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Abstract — Whole plant hydraulic conductance was measured for two co-occuring neotropical rainforest understory shrub species of
the genugiper, which differ in their habitat preference with respect to soil moisRirerigonumis restricted to wet habitats, where-

asP. cordulatumoccurs in drier sites. Plants were grown under four treatments (two light conditions crossed with two watering
regimes), representing the extremes of conditions in their natural habitat. The data showed significantly higher totaldoydrauli
ductance and leaf specific conducance in the drought-avoiding sgectegponum than in the drought-tolerant specfescordula-

tum The measured parameters also differed between growth treatments. The species differences in hydraulic conductance could b
interpreted as adaptive in the respective species’ habitat, and might thus be important in determining habitat prefeistribe-and d

tion of the two species.

hydraulic conductance / drought /Piper/ tropical rainforest / understory shrub

Résumé- Conductance hydraulique de deux arbustes néotropicaux du sous étage ayant des habitats préférentielsconduc-

tance hydraulique de la plante entiére a été mesurée pour deux espeéces arbustivefthegenrsous étage d'une forét néotropi-

cale. Ces especes différent par leur adaptation a 'humidité duPsdfrigonumest localisé dans les habitats humides, alors que

P. cordulaturrse rencontre dans les zones seches. Les plants ont été soumis a quatre traitements (deux conditions d’éclairement con
binées avec deux régimes hydriques), représentant les conditions extrémes de leurs habitats naturels. Les résultate cwntrent un
ductance hydraulique et une conductance spécifique des feuilles significativement plus élevées pour I'espéce évitarssk séchere
P. trigonum,par rapport a I'espéece tolérant la séchere3seordulatumLes parameétres de croissance mesurés different aussi selon

les traitements. Les différences de conductance hydraulique entre especes peuvent étre interprétées comme une adaptation aux co
tions respectives de I'habitat, et peuvent étre alors un facteur important dans la préférence pour I'habitat et la dégadition

especes.

conductance hydraulique / sécheressePiper/ forét tropicale / arbuste de sous étage
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Abbreviations hydraulic architecture among species might explain their
habitat preferences. We hypothesized fhatrigonum
K: hydraulic conductance (kg MPa?1), the species occurring in wetter habitats, has higher
R: hydraulic resistance, (MPa s'Kg hydraulic conductance tha®. cordulatum the species

TR transpiration rate (= evaporative flux densit from drier habitats, reflecting structural optimization of
kq st m_zp B P Y, the hydraulic system for water conductance rather than
gs ). avoidance of xylem embolisms.

LA leaf area (r%) A number of studies have focused on the hydraulic
K_a: leaf specific conductance (kg MPa* m?), architecture of the shoots of large woody tropical plants
P: pressure (MPa), (e.g. review [17]). Information about the hydraulic archi-
AP: pressure drop (MPa), tecture of entire tropical plan_ts3 and_ particularly abc_Jut
) 1 shade tolerant shrubs and their juvenile state is practical-
F: flux (kg s%), ly missing. The recent development of a high-pressure
W: water potential (MPa), flowmeter [20, 27] now allows the rapid and accurate
the suffixes root, shoot, stem, leaves, meristem, planfneasurement of the conductance of the entire hydraulic
stand for the K or R of the respective organ or the wholesystem of small plants.
plant.

2. METHODS
1. INTRODUCTION
We studied two understory shrubs that co-occur in the

The structure of the plant hydraulic system - the semi-decidious forest of Barro Colorado Island (BCI),
hydraulic architecture - can potentially limit water flow Panama (9° 9' N; 79° 51' WPiper trigonumC. DC.
through plants and therefore restrict their water balance(previously known a®. arieianumC. DC.), andP. cor-
gas exchange and growth [17]. Consequently, differ- dulatumC. DC. Cuttings from both species were grown
ences in hydraulic architecture might help to explain under moderately shady conditions for 6 months. Plants
species habitat preferences with regard to soil moisture. of the same size (about 50 theaf area) were then

