diroplet retention was determined by placing a 0. 5cm®
droplet of water on & horzopial leaf surface and
measuring the angle of inclination st which the droplet
first: began o move, Smaller angular volues indicabe
poar retention,

Opitcal properites of waler dropleis

The opiics of sphenical water droplets can be charac-
terized from known properties of spherical { ball) lenses.
Light mys passing through a spherical lens are only
partislly condensed because of lens thickness and an
imperfect focal pont that s gencrated according to
Enell’s Low of Refraction [Willinms & Becklund, 1972)
(Fig. 18, C}). Ry tracing anulysis was used io make
empirical eslimates of the focal distances measured from
the bick slde of the lens, The quantitative effects of
sunlight focusing by spherical water droplets on o leafl
surfice were estimated by messuring irradiance levels of
sunlight (PAR, photesynthetically active mdintion,
0300 Tpm) passed through precision-ground  oliss
spheres {Edmund Scientific, New Jemey, LL.5.AL), The
optical properties mensured for the gles spheres were
converted to those of waler droplets according to the
difference in the refractive Indices bétween the glias
lemses  (1.52) and water (1.33), By comparing the
refructive indices and corresponding ray tracings of glss
(Fig. 1B} versws waler lenses (Fig. 1C), we abo esti-
mated the spatinl offects that actual water dropless
would have on sunlight focusing, for example, Focal
distance and projected spot size, The back focal kength
(mensured from the back of the lens (o the incideént
surface ) ofn sphenical waler droplet was aboat 2.5 times
thut of a glass sphere with an identical dinmeter accard-
ing to ray tracing anolysis (Fig. 1B, C).

Effects of non-spherical water droplets (8 == 110F) on
light focusing were approximated by comparing
properties of spherical lemes to those of plano-conyvex
lenses. As illustrated in Fig, 10, the shape of a plano-
convex lens B representative of waler droplets that are
ot perfectly spherical but are Rattened due 1o lower 8,

Actual measurements of FAR bencaih glass lenses were
taken by aligning the lens directly above a modified
guantum sensor (LICOR 1905} snd moving the lens
wway from the sensor in  puth parallel o the suns rays.
PAR at the centre of the projected spol wik mersured by
modifying the quantum sensor so that the arca of the
sensing surface wos reduced to 1.0mm”, The sensor arca
wirs filwiys less than ome-fifth of ihe srea of the smallest
discernible spot projected by ooy lens used. A micro-
manipulator (1um resolutbon) wes used (0 measine
sctunl distances from the surface. Both the sice of the
projected focal spot and its irradionce level were
mepsured, The size of the projected spotl was measured
directly on a transpirent sheet of tracing papet. For all
mexsurements,; full sunlight (without lens focusing) was
recorded  before and  periodically  during the  lens
measurements. Gilass spheres with different dinmeiers
(N.5-3.5cm in (L5om increments) were wsed o empiri-
cally determine the influence of lens (droplet) soee on
projected spol size, focal length and PAR

Resulis

Trichenwie atricctiire, waler repuliion ol refeniion

Lenf surfnee charactenistics for all spicies are sopmmir-
teed wn Table 2, including mean trichome lengih,
trichome. canopy height and density, amd mean @ (i.c.
surface waler repellency) and droplet relention angles
for the leal. OF the 76 leol sides evaluated, 56 had
trichomes present (Toble 1), The group  withoul
trichames included species with keal surfaces that were
extremely hvdrophobic (8 == 170°) as well as some very
hydrophyliic sides that hid an almost continuows film of
waler over the leal surface (8 < 15"), Mean # valuss for
all leaf sides with or withouot irichomes were 104 and 82°,
respectively (Table 2).

