
Sum mary We in ves ti gated hy drau lic con straints on wa ter
up take by vel vet mes quite (Prosopis velutina Woot.) at a site
with sandy-loam soil and at a site with loamy-clay soil in south -
east ern Ar i zona, USA. We pre dicted that trees on sandy-loam
soil have less neg a tive xy lem and soil wa ter po ten tials dur ing
drought and a lower re sis tance to xy lem cav i ta tion, and reach
Ecrit (the max i mum steady-state tran spi ra tion rate with out hy -
drau lic fail ure) at higher soil wa ter po ten tials than trees on
loamy- clay soil. How ever, min i mum pre dawn leaf xy lem wa -
ter po ten tials mea sured dur ing the height of sum mer drought
were sig nif i cantly lower at the sandy-loam site (–3.5 ±
0.1 MPa; all er rors are 95% con fi dence lim its) than at the
loamy- clay site (–2.9 ± 0.1 MPa). Min i mum mid day xy lem
wa ter po ten tials also were lower at the sandy-loam site (–4.5 ±
0.1 MPa) than at the loamy-clay site (–4.0 ± 0.1 MPa). De spite
the dif fer ences in leaf wa ter po ten tials, there were no sig nif i -
cant dif fer ences in ei ther root or stem xy lem em bo lism, mean
cav i ta tion pres sure or Ψ95 (xy lem wa ter po ten tial caus ing 95%
cav i ta tion) be tween trees at the two sites. A soil–plant hy drau -
lic model para meterized with the field data pre dicted that Ecrit

ap proaches zero at a sub stan tially higher bulk soil wa ter po ten -
tial (Ψs) on sandy- loam soil than on loamy-clay soil, be cause
of lim it ing rhizo sphere con duc tance. The model pre dicted that
tran spi ra tion at the sandy-loam site is lim ited by Ecrit and is
tightly cou pled to Ψs over much of the grow ing sea son, sug -
gest ing that sea sonal tran spi ra tion fluxes at the sandy-loam site 
are strongly linked to intra-an nual pre cip i ta tion pulses. Con -
versely, the model pre dicted that trees on loamy-clay soil op er -
ate be low Ecrit through out the grow ing sea son, sug gest ing that
fluxes on fine-tex tured soils are closely cou pled to inter-an nual 
changes in pre cip i ta tion. In for ma tion on the com bined im por -
tance of xy lem and rhizosphere con straints to leaf wa ter sup ply
across soil tex ture gra di ents pro vides in sight into pro cesses
con trol ling plant wa ter bal ance and larger scale hydrologic
pro cesses. 

Keywords: Chihuahuan desert, plant–soil in ter ac tions, plant
wa ter re la tions, Prosopis velutina, xy lem cav i ta tion.

In tro duc tion

Plants play a crit i cal role in the hydrologic cy cle be cause tran -
spi ra tion trans fers large amounts of wa ter from the soil to the
at mo sphere (Huxman et al. 2005, Seyfried et al. 2005). The in -
flu ence of plant form on hydrologic pro cesses may dif fer be -
cause of vari a tion in fac tors such as ver ti cal root dis tri bu tion
(Schenk and Jack son 2002) and max i mum root ing depth (Can -
a dell et al. 1996). The en croach ment of woody plants into
grass lands can al ter eco sys tem wa ter bal ance by in creas ing
root ing depth and, thus, the depth from which plants ex tract
wa ter for tran spi ra tion. Re gard less of root ing depth, hy drau lic
lim i ta tions to wa ter up take and trans port play an im por tant
role in the reg u la tion of tran spi ra tion. Lim i ta tions im posed by
soil and plant hy drau lic char ac ter is tics de ter mine, in part, the
mag ni tude and pat tern of im pact on hydrologic cy cle pro -
cesses as so ci ated with woody plant en croach ment into for mer
grass lands. We in ves ti gated these hy drau lic lim its in Pro sopis
velutina Woot. (vel vet mes quite), which has be come es tab -
lished in grass lands on two dif fer ent geomorphic sur faces in
south ern Ar i zona, USA. 

Soil tex ture strongly me di ates plant wa ter avail abil ity
through its con trol on soil hy drau lic char ac ter is tics (Sperry et
al. 1998, Hacke et al. 2000a, Sperry and Hacke 2002), be cause
the sat u rated hy drau lic con duc tiv ity of soil is a func tion of
pore size; coarser tex tured soils have larger pores and higher
sat u rated con duc tiv ity than finer tex tured soils (Jury et al.
1991). Coarse-tex tured soils, how ever, lose more wa ter and
have lower con duc tiv ity at higher soil wa ter po ten tials (Ψs)
than fine-tex tured soils, to the ex tent that plants grow ing in
coarse soils ex haust their wa ter sup ply at higher wa ter po ten -
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tials than plants grow ing in fine-tex tured soils. Plants may
over come the ef fects of steeply de clin ing soil hy drau lic con -
duc tiv ity at high Ψs by de vel op ing higher root to leaf area ra -
tios (Ar:A l), or by low er ing the tran spi ra tion rate (E ). Both
fea tures will re duce the rate of wa ter up take per root sur face
area (rhizosphere flux den sity), thereby min i miz ing the loss of
hy drau lic con tact be tween the root sys tem and the soil (Sperry
et al. 1998, Hacke et al. 2000a). 

Re gard less of cli mate or soil type, xy lem cav i ta tion re sis -
tance should cor re late with the range of wa ter po ten tials ex pe -
ri enced by the plant, given that ex ces sive costs (i.e., in car bon
al lo ca tion or re duced hy drau lic ef fi ciency, or both) may be as -
so ci ated with overly re sis tant xy lem (Sperry 1995, Al der et al.
1996, Hacke et al. 2001). There fore, plants oc cur ring on
coarse- tex tured soils typ i cally must op er ate at rel a tively high
Ψs and may be more vul ner a ble to cav i ta tion than plants oc cur -
ring on fine-tex tured soils (Sperry et al. 1998, 2002, Hacke et
al. 2000a). This trend may be par tic u larly ap par ent in roots,
which are gen er ally more vul ner a ble to cav i ta tion and dem on -
strate a greater plas tic ity across mois ture gra d i ents than stems
(Al der et al. 1996, Hacke et al. 2000a, Jack son et al. 2000).

Over the last 100 years, deeply rooted le gu mi nous trees and
shrubs in the ge nus Prosopis have be come es tab lished in up -
land and floodplain grass lands through out the south west ern
United States and north ern Mex ico (Brown and Ar cher 1989,
Ar cher 1995). The en croach ment of mes quite has the po ten tial 
to dra mat i cally al ter hydrologic pro cesses in these sys tems,
partly be cause they can cope with wa ter lim i ta tions dur ing
early life stages, fol lowed by exploitive use of sta ble wa ter
sources dur ing ma tu rity (Brown and Ar cher 1989). How ever,
the pat terns and con se quences of mes quite wa ter use on eco -
sys tem hy drol ogy may be highly vari able across soil tex ture
gra di ents. We as sessed the re la tion ships be tween xy lem cav i -
ta tion vul ner a bil ity, xy lem anat omy and soil tex ture in two
pop u la tions of vel vet mes quite in south east ern Ar i zona, USA.
One pop u la tion was at a sea son ally dry site with sandy-loam
soil char ac ter ized by a rel a tively high sat u rated hy drau lic con -

duc tiv ity that de clined steeply at high Ψs. The sec ond pop u la -
tion oc curred at an ad ja cent site with loamy-clay soils with a
com par a tively low sat u rated hy drau lic con duc tiv ity that de -
clined grad u ally with re duc tions in Ψs. We pre dicted that trees
on sandy-loam soils would op er ate at higher soil wa ter po ten -
tials and have xylem that is less re sis tant to cavitation (par tic u -
larly in the roots) than trees on loamy-clay soils. 

Data on plant and soil hy drau lic char ac ter is tics were used to
parameterize a soil–plant hy drau lic trans port model (Sperry et
al. 1998) to iden tify dif fer ences in the max i mum steady- state
E with out hy drau lic fail ure (Ecrit) be tween the sites. The Ecrit

gave us an es ti mate of the sea sonal dif fer ences in tree wa ter
up take and use be tween sites. Dif fer ences in Ecrit across soil
tex ture gra di ents could have im por tant con se quen ces for soil
wa ter stor age, car bon and wa ter fluxes and eco sys tem pro duc -
tiv ity on the land scape scale. 