The water conducting system of plants should on onelf@nsplanted into pots (volume: 2 ) with a mixture of
hand be built so that it allows for high water flow rates, SCIlS from old-growth forest on BCI (upper 25 cm) and
high levels of stomatal opening, high transpiration and We'® transferred to the expe_rlmental treatments in the
thus high carbon assimilation rates. On the other hand, jshade house under clear plastic cover on BCI. The exper-
should be built, so that xylem embolism is avoided, even'MeNt was conducted in the dry season from January
when water potentials get very negative, e.g. underthrough April 1996 for 110 days.
drought conditions. An evolutionary trade-off between
hydraulic conductivity and vulnerability to xylem 2.1. Experiment
embolisms has been proposed [28, modified by 16]. The
outcome of this trade-off should reflect the ecology of  Three individuals of each species were grown under
the species, with plants occurring at moist micrositestoyr different conditions: Two light conditions
mainly optimizing water conductance, and plants at dry (high/low) crossed with two watering regimes (wet, dry).

sites optimizing the avoidance of drought induced . .
embolisms. . Th(_a I|gh_t conditions were chosen to reprgsgnt extreme
) o ) situations in the forest habitat of the plants: light condi-
We studied two coexisting congeneric understory tjons in the dark understory under a closed canopy layer
shrubs from the h|ghly dlve_rse pantropical geRier. [7], and in a gap of approximately 14 m diameter [3].
P. trigonumC. DC. is restricted to wet rainforests or Neuytral shade cloth was used to achieve the low light
very moist microsites such as ravines, wheReasordu- condition, the high light condition was full available
latum C. DC. is abundant in forests subjected to a Pro- light in the shade house, situated at the edge of a large
nounced dry season and tolerates relatively dryforest clearing. Light intensities were measured on 5
microsites, such as hilltops [7]. days with different light regimes with quantum sensors
The hydraulic conductance of the two species grown (LI-COR 190 SB, LI-COR Inc, Lincoln, Nebrasca, USA)
under different light and soil moisture conditions was connected to a data logger (LI-1000, LI-COR Inc,
measured, to determine if the species with different habi-Lincoln, Nebrasca, USA), and compared to above
tat preference have different characteristics of theircanopy light measurements on a nearby tower (data
hydraulic architecture. And to see if differences in courtesy of the Smithsonian Environmental Research
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Program). Low light conditions were 0.2 £ 0.01% of the area of outlines of the leaves (LI-3000 Portable Area
light reaching the canopy, and high light conditions were Meter, LI-COR Inc., Lincoln, Nebrasca, USA). The
8.0 + 0.36%. largest leaf area the plants reached during the course of

The moisture conditions also represented the extremeéhgsi)(pferggﬁgéV;%SOLlfts?Vsof%gglg:ege?g‘rlgutlﬁgogﬁd 'm";‘fe
experienced by the species. These range from soils neat o>y

water holding capacity to wilting over several weeks in ¢XP€riment, because of abcission of some leaves imme-
strong, but not unusual dry seasons (personal observaq'ately prior todth‘? r(]anddqf lthe lgzxperlment. Stem.dlahmeter
tion). The plants were either kept in soil near water hoId-W‘f"delmeafSl;]rel with a dia Cg'pgﬁg@oé rlnm) |.ndt. €
ing capacity through watering them daily, or they grew ”?('j ffo L 3 ol\(/vedst '“tergﬁ. €. di dccl))r fu atutrr:m l_d f
not irrigated, until plants of both species reached perma—vr'l ual from dark, dry c(j:on : :3”5 Ieb € olred 3 en r?
nent wilting point ¢ensu[1]) after about 7 weeks: The the experiment, and could not be included in the
plants were strongly wilted and did not recover overnight measurements.

without additional watering. For the remainder of the
experiment, plants were kept at this level, by adding the
approximate amount of water they lost every day (mea-
sured as whole plant transpiration, see below). This way
the plants could be kept at a functionally defined level of ~Conductance of the plant hydraulic system may vary
water stress, without dying. Gravimetric soil water con- between plant organs (e.g. [17, 19]). To evaluate the role
tent of the upper 5 cm of soil in the pots was determinedof the different organs, we examined resistanBe8/Pa
weekly. Significant differences between the watering S kKg'), because resistances in series are additive.
regimes developed in the forth week of the experiment.Resistance is the reciprocal of the plant conductance.