As shown in Table 2, three types of interactions
between trichomes and water droplets were evident.
Among the leal surfaces with trichomes, there waik o

Thbe 1. |cal surfuce charscieriszion. Mean values ase e inckome denadly and lesgih, nichone canapy Behghi, coutact snple of wabor droplet (), and
retetilees, Pl aned mdsus values e slanddnd error ample sees {auiilber al leal e e peesciiing i tlal ol 6 wpecars niv in parcilhoes, Samjile
wires are Bl egual for esch groeg Docmne wime plants dicd dusisg the siady

Trchoms Trichamic Tiichises
dewtily ] HoHLca bk lengih camupy height
Trichwsmes: {mo, per mm | {degrecs ) {illegroes) {mm) {mam)
Tricheomes - 2 2% — -
ahson = 14{3§ PEITET
Trichamos
uesnl
udl wdden poaled v L1 o] 43 n2s
il [nbsTmctions = %0} ES LR +5a0) i, [ S0 ELIETED ]
B Ll {32 i
& A3 + i 29 +4[21] R T ad k24
Y devpicts i T i 48 141
spregaic droplchs 2 HTT14) + &14) +dif 14) 201314} S 4y
] i | i {0, B %4
S TR ERLUERN +MIT) 0 I18) 2T
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Figure 3. Rerenshin and cosinct anghe () fisf wales droplets oa leaves, Onen ceicles ane dow leal surfoces ehat segregabed water inls
patches. Chisod vincles tepreseni heaf swstaors with trichoms: caopies thin held deoplens well abovy the Jeal epidermia. Open triangho
regeresenl sinfsces Uhat had bodh high caniao aagles anil retentsan. (&) Dauhel roienbon as o fesstaom of irchome demity for 21 1o
sidhes Torwem 15 specics. (1) Appamnl contact asghe (#] s s Tuscimn of deadly fiosr X7 beal ssdon froas B speces.

group that had no apparent interaciion  between
trichomes and witer droplet formuition or relention, In
this group, trichome density was relatively low, and
wswdly a film of water formed on the leal surface.

Trichomes appeared to hold water droplets above the
beaf epddermis in a second group of leafl surfaces (Il
droplets” on Table 2) that had high water repulsion (& =
173%) amdd trichome density. Droplets resting on the
irichome canopy were small and numerous. Also,
droplet retentun wis relatively low (£ = 167).

I # third group of leaf surfaces [segregnie droplets®
on Table 2), trchomes appeared 10 have a sirong
influence on the location of surface water by encircling
individual water patches, These beal surfaces were
characterized by relatively high retention (£ = 467) and
weltahle surfaces, but variable and relativaly low 8(E =
73" and mchome density.

The specific influence of trichome density on droplet
retention and Jeal wettability is illustrated inn Fig. 2. In
general, low trichome deasity (<30mm ™) correspon-
ded 1o higher droplet retention and lower 8, while high
trichome density (>40mm ) corresponded to lower
droplet retention and higher repulsion. Leaves that
segregated water into patches {open circles) bad rela-
tively high droplet retention and lower &, while surfuces
thit had well developed wrichome canopies (closed
cireles) tended to huve lower retention and greater #
(Fig. 2). Two species had trichome canopies that lifted
water droplets awny from the surface, but also had
relatively high retention (open trimngles in Fig. 2). This
high retention appeared o involved  hydrophyllic
trichomes even though a relatively high water repellency
{high #) still existed for the beaf surface.

For o Smm’ droplet, the actunal contact area measured
between it amd the beaf surface ot a given @ is shown in
Fig. 3. A rather sharp decrense in contact area occurred
for i near 0F to about 407, followed by 3 much more
gradual decline for = 40°. Contuct area for @ = 107 was
muore than five-fold greater than that measured at & =
140F. Theoreticully, contact areas winld be negligible

for a perfectly spherncal droplet {# = 150°).