Ma te ri als and meth ods

Research sites

The study was con ducted at two sites within the Santa Rita Ex -
per i men tal Range (SRER) in south east ern Ar i zona, USA (Fra -
v o lini et al. 2003). One site was on a young Ho lo cene (4,000 to 
8,000 ybp) geomorphic sur face and one site was on a mid-
 Pleis to cene (200,000 to 300,000 ybp) geomorphic sur face.
The site on the Ho lo cene sur face was char ac ter ized by deep al -
lu vial sandy-loam soils with rel a tively high sat u rated hy drau -
lic con duc tiv ity (Ks) (Ta ble 1). The veg e ta tion over story at this 
site was dom i nated by a mixed-aged stand of Prosopis velu -
tina. The understory was dom i nated by the pe ren nial C4 grass
Eragrostis lehmanniana Nees. in ter mixed with other her ba -
ceous taxa. Mean an nual pre cip i ta tion is about 394 mm with
ap prox i mately 56% fall ing dur ing the sum mer mon soon
(July–Sep tem ber). The site on the mid-Pleis to cene sur face
was lo cated 5 km from the Ho lo cene (sandy loam) site and was 
char ac ter ized by deep loamy-clay soils with a com par a tively
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Ta ble 1. Mean an nual pre cip i ta tion, lo ca tion, el e va tion, stand den sity and se lected soil pa ram e ters at the Santa Rita Ex per i men tal Range in south -
east Ar i zona, USA, dur ing the 2003 grow ing sea son. Pre cip i ta tion val ues in pa ren the ses rep re sent mean an nual pre cip i ta tion dur ing the sum mer
months (July–Sep tem ber). Tex ture frac tion and bulk den si ties were used to cal cu late a soil fit ting pa ram e ter (b), the air en try po ten tial (Φe) and
sat u rated hy drau lic con duc tiv ity (Ks).

Pa ram e ter Sandy loam Loamy clay

An nual pre cip i ta tion (mm) 394 (220) 430 (241)
Lo ca tion 31°47′N, 110°50′W 31°47′Ν, 110°54′W
El e va tion (m) 1190 1090
Stand den sity (stems ha– 1) 540 60
Soil properties (30–60 cm):

Sand (%) 79 54
Silt (%) 11 14
Clay (%) 9 32
Bulk den sity (Mg m– 3) 1.6 1.3
b 3.48 9.87
Φe –1.36 –2.53
Ks (mol s– 1 MPa– 1 m– 1) 29.7 8.7



low Ks (Ta ble 1). The overstory was dom i nated by a mixed-age 
stand of P. velutina, how ever, the num ber of stems per hect are
was sub stan tially lower at the Pleis to cene (loamy clay) site
than at the sandy-loam site (Ta ble 1). The understory veg e ta -
tion at the loamy-clay site was much more sparse than at the
sandy-loam site and was also dom i nated by E. lehman iana.
Mean an nual pre cip i ta tion at the loamy-clay site was about
430 mm with 56% fall ing dur ing the sum mer mon soon. Mean
an nual air tem per a ture on the SRER was 16 °C. 

Xylem water potential

Six ma ture mes quite trees were ran domly se lected at each site
for wa ter po ten tial mea sure ments. Leaf xy lem wa ter po ten tial
(Ψx) was mea sured with a Scholander-type pres sure cham ber
(PMS In stru ments, Corvallis, OR) dur ing the 2003 grow ing
sea son in June, be fore the on set of the mon soon, and once in
mid-Au gust at the peak of the mon soon. A sin gle shoot tip
from each of the six trees was cut with a sharp ra zor blade and
mea sured at pre dawn (Ψpd) be tween 0200 and 0400 h and at
mid day (Ψmin) be tween 1100 and 1300 h. 

Vulnerability curves

Vul ner a bil ity curves were es ti mated in root and stem seg ments 
by the air-in jec tion, or air-seed ing method (Sperry and Sal -
iendra 1994). Ac cord ing to air-seed ing the ory (Zim mer mann
1983), the neg a tive Ψx re quired to pull air into a xy lem con duit 
(i.e, the air-en try po ten tial) and cause cav i ta tion is equal to the
op po site pos i tive pres sure re quired to push air into the con duit
when Ψx is equal to at mo spheric pres sure. The air-in jec tion
method pro duces re sults that are com pa ra ble with other meth -
ods to gen er ate vul ner a bil ity curves, in clud ing de hy dra tion
(Al der et al. 1996, Pockman and Sperry 2000) and centri -
fugation (Pockman et al. 1995).

Vul ner a bil ity curves were mea sured on 5–6 trees per site
dur ing the 2003 grow ing sea son. Roots oc cur ring be tween 20-
and 50-cm depths were care fully ex ca vated near the base of
the tree and stems were har vested from sun lit lo ca tions near
the top of the can opy. Stems and roots were cut un der wa ter
and trans ported to the lab o ra tory in sealed plas tic bags con -
tain ing moist pa per tow els. Sam ple stems and roots had an in -
side bark di am e ter of about 5 mm and were cut lon ger than the
es ti mated max i mum ves sel lengths to pre vent air from be ing
ar ti fi cially in tro duced into the xy lem ves sels. Max i mum ves -
sel lengths were mea sured on roots (175 cm ± 23.5, n = 6) and
stems (66.7 cm ± 3.6, n = 20) as de scribed by Zim mer mann
and Jeje (1981). In the lab o ra tory, seg ments were re-cut un der -
wa ter to pre vent the in tro duc tion of ad di tional emboli. The
seg ment ends were trimmed with a sharp ra zor blade to elim i -
nate flow re stric tions in tro duced when the stem and root seg -
ments were cut in the field. Be fore de ter min ing the vul ner a bil -
ity curve, the seg ments were flushed with deionized wa ter at
100 kPa to in sure that the curve in cluded wa ter trans port
through all po ten tially func tional xy lem con duits. Flushed
seg ments were in serted through a dou ble- ended pres sure
sleeve pre vi ously de scribed by Pock man and Sperry (2000).
One end of the seg ment was fit ted with rub ber gas kets and in -

stalled in a tub ing man i fold filled with fil tered, deionized wa -
ter. Each seg ment was mea sured in di vid u ally by ap ply ing
grav ity-in duced pres sure of 10 to 20 kPa de pend ing on the
length of the seg ment. Xy lem hy drau lic con duc tiv ity (Kx =
mass flow rate per pres sure gra di ent) was de ter mined by col -
lect ing the flow from the seg ment in tared vi als filled with cot -
ton. Af ter flush ing, pres sure in side the cham ber was raised to
0.1 MPa and main tained for 20 min to al low air to fill all open
ves sels (if pres ent), ex clud ing them from sub se quent Kx mea -
sure ments. The pres sure was then re turned to at mo spheric
pres sure and the seg ment was al lowed to equil ibrate for 10 min 
be fore mak ing ini tial mea sure ments of Kx. Pre vi ous stud ies
have mea sured Kx with pres sure in the pres sure sleeve held at
0.1 MPa to avoid xy lem leak age in side the cham ber. How ever,
we found that mea sure ments were less vari able af ter the pres -
sure in side the cham ber was re turned to at mo spheric levels.
Af ter the ini tial mea sure ment, the pro cess was re peated at pro -
gres sively higher pres sures in 1.0 MPa in cre ments un til em bo -
lism reached 95% or greater. The per cent age loss of Kx (PLC)
was plot ted as the con duc tiv ity at each pres sure (Kx,P) against
the ini tial mea sure of con duc tiv ity at 0.1 MPa (Kx,0.1): PLC =
100(1 – Kx,P/Kx,0.1). 