2.3. Calculations

It dropped to 30 — 35% dry weight in the dry treatment R= 1K 1)
compared to 60 — 70% in the wet treatment. The soil
water content stayed slightly higher under low than - n
under high light conditions. Rotant™ Rsnoot™ Rroor 2)
where
2.2. Measurements Rshoot™ Rstem™ Rieaves ®3)

Plant hydraulic conductancK,(kg MPat s1) was calcu-

Hydraulic conductanceK( of the plants was mea- lated from the HPFM measurements as:
sured using a high-pressure flowmeter (HPFM) as
described in Tyree et al. (1995). Hydraulic conductance K=F/AP (4)

was measured on whole shoots, the stems without leaveghereF is the flow through the respective organ, &hd
and the roots. Hydraulic conductance of the roots wasig the applied pressure. Root, shoot and stem’conduc—
measured in a transient measurement with a rapidi;nce was calculated accordingily.

increase of the applied pressure. Shoot and stem conduc-

tance were measured at “quasi-steady-state” with a con- Plant conductance was scaled to a structural and a
stant pressure of about 0.5 MPa. Flow rate was moni-functional parameter of the plant: leaf ared)(and tran-
tored until approximately constant. To determine stem SPiration TR), respectively. Leaf specific conductance
and leaf conductance, an additional conductance meatK a. kg s* MPa' m?) was calculated as:

surement of the stem was made after cutting off the Kin = K oL (5)
leaves. Conductances measured with this method are A = KoanLApiane

near maximum values, because xylem embolisms areK , describes the potential of the xylem system to sup-
greatly reduced at these high pressures. ply the leaf area of the plant with water. Leaf specific
conductance is conventionally used to relate the conduc-

Whole plant transpirationT{R) was measured as - ; :
P P ® tance of a stem section to the leaf area it supplies [17].

ravimetric water loss, by repeatedly weighing (on a to o O . ; ¢
ﬁ)ading balance te 0.01 )é) trF])e plan%/s in tghe SOES, with IOWe modified it to describe the hydraulic sufficiency of
the pots thoroughly isolated from evaporation by plastic the whole plant.
bags. We used daytime transpiration (6.30 a.m. — By relating plant conductance to whole plant transpi-
6.30 p.m.) for further calculations. Plant leaf ared)( ration (TR, kg s* m?), we calculated the pressure drop in
and stem diameter were measured as references for scahe plant.
ing of plant conductance. Plant leaf area was determined
biweekly throughout the experiment, by measuring the AP =TR/ K = Weg = Wiear- (6)
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The pressure drop in the plant is the difference betweerunder dry high light conditions, which had a slightly, but
the water potential at the site of water absorption in thenot significantly lower root resistance. Above-ground
root W) and at the site of water loss in the Ie&f (; resistance accounted for the remaining 45% of the resis-
more negative). The higher the pressure drop, the lowetance, with stems and leaves contributing varying
is the efficiency of the hydraulic system to supply the amounts. Differences between the resistance the plant
leaves with the amount of water they are actually loosingorgans - roots, stem and leaves - imposed were highly
in transpiration. significant @ < 0.0001figure 1).