Focusing of incident sunliyhs by water droplets

The irradiance bevel (PAR) and size of the projected
bright spot from the back of a spherical lens 1o the focal
point {sce Fig. 1B, C) are shown in Fig. 4. Measured
PAR increased as the spat size decrensed from the back
of the lens to the focal point. The maximum measurcd
PAR for a glass lens was approximately 20 times full sun
and occurred ot a focal distance of abbut 0.2 of the lens
dizmeter (measured from the back of the lens). Beyond
the focal point, rapid dispersion of the beam took place
with nos condensation of light ravs {Figs 1B & 4). When
the projected bright spot wis largest {just beyond the
back of the Jens) the relative irradiance was about five
fimyes (ull sun, I is likely tht our estimates of maximam
irradinnce at the focal point beneath the water droplets
are comservative, The sensing surface was 1 mm”, but at
the smallest spot size {ie. the focal point), the projected
speot was smaller than Tmum?. Thus, maximum irrsdiance
may be higher than our estimate of about 20 times
full-sun. At greater distances from the back of the gliss
lens (=04 of the lens diameter) imadinnee decreased
from about foar times full sun 10 much kess than full sun
(indicated by negative irradiamce values in Fig. 4). This
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deplenon in PAR corresponded 1o the region of rapid
bedm dispernl shown n Fig. 1B-I) and can be visually
detected a5 a cast shaddow on the projection surlace (3ee
cover phisin],

A plano-convex lens is o rough approximation of the
shape ol a water droplet with lower 8 due (o b less
hyvdrophobus surfpee andior greater droplet weight [Fig
113, Spherical and plano-conves kempes will ot differ in

the degree of amplification of irradinnee because the
condensalbon of Tight rive b diecetly proportionel fo
interception Ares. However, the focal distance and
chumge inspol size with distonce from fhe fens will differ
substantially. In general, spot s benesth o planc-con-
vex lens will be much Enrger nearer the lens and the: focal
diistance will be ghout doobled compared foow sphenical
leins of equnl dinmeter
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IHsrussion

In & review of the coological impormance of plant
pubescence, Johinson [1975) noted that the sccurrence
of richomes. wis ghiguitous among plinis and he
supgested that, il selection pressares were mmportant m
directing the development of pubescence, there shinlkl
be a correspondence belween the occurrence of pube-
swence and ceriain  environmental conditions,  For
example, @ great denl of work has illustrited the
inportance of pubsscence for reflecting sunlight amnd
redecing lemperature and water stress in desert planis
(Elduringer, 1984),

Selective pressure to shed water or isolate it to
locations where it does nol interfere with the pholo-
synthetic uptnke of U0, shonld be high for rerresirinl
planis in habitnts with fregquent leal wetting cvenis. The
importance. of keeping surfaces with somain dry 1o
promote gas exchange has been recognized in agriculiu-
ral species [Faskin & Kende, 19535 ind bn aguitic planis
with Boating lesves (Sculthorpe, 1967; Hutchinson,
1975). Crisp {19063} supgested thay o seemingly obvious
function of hydrophobic leaves was 1o prevent beal
ssrfaces from being safurated with waler, South &
MeClean (1989} reported dramatic incredses on waler
gse gfficlency for namrally wetted leaves with high @ and
retention. Photosynthel was increased due [0 greater
stomitil opening ond yel, transpiration was subeian-
tuadly bower comparcd to lewyves wath dry surfaces,

Reteation of dioglets on o leal surface may chiffer
ilepending vn whether droplets sre deposited ws rin or
ay dew, Retenbion of rain B often low because either
drops bounce from the leaf surfave on impaect or they do
not adhere 1o inclined surfaces (Holly, 1976). Barr &
Giillesgic { 1987) found thot onty 6% of lenf arca may be
covered by droplets s o result of rinfall. Our obscrva-
fions are similar to Helly's {1976} in that drops on
surfoces with high 8 (=137} are unstable and tend to mll
off, while drops on surfaces with low 8 (< 10°) have o
lower centre of gravity and are more lkcly to adbene 1o
the leal surfuce. Also, the condensation of walcr vapour
inte small droplets (e.g. dewfall) may cover a much
larger portion of the leaf surface ind may be enhanced
h:.r sarrface r:lﬂg}inum I:EHIHL'HL 1535,