The vul ner a bil ity curves were used to cal cu late mean cav i -
ta tion pres sure (Ψmean) and the Ψx re quired to elim i nate 95% of 
xy lem con duc tiv ity (Ψ95). We de ter mined Ψmean by first con -
sid er ing the vul ner a bil ity curve as a cu mu la tive dis tri bu tion of
loss of con duc tance with pres sure, then re plot ting the curve as
a fre quency dis tri bu tion over the same pres sures or “pres sure
classes” (Sperry and Saliendra 1994). The Ψmean for the dis tri -
bu tion was cal cu lated based on the mid- points of each pres sure 
class. Mean cav i ta tion pres sure was de ter mined for the en tire
vul ner a bil ity curve for com par i son with con duit di am e ter and
max i mum Kx. Where Ψmean rep re sents the en tire vul ner a bil ity
curve, Ψ95 ap prox i mates the min i mum Ψ for wa ter trans port
and thus for mean ing ful gas ex change. We es ti mated Ψ95 as Ψx

at 95% cav i ta tion us ing a Weibull func tion fit ted to each vul -
ner a bil ity curve (see de tails be low). The Weibull func tion was
fit ted with the soft ware pack age JMP 5.1 (SAS In sti tute Inc,
Cary, NC)

Specific conductivity, leaf specific conductivity and sapwood
area/leaf area ratio

Spe cific con duc tiv ity yields a di rect mea sure of hy drau lic ef fi -
ciency in de pend ent of con duct ing area. The spe cific con duc -
tiv ity (kg s – 1 m – 1 MPa – 1) was cal cu lated by di vid ing max i -
mum Kx by the mean cross-sec tional con duct ing area of each
root (Kr) and stem (Kst) seg ment. The cross-sec tional con duct -
ing area was as sumed to equal all the area be neath the root cor -
tex or bark, un less heart wood was ev i dent on vi sual ex am i na -
tion, in which case the cross-sec tional area of heart wood was
sub tracted. Cross-sec tional area was mea sured with dig i tal
cal i pers.

Leaf-spe cific con duc tiv ity (Kl) was cal cu lated by di vid ing
max i mum Kx by the pro jected leaf area sup plied by the stem
seg ment. The ra tio be tween mean cross-sec tional sap wood
area and pro jected leaf area (As:A l) was also de ter mined. Pro -
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jected leaf area was mea sured by an a lyz ing com puter scans of
in di vid ual leaf lets with the pub lic do main NIH Im age Anal y -
sis pro gram (avail able at http://rsb.info.nih.gov/nih-im age/).

Model application

We used a hy drau lic trans port model (pre vi ously de scribed by
Sperry et al. 1998 and Hacke et al. 2000a) to es ti mate Ecrit, the
tran spi ra tion rate above which the soil–plant hy drau lic con -
duc tance goes to zero and hy drau lic fail ure oc curs. From the
hy drau lic prop er ties of soil and xy lem, the model cal cu lates
how the to tal hy drau lic con duc tance (flow rate per driv ing
force) of the soil–plant con tin uum de clines with in creas ing
E and hence with de clin ing wa ter po ten tial of the con tin uum.
We parameterized the model to give hy drau lic con duc tances
and tran spi ra tion rates of the Prosopis stands on a ground area
rather than leaf area ba sis to avoid com pli ca tions of chang ing
leaf area through the sea son. Max i mum stand con duc tance (kg) 
was set to: 

k Eg s= / ( – )minΨ Ψ (1)

where Ψs is soil wa ter po ten tial (as sumed to equal Ψpd), Ψmin is 
mean mid day xy lem wa ter po ten tial and E is tran spi ra tion rate, 
with all val ues de ter mined for the wet test pe riod dur ing the
grow ing sea son (Au gust). We es ti mated E from eddy co -
variance data mea sured in 2003 at a well-wa tered mes quite
for est lo cated 30 km from the SRER (Scott et al. 2004). The
soil at this site com prised sandy loams in ter spersed with lay ers 
of grav els and clays. Val ues of E were ad justed for rel a tive dif -
fer ences in to tal sap wood area per ground area among the
three sites in Au gust (un pub lished data). This gave a max i -
mum E = 1.01 and 0.11 mmol s – 1  m – 2 ground area for the
sandy-loam and loamy-clay sites re spec tively, yield ing a max -
i mum kg of 0.76 and 0.17 mmol s – 1  m – 2 MPa – 1, re spec tively.

Pre dawn dis equi lib rium be tween leaf and soil wa ter po ten -
tial in the rhizosphere has been demonstrated in some woody
plant spe cies, re sult ing in un der es ti mations of soil wa ter avail -
able for root up take (Don o van et al. 1999, Bucci et al. 2004). In 
the pres ent study, pre dawn dis equi lib rium be tween Ψs and Ψpd

would re sult in over es ti mation of kg by Equa tion 1. To re solve
this dif fi culty, we per formed a sen si tiv ity anal y sis of the Ecrit:
(E/(Ψs – Ψmin)) re la tion ship by incrementally in creas ing Ψs

from –1.3 to –0.1 MPa. The model was then parameterized
with the var i ous dis equi lib rium sce nar ios for both soil types.

The model par ti tioned max i mum kg equally be tween shoot
and soil–root con duc tances (Hacke et al. 2000a). Root and
shoot sys tems were fur ther di vided into lat eral and ax ial com -
po nents. For the root sys tems, ax ial and lat eral root com po -
nents were di vided into five soil lay ers cen tered on five depths
from 0.05 to 2 m (0.4 m in cre ments). Root ax ial lengths were
es ti mated based on pres ence at the mid point of each soil layer.
Rel a tive change in root sur face area with depth was es ti mated
from mes quite root dis tri bu tion pat terns re ported from the La
Copita Re search Area in south ern Texas, USA (Watts and Ar -
cher, un pub lished data). Max i mum rhizosphere con duc tance
was cal cu lated from Ks (mmol s – 1 MPa – 1 m – 1), as sum ing a
cy lin dri cal rhizosphere sheath of 5-mm thick ness from bulk

soil to root sur face. We de ter mined Ks from mea sured soil tex -
ture frac tions ac cord ing to Camp bell (1985), as sum ing Ks was
con stant through out the soil pro file. To con vert rhizosphere
con duc tance to a ground area ba sis we needed an es ti mate of
the root area per ground area (Ar:Ag), which was un avail able
for these sites. In stead, we ran the model over a range of Ar:Ag

val ues from 0.5 to 30 to as sess sen si tiv ity to this pa ram e ter. 
The wa ter-po ten tial-de pend ent de crease in kg for xy lem

com po nents was cal cu lated from a Weibull func tion fit to the
root or stem vul ner a bil ity curve data:

k k e d c

g gxylem = * – ( / )Ψ (2)

where d and c are curve fit ting pa ram e ters and kg* is the max i -
mum kg for the com po nent de ter mined from the par ti tion ing of 
max i mum whole-plant kg (Equa tion 1). We used the same fit -
ting pa ram e ters for ax ial and lat eral com po nents within the
root and shoot sys tems. The Ψs-de pend ent de crease in rhizo -
sphere con duc tance was cal cu lated as:

k K b
g s e srhizosphere X(= +Ψ Ψ/ )( / )2 3 (3)

where X is a fac tor con vert ing soil con duc tiv ity to a ground
area ba sis (Sperry et al. 1998), Ψe is air en try po ten tial and b is
a soil fit ting pa ram e ter (Camp bell 1985).

To run the model, bulk Ψs  of each of the five soil lay ers was
set to the same value and held con stant. Tran spi ra tion rate was
in cre mented un til the soil–plant con duc tance de clined to zero, 
yield ing the max i mum steady-state Ecrit for that par tic u lar bulk 
Ψs. This was re peated for a range of Ψs from near zero to
–10 MPa to ob tain the rel a tive sen si tiv ity of Ecrit to Ψs at each
site.

Xylem anatomy and wood density

Con duit di am e ters were mea sured on a min i mum of four roots
and stems per site to es tab lish vul ner a bil ity curves. Trans verse
sec tions were cut with a ro tary microtome (Model 820, Amer i -
can Op ti cal, Buf falo, NY). The sec tions were stained with
toluidine blue (0.05%) to im prove con trast, and mounted in
glyc erol. The slides were pho to graphed at 100× with a dig i tal
cam era (Nikon Coolpix, Nikon, To kyo, Ja pan) mounted on a
Nikon com pound mi cro scope (Nikon Eclipse E400, Nikon).
Two to six ran domly se lected ra dial sec tions were pho to -
graphed on each root and stem seg ment. The lu men of all xy -
lem con duits were an a lyzed us ing NIH im age pro gram
soft ware. A min i mum of 203 con duits were an a lyzed from
stem and root seg ments per site. Mean con duit di am e ter (d )
was cal cu lated from the cross-sec tional area of each con duit
mea sured by the im ag ing soft ware. We also cal cu lated the
mean hy drau lic di am e ter (dh), which yields the es ti mated per -
cent age of to tal con duc tance con trib uted by each con duit. The
mean of the hy drau li cally weighted dis tri bu tion is given by:
Σd 5/Σd 4 (Sperry et al. 1994). 