Total plant hydraulic conductance was significantly
higher inP. trigonumthan inP. cordulatum(figure 2. It
also varied with growth conditions, being greater in high
. o than in low light conditions. There was a significant light
The data were analysed in an ANOVA with light and  gisture interactiontéble 1), resulting in much more

water treatments as fixed factors. To conform with the pron6unced differences between the two light treatments
requirement of equal variances, all data were log trans-,,qar moist than under dry conditions.

formed prior to analysis. We introduced basal stem

diameter as an additional measure of plant size as a Leaf specific conductance was again different for the
covariable in the analysis to account for the possibility two species and affected by the growth conditions, with
that differences between species and growth conditionssimilar trends as for whole plant conductance
were due to ontogenetic dissimilarities (i.e different size; (figure 3A. Under all growth conditions it was about 1.4
[6]). However, because stem diameter never had a signiftimes higher inP. trigonumthan inP. cordulatum

icant effect, all data presented are calculated without thisBecause both species had very similar leaf areas in each
covariable. Statistical analysis were calculated with growth condition figure 3B this difference was almost

DataDesk 4.0. (Data Description Inc., Ithaca, U.S.A.).  entirely due to the differences in conductance. The high-
est values oK , in both species were reached in the

high light, moist condition, wittK , under all other
3. RESULTS growth conditions being considerably lower. Stem diam-
eter did not have any significant effect on leaf specific
The highest hydraulic resistance of the plants was inconductancep(>> 0.05), including stem diameter as a
the root, to which more than half of the total resistance covariable did not change the effect of species or growth

could be attributed in all plants except cordulatum  conditions orK .

2.4. Analysis

P. trigonum P. cordulatum
8100
S
/ 7
o - 7 A T | 7
e . . / 7
e S0r e T B / .
3 X ‘u. 200s,
o o 2256 —+ . _
Lo X
U + %5 Sele% et 2 _' : R
> X * o3 RRRAKX
= o 38K R
2 0 Y N 8 8 CRY
R NI U A FRCNIR OGRS SR
e ‘(\6\9‘ o “\6\5‘ AN I P \\\9‘(\6\%\ @ «® N o W

experimental treatment

Figure 1. Percentage hydraulic resistance of roots, stems and leaRPedrigonumandP. cordulatumgrown under different light
and soil moisture conditions. The signatures are: open: leaves; hatched: stems; cross-hatched: roots. The data are=a8erages,
except inP. cordulatununder dark, dry conditions= 2.
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Table I. Results of ANOVAs for variables describing plant hydraulic architecture and transpiration: whole plant condigtapce (
kg s* MPa?), leaf specific conductanc(,; kg s* MPa' m), transpiration TR kg s* m?) and pressure dro@\R; MPa). Given
are thep-values, n.s. stands for not significant at the 5% level3, except irP. cordulatumunder dark, dry conditiongt = 2. All
data were log transformed prior to calculations.

variable factor

species light moisture light species moisture species lightx moisture
log (Kpjand <0.05 <0.001 n.s. n.s. n.s. <0.01
log (K, ») <0.05 n.s. n.s. n.s. n.s. < 0.005
log (TR n.s. < 0.0005 <0.0001 n.s. n.s. n.s.
log (AP) n.s. (0.06) n.s. < 0.0005 n.s. n.s. < 0.005

There was a trend towards higher pressure dkBp,  conditions, coupled with moderately high transpiration
in P. cordulatunthan inP. trigonum(figure 4A but the rates.
difference was not significanp & 0.057). Transpiration
on a leaf area basis was not different between the two
species, but depended strongly on growth conditions 4. DISCUSSION
(figure 4B. It was about 3.5 times higher in the high o ) )
light combined with moist soil treatment, than under low  There were significant and clear differences in the
light, water stressed conditions. Under moist conditions hydraullc.conductan'ce of the two speciestrigonum-.
the AP was higher than under drying conditions, indicat- the species preferring moister habitats - had a higher
ing that the actual hydraulic sufficiency was lower i
moist conditions. This was true, despite the higher le