I the (el we hivee observed that droplet formation
foblowing dewfall generally resuliz in the greatest con-
centration of droplets on a leaf surfuce, Many spocics
were covered with o virmenl monolayer of small dropleis
(<05 mm in dameler) and many of these species aliso
fended to lave a dense trichome laver. Both leal sides,
eveni for hamzonially oriented beaves, had dew depaore-
itfon. MWibch sealler droplets appear af the begimning of
dew formation while much larger sges (=1lmm m
dismeter) develop with time, or if droplets are shed 10
specific localions on the leaf where they merge. We
know of no other data describing these charncheristics of
leal watting in mative or agriculiurul species. Flowsver,
from cur observivtions of native planis in the ield, s wite
rnge of droplet stees and concentrations occurs on
leaves depending on species. location, type of precipd-
tation and ledf onentation

Our results sugpest o strong influence of trichome
density und wrrangement on the wettability of leal
surfuces and the tendency for leaves 1o retain or repel
mokstene, Alibough tdchomes were not always unfor-
mily distributed across the leaf surface and there was
some overlap in our clisification of lifting versus
segregating trichome canopies (Fig. 2), it appears that
trichome canopics had n strong infleence on the for-
mittion, repulsion, andfor retention of water droplets.
Droplets lifred above the leaf surface would create a
source of modst mir pext to ihe leal surfoce as they
evapanite {Uplol, Hummel & Stoesche, 1962). Water
requestered into patches mny also increase the vopour
demsity near the leal surfoce or within the leal canopy.
Thus, if droplets or patches of water are retained on
leaves vin the mfluence of trichomes, an improved
photosynthetic environment {possibly enhanced stom-
atal opening) and owered transpiration could resali (6s
reported by Smith & MeClean, [989). We are-currenily
evalunting the specific distribution of retaimed water
across Ihe beal surface verses stomainl distnbution m
variely of species and habitats, along wath the possible
fvalvemedt of iHehomes.

Water dropletson keaf surfaces also have the poteniinl
o generie on extremely varinble light envimonment
across the leal garface. The sipnificance of elevated wnd
vicrinhke irrsdiuce levels depends an the total amiouant of
leaf aren involved (Fig. 3). Dropleis sct as condensing
lenses which con focus light into bright spots many hmes
full solnr ifraciance (Fig. 4). For species with monde
lnyers of droplets created by dewfall, o lirge portion of
the beaf surfice may be affected by sunlight levels
greiter than full sun. However, incident sinfight may
not abwiys be amplificd by water dropleis becise the
epidermis miy nol be ol the focal point and/or because
of the light scattering that could ocour within & trichome
kayer, Regardless, one conmod help wonder how under-
Iving tissue could cope with such large irradionce levels
(e.g chiorophyll-contalning guard cells), Droplets may
el cust shubows that are far less than full-sun irra-
thimnce

Surrrinary

Functwnaslly, the formation of more sphencal water
droplets due to greater water repellency will insure gas
exchpnge due 1o the elimination of witer film formution.
Moreover, retention of water droplets on individunl
leaves and throughout ihi leal canopy moy lesd bo
enhaned wiler use efficiency by reducing trunspirntion
as well s increwrsing phitosynthesis (Smith & MeClean,
19590, In the present study, trichomes and pubescent
layers on leal surfaces appear 10 enhonce witer repell-
ency by the lrmation of spherical droplets (high &), and
may sk increise retention of droplets of steeper leal
angles. However, the focasing. propertics of - water
drophets could result in. domoge of epidermol (e g
chiorophyll contaiming guard cells) or posdbly palisade
colls. I respomnse, trichomes and pubescent livers codild
sequester droplets i distances away from the focal
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length of the droplets. For water droplets, this distance
is about equil to therr rodiae. Also, the lormstion of
smaller droplets will reduce the amount of lens amplifi-
cation by the square of the radhns., Smaller droplet sizes
will result in less intense and smaller projected bright
spots that will be choser 1o the back of the droplet. More
work i needed to comprehensively evalunte the fune-
tional inferaction hetween leafl water repellency. droplet
formation, the co-accurrence of trichames and stomati,
and uliimately, the ecological significance of those
relationships,
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