Wood den sity (Dt) was mea sured on stems and roots as de -
scribed by Hacke et al. (2000b). Five to 13 root and stem seg -
ments were mea sured per site, in clud ing the roots and stems
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mea sured for vul ner a bil ity to cav i ta tion. Seg ments of 2.5 to
3 cm in length were cut from roots and stems and the cor tex
and bark were re moved from each or gan, re spec tively. Wood
vol ume was de ter mined by Ar chi me des’ prin ci ple. The seg -
ments were im mersed in wa ter in a beaker that was placed on a
bal ance. Dis place ment mass was mea sured to the near est
0.01 g and was con verted to sam ple vol ume by the for mula:
dis place ment mass/0.998 (g cm – 3), where 0.998 g cm – 3 is the
den sity of wa ter at 20 °C. Seg ments were then oven-dried at
90 °C for 48 h and their dry mass de ter mined. Wood den sity
was cal cu lated as the ra tio of dry mass to vol ume.

Re sults

Dur ing the 2003 grow ing sea son, min i mum val ues of Ψpd and
Ψmin oc curred in June at both sites. In June, Ψpd was sig nif i -
cantly lower in trees at the sandy-loam site than at the loamy-
 clay site (Ta ble 2), av er ag ing –3.5 MPa ± 0.1, n = 6 and
–2.9 MPa ± 0.1, n = 6, re spec tively (P = 0.0079). The Ψmin was
also lower in trees on sandy-loam soils than on loamy-clay
soils, av er ag ing –4.5 MPa ± 0.1, n = 6 and –4.0 ± 0.1 MPa, n =
6, re spec tively (P = 0.0029). Ap par ently, mes quite trees on
sandy- loam soils ex pe ri enced more wa ter stress than trees on
loamy-clay soils be fore the on set of the mon soon. Af ter the
on set of the mon soon, Ψpd of trees at both sites con verged near
–1.3 MPa, whereas Ψmin val ues were –2.6 and –2.0 MPa for
trees on sandy-loam and loamy-clay soils, re spec tively (data
not shown). There were no sig nif i cant site dif fer ences in ei ther
root or stem max i mum spe cific hy drau lic con duc tiv ity (Ta -
ble 2); how ever, leaf spe cific con duc tiv ity and sap wood to leaf
area ra tios (As:A l) were higher at the sandy-loam site than at
the loamy-clay site (Ta ble 2). 

Roots were only slightly more vul ner a ble to cav i ta tion than
stems. At both sites, roots be came com pletely embolized at
pres sures only 1 to 2 MPa higher than ob served for stems.
Down to –7.0 MPa, mes quite stems at the sandy-loam site
were slightly more vul ner a ble to cav i ta tion than stems at the
loamy-clay site (Fig ure 1), par tic u larly at –2.0 MPa; how ever,
Ψmean and Ψ95 in stems did not dif fer sig nif i cantly be tween
sites (Ta ble 3). Stem Ψmean ranged from –5.5 MPa on sandy
loam to –6.3 MPa on loamy clay, whereas stem Ψ95 ranged
from –11.6 MPa on sandy loam to –11.0 MPa on loamy clay.
In roots, Ψmean and Ψ95 were sim i lar be tween sites: root Ψmean

ranged from –5.5 MPa on sandy-loam soils to –5.7 MPa on
loamy-clay soils and root Ψ95 ranged from –9.6 MPa on sandy
loam to –9.3 MPa on loamy clay.
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Ta ble 2. Min i mum pre dawn (PD) and mid day (MD) leaf wa ter po ten tials, root (Kr), stem (Kst) and leaf (Kl) spe cific con duc tiv i ties and sap wood to
leaf area ra tios (As:A1) of Prosopis velutina trees on sandy-loam and loamy-clay soils at the Santa Rita Ex per i men tal Range in south east Ar i zona,
USA, dur ing the 2003 grow ing sea son. P val ues were cal cu lated by Stu dent’s t tests.

Pa ram e ter Sandy loam Loamy clay P

PD (MPa) –3.52 ± 0.14 –2.94 ± 0.14 0.0079
MD (MPa) –4.47 ± 0.12 –3.95 ± 0.09 0.0029
Kr (kg s– 1 m– 1 MPa– 1) 22.47 ± 6.78 31.13 ± 11.11 0.53
Kst (kg s– 1 m– 1 MPa– 1)   0.39 ± 0.10   0.36 ± 0.04 0.79
Kl (kg s– 1 m– 1 MPa– 1) 7.1 × 10– 4 ± 2.2 × 10– 4 2.5 × 10– 4 ± 7.1 × 10– 5 0.0808
As:Al (m

2 m– 2) 7.8 × 10– 4 ± 7.5 × 10– 5 5.8 × 10– 4 ± 5.3 × 10– 5 0.0484

Fig ure 1. Xy lem vul ner a bil ity curves for (a) roots and (b) stems of
Prosopis velutina trees oc cur ring on sandy-loam and loamy-clay soils 
in south east ern Ar i zona, USA, as mea sured by the air-in jec tion tech -
nique. Vul ner a bil ity curves are shown as mean per cent age loss in
max i mum hy drau lic con duc tance at each pres sure ap plied. Er ror bars
are the stan dard er rors of the means (n = 5 or 6).



De spite sim i lar vul ner a bil i ties to cav i ta tion, the model pre -
dicted that wa ter up take at the sandy-loam site was con sid er -
ably more sen si tive to Ψs than at the loamy-clay site (Fig -
ure 2). In wet soil, Ecrit was higher at the sandy-loam site than
at the loamy- clay site, par al lel ing the higher plant hy drau lic
con duc tance at the sandy-loam site (whole-plant kg = 0.76 ver -
sus 0.17 mmol s – 1 m – 2 MPa – 1). In drier soil, how ever, Ecrit fell
more abruptly at the sandy-loam site than at the loamy-clay
site and was more sen si tive to Ar:Ag. At the sandy-loam site,
sen si tiv ity of Ecrit to soil Ψs in creased with de creas ing Ar:Ag

(Fig ure 2). The Ecrit be came neg li gi ble (= 1% of its max i mum)
at a bulk Ψs as high as –2.0 MPa at the sandy-loam site com -
pared with –9.3 MPa at the loamy-clay site (Fig ure 3). This
“ex trac tion limit” pro vides an es ti mate of the min i mum bulk
Ψs for mean ing ful stand wa ter up take. 

Ac cord ing to the model, Ecrit was more sen si tive to Ψs at the
sandy-loam site be cause wa ter up take was rhizosphere-lim ited 
rather than xy lem-lim ited. This was ev i dent from the higher
soil Ψ ex trac tion limit than xy lem pres sure near com plete cav -
i ta tion (Fig ure 3, closed sym bols). Only at an Ar:Ag of 20 did
the ex trac tion limit ap proach the Ψ95 for root xy lem (Fig ure 3,
closed sym bols). Con versely, the loamy-clay site was xy -
lem-lim ited be cause the ex trac tion limit matched the xy lem
pres sure caus ing near com plete cav i ta tion for all Ar:Ag val ues
tested (Fig ure 3 open sym bols). 

Be cause Ecrit pre dicts the max i mum pos si ble wa ter use rate
of the stand, a com par i son of Ecrit with ac tual es ti mated stand
wa ter use in di cates how se verely wa ter use was con strained by
hy drau lic lim its, and how re spon sive it should be to soil wa ter
changes. At the sandy-loam site, Ecrit un der dry, pre-mon -
soonal con di tions was sub stan tially be low E es ti mated for wet, 
mon soonal con di tions (Fig ure 2a), im ply ing that wa ter up take
at the sandy-loam site was hy drau li cally lim ited and re spon -
sive to Ψs over much of the grow ing sea son. In con trast, at the
loamy-clay site, Ecrit dur ing pre-mon soonal drought ex ceeded
wet-sea son E (Fig ure 2b), im ply ing that wa ter use at the
loamy-clay site is rel a tively un re spon sive to the phys i o log i cal
range of Ψs. These re sults in di cate that mes quite wa ter use
should be much more sen si tive to sea sonal in puts of pre cip i ta -
tion at the sandy-loam site than at the loamy-clay site. 