specific conductance in moist than in dry condition
under high light. The pressure drop was the highe — | A
under moist/low light conditions, a consequence of tt ¢ 8 ‘\"E
fact that conductance was the lowest in these grow "5 s~ 8 x10%- .
S5 & | i
o 3=
Q 5 v 4xut- -
g D O o
- 0 X | i
I 2x10°F 7 -
O — 0
: ~
T - - B
c o
o= 200 ¢ 1
O % 1xiost T 8
T e
=2 . 5
S = - w S
: "N i T
T
= 0 S S &
N L AN @‘\&\
‘\\Q‘(\é\s 9O (Qo\" W W 0 8 <
experimental treatment \‘\\g\\i&\ \oq\:\é@x
Figure 2. Hydraulic conductance of the entire hydraulic systel experimental treatment

of P. trigonum(hatched bars) anB. cordulatum(open bars)
under different growth conditions. The data are averages ¢
standard errors1 = 3, except irP. cordulatumunder dark, dry
conditions:n = 2.

Figure 3. Leaf specific conductance (A) and leaf areas (B) of
P. trigonumand P. cordulatumunder different growth condi-
tions. For details sdggure 2
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0.3 we assume equal root surface areas for both species in

A each treatment, then we can conclude, #iiafrom the
bulk soil to the root surface was the same, because tran-
0.2 spiration rates for both species were approximately equal

T

01

pressure drop
[MPa]

tion rates. This seems consistent with current notions
that plant water use is limited by rhizosphere and xylem
B conductance, i.e., that liquid-phase conductance limits
maximal stomatal conductance [15, 26]. The ability to
i support high transpiration rates allows the plant to have
high stomatal conductances, which in turn permit high
assimilation rates. Additionally, a high hydraulic con-
ductance value will promote maximal values¥f, .c;cm
both during day and night. Rapid growth is promoted
%‘T when growing meristems are not water stressed. In habi-

0.0

1.0x 10

0.5x10°

transpiration
[kg m*s]

tats, where water is not a limiting factor (for most of the
time), optimization for high hydraulic conductance

0.0

‘\\\\?\\i Q‘\\‘S“\:\ o Q‘\\%“Q therefore seems to be ecologically advantageous. The
O GF O e W drought adapted speci® cordulatumhad a consider-
experimental treatment ably lower conductance and leaf specific conductance
than P. trigonum Recently Nardini and Tyree (1999)
Figure 4. Pressure drop (transpiration per hydraulic conduc- survgyed_ the_ hydraullc_conductance oQEercus
tance, A) and transpiration (B) &f trigonumandP. cordula- species with different habitat preferences with respect to
tumunder different growth conditions. For details figare 2. soil moisture. They also found a high€r, in the four
water-demanding species compared to the drought adapt-
ed species. In dry habitats where growth is usually slow
) __because of limited water availability, the ability to toler-
absolute plant conductance and a higher leaf specificate drought may be more important than the ability to
conductance. There was also a (non significant) trend fortransport water rapidly. There, it might by more adaptive
lower AP in P. trigonum Thus,P. trigonumwas more  to optimize for avoidance of embolisms than for high
efficient conducting water in its hydraulic system, and hydraulic conductance [19, 20]. Hence, plants in dry
more efficient to supply its leaf area, the potentially tran- habitats need invest less carbon into shoot conductance.
spiring area with water. Both species reacted in the samé&ome arid zone species may also benefit from a higher
way to different growth conditions, and the amount of ratio of carbon investment in roots versus shoots.
plasticity for conductance and leaf specific conductanceHowever, for thePiper species we studied, there was no
in the range of growth conditions the plants were species difference in root-shoot-ratio [7].
exposed to, was thg same m_both SPecies. The hydraulic Most studies of the hydraulic conductance of tropical
system of the species occurring in moist habitats and of

N . .~ plants focused on stems (e.g. reviewed by [17], [8, 11,
the plants under high light/wet conditions was more effi- 10, 18, 29, 30]. However, root resistance can contribute

cient in supplying their leaf area, the potentially ranspir- pai¢ o1 more of the whole plant hydraulic resistance, and
ing area, with water than the species occurring in drier g4t resistance can also make up a considerable percent-
habitats and plants under dry conditions. The resultlngage of the total plant hydraulic resistancePhiicourea
slightly lowerAP in P. trigonumindicate, that at a given guanensis(Rubiaceae), a tropical shrub or small tree,
soil water pOtential, the leaf water pOtential did not have root resistance approximate|y equa|ed shoot resistance,
to be as negative ash cordulatunto sustain transpira-  \which in turn was contributed at about equal parts by
tion (Eq. 6). The pressure drop from equation (6) does|eaf resistance and vascular resistance to water flow in
not include theAP from the “bulk soil” to the root sur-  stems [20]. In seedlings of 5 species of tropical trees root
face. It is difficult to compute without knowledge of soil resistance contributed between 30% and 60% to whole
hydraulic conductance and total root surface areas, neiplant resistance [23]. Thus, whole plant conductances are
ther of which was measured in this study. However, if considerably lower than just stem conductance. As a

| under each growth condition and the soil types were
identical.
] The hydraulic system dP. trigonumwas built for
%ﬂ high hydraulic conductance, supporting high transpira-
o
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consequence, leaf specific conductances get lower when 5. CONCLUSIONS
considering the whole plant, estimates for pressure gradi-
ents increase and calculated leaf water potentials neces- \we found considerable differences between
sary to support transpiration get more negative. Toypq hydraulic conductance of. trigonum and
assess the role the water conducting system of the plans cordulatum These differences could be interpreted as
plays fo_r whole pla_nt_ water relatlons! assimilation rates enablingP. trigonumto be more effective in supporting
and for its ecology it is therefore crucial not only o con- pigh transpiration rates that are necessary to achieve high
sider stem hydraulic properties, but to consider the yggimilations rates under conditions of ample water sup-
hydraulic architecture of the whole plant. ply and relatively high light, tha®. cordulatum They
- _ ) ) may also allow for higheW .. ..,valuesin P. trigonum

Most comparitive studies of hydraulic architecture promoting high growth rates. On the other hand it can be
have stressed the role of xylem anatomy in explainingspeculated that the lower conductancéircordulatum
differences in xylem conductance. Studies investigatingis correlated with lower vulnerability to xylem

wood anatomy generally found greater xylem vesselembolism, which would enable this species to be more
diameters in species from moister than from drier areassuccessful that. trigonumunder conditions where

In the chaparral flora of California, the flora of South water is limiting. These results reflect the conditions
Western Australia and in a comparison between awhere both species are encountered in the field:
Mexican wet rain forest and a dry forest, species occur-p. trigonumoccurs in very wet areas or microsites, and,
ring in moister sites generally had the larger xylem ves-pesides being a successful and locally abundant under-
sel diameters and longer vessels [2, 4, 5]. The same trendtory species, has the ability to invade rather open areas,
was found within some species from the geQuercus  \whereas, in contras®. cordulaturris the most abundant
along a climatic gradient in NE Spain [24]. Nevertheless, in seasonally dry habitats and in microsites that get
xylem resistance of roots and shoots may account forrather dry. We can conclude that hydraulic conductance
only 20 — 30% of the total plant hydraulic resistance. may play an important role in determining the species
Nonvascular resistance of roots and leaves may prove tapitat preference.

be rather more important in determining the whole plant )

resistance to water flow in many species (e.g. [9, 13, Acknowledgements:We thank Nefertaris Daguerre
27]). There have been reports of large differences in roofOr technical assistance in the experiment. The
and leaf resistance to water flow between tropical Smithsonian Tropical Research Institute, Panama, pro-
species [22, 23], which may lead to considerable varia-Vided logistic support during the course of the project.

tion in plant hydraulic resistance that is independent of The work was supported by the German Academic
their vascular anatomy. Exchange Service (DAAD) and by the U.S. Department

of Agriculture, Forest Service through cooperative study
The two species within the same genus, and thus sup@dgreements with the Smithsonian Tropical Research

jected to the same phylogenetic constraints, had marked!nStitute.

ly different conductances. The differences in hydraulic

conductance could be interpreted as adaptive with
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