The model was parameterized with rhizosphere Ψs es ti -
mated from mea sure ments of Ψpd. Be cause sub stan tial dis -
equi lib rium may oc cur be tween these two pa ram e ters, a sen si -
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Ta ble 3. Mean cav i ta tion pres sure, pres sure caus ing 95% loss of con duc tance (Ψ95), mean con duit di am e ter (d ), hy drau li cally weighted con duit
di am e ter (dh) and wood den sity (Dt) of roots and stems of Prosopis velutina trees on sandy-loam and loamy-clay soils at the Santa Rita Ex per i -
men tal Range in south east Ar i zona, USA, dur ing the 2003 grow ing sea son. P val ues were cal cu lated by Stu dent’s t tests. Num bers in brack ets are
equal to one stan dard er ror of the mean.

Pa ram e ter Roots Stems

Sandy loam Loamy clay P Sandy loam Loamy clay P

Mean cav i ta tion pres sure –5.45 (0.91) –5.66 (0.69) 0.86 –5.51 (1.28) –6.33 (0.95)    0.61
Ψ95 –9.59 (2.09) –9.31 (2.02) 0.93 –11.57 (2.54) –10.97 (2.16)    0.71
d 71.5 (3.0)   86.5 (4.0) 0.0018 35.9 (1.0) 47.0 (1.2) < 0.0001
dh 159.0 (22.7) 177.2 (25.7) 0.56 59.0 (7.6) 78.2 (7.5)    0.0727
D t 0.52 (0.04) 0.53 (0.04) 0.99 0.67 (0.02) 0.69 (0.02)    0.52

Fig ure 2. Ef fect of soil tex ture on Ecrit (max i mum steady- state E with -
out hy drau lic fail ure) in Prosopis velutina trees oc cur ring on sandy-
 loam and loamy-clay soils in south east ern Ar i zona, USA. Shown are
Ecrit val ues for (a) sandy-loam soils and (b) loamy- clay soils at root
area per ground area ra tios (Ar:Ag) of 1 (solid), 5 (dot ted), 10 (dashed) 
and 20 (dash-dot ted line). Hor i zon tal lines rep re sent the es ti mated
max i mum tran spi ra tion rate un der wet, post-mon soonal con di tions
(es ti mated from eddy co vari ance mea sure ments), solid ver ti cal lines
re p re sent the min i mum pre dawn wa ter po ten tials mea sured dur ing the 
2003 grow ing sea son (–3.5 MPa on sandy loam and –2.9 on loamy
clay, Ta ble 2) and dashed ver ti cal lines rep re sent pre dawn wa ter po -
ten tials mea sured in Au gust af ter the on set of the mon soon. Pre dicted
Ecrit val ues are based on a con stant soil wa ter po ten tial (Ψs) through -
out the soil pro file. 



tiv ity anal y sis was per formed by incrementally in creas ing Ψs

val ues in Equa tion 1 from –1.3 to –0.1 MPa. The Ecrit of trees at 
the sandy-loam site was rel a tively in sen si tive to in creases in
Ψs and sub se quent de creases in kg (see Equa tion 1) across the
range of Ar:Ag val ues tested (see Fig ure 4a for an ex am ple with 
Ar:Ag set to 5). Al though Ecrit of trees at the loamy-clay site fell 
sharply with in creas ing Ψs, Ecrit never fell be low wet-sea son E
over the range of Ψs and Ar:Ag val ues tested in the model (Fig -
ure 4b).

Hy drau li cally weighted mean con duit di am e ter (dh) was
larger in mes quite stems at the loamy-clay site than at the
sandy-loam site (78.2 ± 7.5 and 59.0 ± 7.6 µm, re spec tively,
P =  0.0727; Ta ble 3). Like wise, dh in roots was slightly higher
at the loamy-clay site than at the sandy-loam site (177.2 ± 25.7
and 159.2 ± 22.7, re spec tively), how ever, dif fer ences were not
sig nif i cant (P = 0.56; Ta ble 3). De spite hav ing stems with
larger con duits, mes quite trees at the loamy-clay site were no
more vul ner a ble to cav i ta tion than trees at the sandy-loam site, 
sug gest ing that there is no trade off be tween xy lem hy drau lic
ef fi ciency and cav i ta tion vul ner a bil ity in vel vet mes quite trees
as re ported for other spe cies (Tyree et al. 1994, Al der et al.
1996, Pockman and Sperry 2000, Hacke et al. 2001). 

Wood den sity (Dt) of stems and roots did not vary be tween
sites (P = 0.98 for roots and P = 0.52 for stems, Ta ble 3). Mean
wood den sity of roots ranged from 0.52 g cm – 3 on sandy loam
to 0.53 g cm – 3 on loamy clay, whereas stem wood den sity
ranged from 0.67 g cm – 3 on sandy loam to 0.69 g cm – 3 on
loamy clay. There was a sig nif i cant lin ear de crease in Ψmean

with in creas ing Dt in roots (Ψmean = (0.77 – 9.78)Dt;  r
2 = 0.87,

P < 0.0001, n = 10; Fig ure 5a), sug gest ing that wood den sity of 

roots may be re lated to xy lem sup port and cav i ta tion re sis -
tance. Con versely, mean cav i ta tion pres sure in stems was ap -
par ently un re lated to Dt (P = 0.16, n = 8; Fig ure 5b). 

Dis cus sion

Our anal y ses re vealed sig nif i cant dif fer ences in soil hy drau lic
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Fig ure 4. Mod eled Ecrit (bulk soil wa ter po ten tial (Ψs) at max i mum
steady-state E with out hy drau lic fail ure) for Prosopis velutina trees
oc cur ring on sandy-loam and loamy-clay soils in south east ern Ar i -
zona, USA, with a root area to ground area ra tio (Ar:Ag) equal to 5.
Shown are Ecrit val ues for (a) sandy-loam soils and (b) loamy-clay
soils at Ψs of –1.0 MPa (dot ted), –0.5 MPa (dashed) and –0.1 MPa
(dash-dot ted line), which were as sumed to equal pre dawn wa ter po -
ten tials (Ψpd; solid line) in Au gust af ter the on set of the mon soon.
Hor i zon tal lines rep re sent the es ti mated max i mum tran spi ra tion rate
un der wet, post-mon soonal con di tions (es ti mated from eddy co var -
iance mea sure ments), solid ver ti cal lines rep re sent the min i mum Ψpd

mea sured dur ing the 2003 grow ing sea son (–3.5 MPa on sandy loam
and –2.9 on loamy clay, Ta ble 2) and dashed ver ti cal lines rep re sent
Ψpd mea sured in Au gust af ter the on set of the mon soon (–1.3 MPa for
both sites). 

Fig ure 3.Mod eled ex trac tion lim its (bulk soil wa ter po ten tial at max i -
mum steady- state E with out hy drau lic fail ure = 1% of max i mum) ver -
sus root to ground area ra tios (Ar:Ag). The min i mum pos si ble ex trac -
tion limit is the xy lem pres sure caus ing com plete xy lem cav i ta tion.
Higher (less neg a tive) ex trac tion lim its are the re sult of loss of con -
duc tiv ity in the soil–root in ter face caused by in suf fi cient root sur face
area and steep wa ter po ten tial gra di ents in the rhizo sphere. 



lim its to wa ter use by vel vet mes quite trees grow ing in sandy-
 loam soil ver sus loamy-clay soil; how ever, these dif fer ences
did not trans late into sub stan tial ad just ments in xy lem hy drau -
lic prop er ties across soil tex tures, as ob served in some stud ies
(Al der et al. 1996, Hacke et al. 2000a). Nev er the less, soil and
plant hy drau lic lim i ta tions on wa ter up take and trans port play
an im por tant role in reg u lat ing sea sonal pat terns of mes quite
tran spi ra tion in this sys tem. Our data in di cate that the in flu -
ence of woody plant in va sion on the hydrologic cy cle of eco -
sys tems for merly dom i nated by grass es may vary across land -
scapes as a func tion of soil tex ture. On coarse-tex tured soils,
tran spi ra tion ap pears to be highly sen si tive to sea sonal pre cip i -
ta tion pat terns, re duc ing the im pact of woody plant en croach -
ment on the hydrologic cy cle dur ing pe ri ods of drought, par -
tic u larly where deep soil wa ter is un avail able or be yond
root ing depth. On finer tex tured soils, or on coarse tex tured
soils where trees have ac cess to deep soil wa ter, high rates of
tran spi ra tion can be sus tained with out ap proach ing trans port
lim its.

Ac cord ing to the hy drau lic trans port model, the com bined
soil and xy lem hy drau lic lim its to leaf wa ter sup ply were more
sig nif i cant at the sandy-loam site than at the loamy-clay site
through out much of the grow ing sea son. As xy lem resistances
were sim i lar be tween sites, dif fer ences in hy drau lic lim its
were likely caused by the sharp con trast in rhizosphere con -
duc tance, which dif fered be tween sites for two rea sons. First,
pre-mon soon Ψs was lower at the sandy-loam site than at the
loamy-clay site and sec ond, coarse-tex tured soils lose more
wa ter at high Ψs than fine-tex tured soils, be cause of the weaker 
cap il lary forces that re tain wa ter in the larger pore spaces
(Camp bell 1985). There fore, trees grow ing in sandy-loam soil
re quire less neg a tive Ψs to ex haust the wa ter sup ply in the
rhizosphere than trees grow ing in loamy-clay soil, re sult ing in
greater hy drau lic lim its dur ing drought. These re sults may ex -
plain why Kl and As:A l were higher at the sandy-loam site
where pro longed leaf wa ter def i cits be fore the mon soon may
have re sulted in sig nif i cant leaf drop. Leaf shed dur ing
drought would re duce the trans pir ational de mand for wa ter

rel a tive to the sup ply ca pac ity of the con duct ing xy lem. 
Rhizosphere con duc tance var ies con sid er ably with soil tex -

ture, with much steeper de clines in coarse soils as wa ter fun -
nels to wards the ab sorb ing roots. Trees on coarse-tex tured
soils may re duce hy drau lic lim its in the rhizosphere by re duc -
ing the rate of wa ter up take per unit sur face area (rhizosphere
flux den sity) through the de vel op ment of a large, absorbant
root sur face area rel a tive to the tran spir ing sur face area. Most
stud ies ex press tran spi ra tion on a leaf area ba sis, rather than a
ground area ba sis, and the rel e vant ra tio is Ar:A l. Intraspecific
dif fer ences in Ar:A l have of ten been ob served be tween trees on 
coarse and fine-tex tured soils (Glinski and Lipiec 1990, Hacke 
et al. 2000a). For ex am ple, Ar:A l in 15-year-old Pinus taeda
stands in North Carolina was six times higher in sand soils
than in loam soils, thereby sharply re duc ing the rhizosphere
flux den sity at the sandy site (Hacke et al. 2000a). Trees might
be ex pected to op er ate near the Ar:Al thresh old where xy lem
be comes lim it ing un less nu tri ent lim i ta tion rather than wa ter
lim i ta tion re quires a high Ar:A l ra tio (Sperry et al. 1998).
How ever, ac cord ing to the model, for trees at the sandy-loam
site, hy drau lic fail ure in the rhizo sphere oc curred be fore xy -
lem fail ure across a range of Ar:A l ra tios that would rea son ably 
be ex pected in woody plants (Rendig and Tay lor 1989, Tyree
et al. 1998, Hacke et al. 2000a), partly be cause of the high cav -
i ta tion re sis tance of roots and stems at this site. Con versely, in
trees at the loamy- clay site, hy drau lic fail ure was lim ited to the 
xy lem over the same range in Ar:A l (Tyree et al. 1998, Hacke et 
al. 2000a). Data de scrib ing mes quite root den sity and dis tri bu -
tion would greatly im prove model parameterization but are
dif f i cult to ob tain be cause mes quite roots can ex tend as deep
as 50 m (Phillips 1963).

Woody plants that oc cur on coarse-tex tured soils gen er ally
ex pe ri ence less neg a tive xy lem pres sure and have xy lem that is 
more vul ner a ble to cav i ta tion than the same spe cies on finer
soils, sug gest ing that re sis tance to cav i ta tion par al lels the
range of Ψs in which wa ter is phys i cally extractable from the
rhizosphere. (Sperry et al. 1998, Hacke et al. 2000a, Sperry
and Hacke 2002). In our study, how ever, trees at the sandy-
 loam site de vel oped lower (more neg a tive) xy lem pres sures
than at the loamy-clay site, but vul ner a bil i ties to cav i ta tion
were sim i lar. The ob served com bi na tion of re sis tant xy lem
and rhizo sphere-lim ited wa ter up take in trees at the sandy-
 loam site may have im por tant ad van tages. High cav i ta tion re -
sis tance in shal low roots may fa cil i tate rapid up take of sum -
mer rain that gen er ally oc curs in low-fre quency in tense pulses. 
More vul ner a ble root xy lem would have to re verse cav i ta tion
by re fill ing be fore there could be sig nif i cant up take through
ex ist ing roots. Al though re fill ing of embolized con duits has
been re ported pre vi ously in dif fuse-po rous spe cies, it has not
been seen in ring-po rous spe cies such as vel vet mes quite
(Jaquish and Ew ers 2001). Mes quite trees re spond im me di -
ately to sim u lated rain af ter ex ten sive drought on both sandy-
 loam and loamy- clay soils (Fravolini et al. 2005), strongly
sug gest ing that the root sys tem re mains highly con duc tive dur -
ing drought. It is un likely that new roots could grow fast
enough to ex plain the ra pid ity with which the plants take up
sum mer rain (North and No bel 1995). 
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Fig ure 5. Re la tion ship be tween mean cav i ta tion pres sure (Ψmean) and
wood den sity (Dt) in (a) Prosopis velutina roots and (b) Prosopis
velutina stems at the Santa Rita Ex per i men tal Range in south east ern
Ar i zona, USA. There was a sig nif i cant re la tion ship be tween Ψmean

and Dt in roots (Ψmean = (0.77 – 9.78)Dt, r 2 = 0.87, P < 0.0001,
n = 10), but not in stems (P = 0.16, n = 8). 



Avoid ance of cav i ta tion may fa cil i tate hy drau lic re dis tri bu -
tion of wa ter by deep root sys tems and vice versa (Cald well et
al. 1998, Sperry and Hacke 2002, Hultine et al. 2003, Domec
et al. 2004). Hy drau lic lift oc curs in mes quite roots dur ing ex -
tended pe ri ods of drought and im me di ately re verses di rec tion
(i.e., hy drau lic de scent) in re sponse to mod er ate rain events
(Hultine et al. 2004). These pat terns of hy drau lic re dis tri bu tion 
sug gest that a large por tion of the root sys tem re mains in hy -
drau lic con tact with the soil dur ing drought by virtue of high
cavitation resistance.

We pre dicted that mes quite trees oc cur ring on sandy-loam
soils would have a higher Ψmin than trees on loamy-clay soils
by de vel op ing deeper and more ex ten sive root sys tems than
trees on loamy-clay soils. We found, how ever, that Ψmin dur ing 
peak drought was lower in trees in sandy-loam soil than in
loamy-clay soil. Be cause mes quite trees oc curred at much
greater den si ties at the sandy-loam site than on the loamy-clay
site, it may be that the to tal ex trac tion of bulk soil wa ter by
roots in sandy-loam soils was much greater dur ing the pre vi -
ous 24 months when pre cip i ta tion was be low av er age at both
sites, thereby re duc ing the avail able wa ter for root up take to
the ex tent that Ψmin was lower on the sandy-loam soil than on
the loamy-clay soil. Patterns of pre- mon soon Ψpd and Ψmin in
2003 par al leled pat terns re ported for other years on the SRER
with be low av er age win ter and spring pre cip i ta tion including
1999 and 2000 (Fravolini et al. 2003).

Tra di tional ex pec ta tions for whole-plant wa ter re la tions are
based on the as sump tion that Ψpd is in equi lib rium with Ψs in
the root ing zone. It is now ap par ent that pre dawn dis equi lib -
rium be tween soil and leaf wa ter po ten tial oc curs in at least
some woody plant spe cies (Don o van et al. 1999, Bucci et al.
2004). In our study, mod eled pre dic tions of Ecrit were based on
the as sump tion that Ψs is in equi lib rium with Ψpd. Nev er the -
less, dis equi lib rium would have lit tle or no im pact on Ecrit at
the sandy-loam site be cause of the steep de cline in rhizosphere 
K that oc curs rel a tive to plant K on sandy-loam soil re gard less
of bulk Ψs. On the other hand, mod eled Ecrit at the loamy-clay
site fell sharply in re sponse to pre dawn dis equi lib rium, but
never fell be low max i mum E over the range of Ψs and Ar:Ag

we tested. 
Mes quite ap pears to be com par a tively im mune to any trade- 

off be tween ves sel di am e ter and safety from cav i ta tion. Mean
di am e ters of over 70 µm are large for a Ψmean be low –5 MPa
(Ta ble 3, root data). Fur ther more, de spite hav ing sub stan tially
greater max i mum con duc tance and mean hy drau lic con duit
di am e ter, mes quite roots at both sites were only slightly more
vul ner a ble to cav i ta tion than stems, sug gest ing that there is not 
a strong trade off within in di vid ual mes quite trees be tween
cav i ta tion re sis tance and hy drau lic ef fi ciency as shown in
some spe cies (Sperry and Saliendra 1994, Tyree et al. 1994,
Wag ner et al. 1998), but not oth ers (Al der et al. 1996). The
abil ity of mes quite to be both hy drau li cally ef fi cient and rel a -
tively safe from cav i ta tion may con trib ute to its con sis tently
high cav i ta tion re sis tance across sites and to its suc cess as a
deep-rooted tree of arid hab i tats. 

Xy lem cav i ta tion re sis tance may also be as so ci ated with
wood den sity. The con struc tion of pro gres sively denser wood,

at the cost of greater car bon in vest ment and lower rates of
growth, may pre vent the im plo sion of xy lem el e ments from in -
creas ingly neg a tive pres sures oc cur ring in the xy lem as Ψs de -
creases or leaf wa ter de mand in creases, or both (Hacke et al.
2001). Cav i ta tion re sis tance in creased with in creas ing Dt in
the roots but not in the stems. One pos si ble ex pla na tion is that
stem Dt is pri mar ily linked to the pres ence of fi bers that are
more di rectly re lated to plant struc ture and sup port than to pro -
tect ing con duits from im plo sion. In an gio sperms, fi bers typ i -
cally oc cupy a larger per cent age of the cross-sec tional area of
above ground woody tis sues than do xy lem con duits (Gart ner
1995) and could there fore limit the re la tion ship be tween Dt

and cav i ta tion re sis tance. In con trast, the pri mary func tion of
woody roots is to trans port wa ter and sol utes while play ing
only a mi nor role in plant struc ture and sup port. Roots may
there fore have a higher pro por tion of their cross-sec tional area
oc cu pied by xy lem con duits than stems, sug gest ing that, rel a -
tive to stems, root Dt is more closely linked to struc tural
changes in con duit cell walls that in hibit xy lem im plo sion. 

Dur ing the grow ing sea son, pre cip i ta tion pulses play a ma -
jor role in eco sys tem wa ter bal ance in much of the south west -
ern United States (Huxman et al. 2004). How ever, rain pulses
(< 10 mm) dur ing the sum mer mon soon ap par ently do not pen -
e trate to the root ing zone at the loamy-clay site be cause of the
low Ks in these soils (Fravolini et al. 2005) cou pled with mes -
quite root ing dis tri bu tions that, in the SRER, rarely oc cur
above 15 cm in the soil pro file (Ca ble 1977). There fore, trees
on loamy-clay soil likely re spond only to in tense pre cip i ta tion
in puts that oc cur much less fre quently than mod er ate events.
Con vers e ly, mes quite trees on sandy-loam soils are highly sen -
si tive to small pre cip i ta tion pulses re flected by up take of pulse
wa ter and car bon gain (Fravolini et al. 2005). Given that mes -
quite tran spi ra tion at the sandy-loam site was ap par ently se -
verely lim ited by low rhizosphere con duc tance be fore the
mon soon, it is likely that car bon and wa ter fluxes are well cou -
pled to pre cip i ta tion in puts dur ing the sum mer mon soon,
whereas fluxes at the loamy-clay site are likely more closely
cou pled to inter-an nual rather than to intra-an nual changes in
pre cip i ta tion. Cli mate change is ex pected to bring sub stan tial
vari a tions in inter- and intra-an nual sum mer pre cip i ta tion pat -
terns in the arid south west ern United States (Hought on et al.
1996, Welt zin et al. 2003). Changes in pre cip i ta tion pat terns
cou pled with dif fer ences in soil hy drau lic lim its across the
land scape will likely lead to dif fer ences in plant wa ter use that
may have im por tant con se quences for fu ture pat terns of plant
com mu nity struc ture and eco sys tem wa ter balance.

Ac knowl edg ments

The au thors thank N. Eng lish, D. Potts and A. Ty ler for their tech ni cal
as sis tance. This re search was sup ported by the NSF Sci ence and
Tech nol ogy Cen ter for the Sustainability of Semi-Arid Hy drol ogy
and Ri par ian areas.

Ref er ences

Al der, N.N., J.S. Sperry and W.T. Pockman. 1996. Root and stem xy -
lem em bo lism, stomatal con duc tance and leaf turgor in Acer gran -
di dentatum pop u la tions along a soil mois ture gra di ent. Oecologia
105:293–301.

TREE PHYS I OL OGY ONLINE at http://heronpublishing.com

HY DRAU LIC LIM ITS IN MES QUITE TREES 321



Ar cher, S.A. 1995. Tree–grass dy nam ics in a Prosopis–thornscrub
sa vanna park land: re con struc tion of the past and pre dict ing the fu -
ture. Ecoscience 2:83–99.

Brown, J.R. and S.A. Ar cher. 1989. Woody plant in va sion of grass -
lands: es tab lish ment of honey mes quite (Prosopis glandulosa var.
glandulosa) on sites dif fer ing in her ba ceous bio mass and graz ing
his tory. Oecologia 80:19–26.

Bucci, S.J., F.G. Scholz, G. Goldstein, F.C. Meinzer, J.A. Hinojosa,
W.A. Hoffman and A.C. Franco. 2004. Pro cesses pre vent ing noc -
tural equi lib rium be tween leaf and soil wa ter po ten tial in trop i cal
sa vanna woody spe cies. Tree Physiol. 24:1119–1127.

Ca ble, D.R. 1977. Sea sonal use of soil wa ter by ma ture vel vet mes -
quite. J. Range Man age. 30:4–11.

Caldwell, M.M., T.E. Dawson and J.H. Rich ards. 1998. Hy drau lic
lift: con se quences of wa ter efflux from the roots of plants. Oeco -
logia 113:151–161.

Camp bell, G.S. 1985. Soil phys ics with ba sic; trans port mod els for
soil–plant sys tems. Elsevier, Am ster dam, 150 p.

Canadell, J., R.B. Jack son, J.R. Ehleringer, H.A. Moo ney, O.E. Sala
and E.D. Schulze. 1996. Max i mum root ing depth of veg e ta tion
types at the global scale. Oecologia 108:583–595.

Domec, J.C., J.M. War ren, F.C. Meinzer, J.R. Brooks, R. Coulombe.
2004. Na tive root xy lem em bo lism and stomatal clo sure in stands
of Douglas-fir and pon der osa pine: mit i ga tion by hy drau lic re dis -
tri bu tion. Oecologia 141:7–16.

Don o van, L.A., D.J. Grisé, J.B. West, R.A. Rap port, N.N. Al der and
J.H. Rich ards. 1999. Pre dawn dis equi lib rium be tween plant and
soil wa ter po ten tials in two cold-desert shrubs. Oecologia 120:
209–217.

Fravolini, A., K.R. Hultine, D.F. Koepke and D.G. Wil liams. 2003.
The role of soil tex ture on mes quite wa ter re la tions and re sponse to
sum mer pre cip i ta tion. In Santa Rita Ex per i men tal Range: 100
Years of Ac com plish ments and Con tri bu tions. Conf. Proc., Tuc -
son, AZ, pp 125–129.

Fravolini, A., K.R. Hultine, E. Bugnoli, R. Gazal, N.B. Eng lish and
D.G. Wil liams. 2005. Pre cip i ta tion pulse use by an in va sive woody
le gume: the role of soil tex ture and pulse size. Oecologia 144:
618–627.

Gart ner, B.L. 1995. Pat terns of xy lem vari a tion within a tree and their
hy drau lic and me chan i cal con se quences. In Plant Stems: Phys i ol -
ogy and Func tional Mor phol ogy. Ed. B.L. Gart ner. Ac a demic
Press, San Diego, pp 125–150.

Glinski, J. and J. Lipiec. 1990. Soil phys i cal con di tions and plant
roots. CRC Press, Boca Raton, FL, 250 p.

Hacke, U.G., J.S. Sperry, B.E. Ew ers, D.S. Ellsworth, K.V.R. Schafer, 
and R. Oren. 2000a. In flu ence of soil po ros ity on wa ter use in
Pinus taeda. Oecologia 124:495–505.

Hacke, U.G., J.S. Sperry and J. Pitterman. 2000b. Drought ex pe ri ence 
and cav i ta tion re sis tance in six shrubs from the Great Ba sin, Utah.
Ba sic Appl. Ecol. 1:31–41.

Hacke, U.G., J.S. Sperry, W.T. Pockman, S.D. Da vis and K.A. Mc -
Culloh. 2001. Trends in wood den sity and struc ture are linked to
pre ven tion of xy lem im plo sion by neg a tive pres sure. Oecologia
126:457–461.

Hought on, J.T., G. Miera, B. Filho, B.A. Callander, N. Har ris, A. Kat -
ten berg and K. Maskell. 1996. Cli mate Change 1995: the sci ence of 
cli mate change. Cam bridge Uni ver sity Press, Cam bridge, 572 p.

Hultine, K.R., W.L. Ca ble, S.S.O. Bur gess and D.G. Wil liams. 2003.
Hy drau lic re dis tri bu tion by deep roots of a Chihuahuan Desert
phreatophyte. Tree Physiol. 23:353–360.

Hultine, K.R., R.T. Scott, W.L. Ca ble, D.C. Good rich and D.G. Wil -
liams. 2004. Hy drau lic re dis tri bu tion by a dom i nant warm-desert
phreatophyte: sea sonal pat terns and re sponse to recipitation pulses. 
Funct. Ecol. 18:530–538.

Huxman, T.E., K. Snyder, D. Tis sue, J. Leffler, K. Ogle, W.T. Pock -
man, D.R. Sandquest, D.L. Potts and S. Schwinning. 2004. Pre cip -
i ta tion pulses and car bon dy nam ics in semi-arid and arid eco sys -
tems. Oecologia 141:254–268.

Huxman, T.E., B.P. Wilcox, D.D. Breashears, R.L. Scott, K.A. Sny -
der, E.E. Small, K. Hultine, W.T. Pockman and R.B. Jack son.
2005. Ecohydrological im pli ca tions of woody plant en croach ment. 
Ecol ogy 86:308–319.

Jack son, R.B., J.S. Sperry and T.E. Dawson. 2000. Root wa ter up take
and trans port: us ing phys i o log i cal pro cesses in global pre dic tions.
Trends Plant Sci. 5:482–488.

Jaquish, L.L. and F.E. Ew ers. 2001. Sea sonal con duc tiv ity and em bo -
lism in the roots and stems of two-clonal ring-po rous trees, Sas sa -
fras albidum (Lauraceae) and Rhus typhina (Anacardiaceae). Am.
J. Bot. 88:206–212.

Jury, W.A., W.R. Gardner and W.H. Gardner. 1991. Soil Phys ics. John 
Wiley, New York, 328 p.

North, G.B. and P.S. No bel. 1995. Hy drau lic con duc tiv ity of con cen -
tric root tis sues of Agave deserti Engelm un der wet and dry ing con -
di tions. New Phytol. 130:47–57.

Phillips, W.S. 1963. Depth of roots in soil. Ecol ogy 44:424.
Pockman, W.T. and J.S. Sperry. 2000. Vul ner a bil ity to xy lem cav i ta -

tion and the dis tri bu tion of Sonoran Desert veg e ta tion. Am. J. Bot.
87:1287–1299.

Pockman, W.T., J.S. Sperry and W.J. O’Leary. 1995. Sus tained and
sig nif i cant neg a tive wa ter pres sure in xy lem. Na ture 378:715–716.

Rendig, V.V. and H.M. Tay lor. 1989. Prin ci ples of soil–plant in ter re -
la tion ships. McGraw Hill, New York, 275 p.

Schenk, H.J. and R.B. Jack son. 2002. Root ing depths, lat eral root
spreads and belowground/above ground allometries of plants in wa -
ter-lim ited eco sys tems. J. Ecol. 90:480–494.

Scott, R.T., E.A. Ed wards, J.W. Shuttleworth, T.E. Huxman, C. Watts
and D.C. Good rich. 2004. Interannual and sea sonal vari a tion in
fluxes of wa ter and car bon di ox ide from a ri par ian wood land eco -
sys tem. Agric. For. Meteorol. 122:65–84

Seyfried, M.S., S. Schwinning, M.A. Walvoord, W.T. Pockman, B.D.
Newman, R.B. Jack son and F.M. Phillips. 2005. Eco hydro logical
con trol of deep drain age in semiarid re gions. Ecol ogy 86:277–287.

Sperry, J.S. 1995. Lim i ta tions on stem wa ter trans port and their con -
se quences. In Plant Stems: Phys i ol ogy and Func tional Mor phol -
ogy. Ed. B.L. Gart ner. Ac a demic Press, San Diego, pp 105–124.

Sperry, J.S. and N.Z. Saliendra. 1994. Intra- and inter-plant vari a tion
in xy lem cav i ta tion in Betula occidentalis. Plant Cell En vi ron. 17:
1233–1241.

Sperry, J.S. and U.G. Hacke. 2002. Desert shrub wa ter re la tions with
re spect to soil char ac ter is tics and plant func tional type. Funct.
Ecol. 16:367–378.

Sperry, J.S., K.L. Nichols, J.E.M. Sullivan and S.E. Eastlick. 1994.
Xy lem em bo lism in ring po rous, dif fuse po rous and co nif er ous
trees of north ern Utah and in te rior Alaska. Ecol ogy 75:1736–1752.

Sperry, J.S., F.R. Adler, G.S. Camp bell and J.P. Comstock. 1998.
Lim i ta tion of plant wa ter use by rhizosphere and xy lem con duc -
tance: re sults from a model. Plant Cell En vi ron. 21:347–359.

Sperry, J.S., U.G. Hacke, R. Oren, and J.P. Comstock. 2002. Wa ter
def i cits and hy drau lic lim its to leaf wa ter sup ply. Plant Cell En vi -
ron. 25:251–263.

Tyree, M.T., S.D. Da vis and H. Cochard. 1994. Bio phys i cal per spec -
tives of xy lem evo lu tion: is there a trade off of hy drau lic ef fi ciency
for vul ner a bil ity to dys func tion. Int. Assoc. Wood Anat. J. 14:
335–360.

Tyree, M.T., V. Velez and J.W. Dalling. 1998. Root and shoot hy drau -
lic growth dy nam ics in five neo tropi cal seed lings of dif fer ent light
re quire ments: scal ing to show eco type dif fer ences. Oecologia 114:
293–298.

322 HULTINE, KOEPKE, POCKMAN, FRAVOLINI, SPERRY AND WILLIAMS

TREE PHYS I OL OGY VOL UME 26, 2006



Wag ner, K.R., F.W. Ew ers and S.D. Da vis. 1998. Trade offs be tween
hy drau lic ef fi ciency and me chan i cal strength in the stems of four
co-oc cur ring spe cies of chap ar ral shrubs. Oecologia 117:53–62.

Weltzin, J.F., M.E. Loik, S. Schwinning et al. 2003. As sess ing the re -
sponse of ter res trial eco sys tems to po ten tial changes in pre cip i ta -
tion. Bio Sci ence 53:941–952.

Zim mer mann, M.H. 1983. Xy lem struc ture and the as cent of sap.
Springer, New York, 283 p.

Zim mer mann, M.H. and A.A. Jeje. 1981. Ves sel-length dis tri bu tion in 
some Amer i can woody plants. Can. J. Bot. 59:1882–1892.

TREE PHYS I OL OGY ONLINE at http://heronpublishing.com

HY DRAU LIC LIM ITS IN MES QUITE TREES 323


