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Leaf and whole plant-level fkutiod t d h s  were shdicd in 
P v e d o m i u n t w o o d y s a v a m o a h ~ f m a ~ t r r l B d  
(Cerrado) to determine w h d m  -rn of mmtrient 
limitations in 0ligOtropLic Carrdo soas affeds CarbOB 

Illocahm, water r d r h  ul byebade wLittrhrt Polr 
treatments wereosed:coold,N.dditiorS?addithuamd 
N plus P additions Fertilbcrs =re applied twice yearly, 
Erom October 1998 to MucL #)Q. Sixty-thm month dter 
t h e & s t n o t r i e n t . d d i t i o q t k t o t n l k . l a m a ~ m e  
significantly genter aenwe .1 in the N- and tbe 
N + P - i r W  plots t&m H ~IIC cophl  Ud ia the P- 

d # b y Y L ' L ~ q c d e s . . 1 ~ ~  

adapted to droaic n e a t  limbtiom, Cerrado woody 
specks sppcnrly b the capacity to exploit incmal3es in 
notriemt by aIkatiag resowces to maximize 
arbon g h  n d  enhance growth. The rost of increased 
dbcahm to leaf area dative to water transport capadty 
involved haeased total water loss per p h t  and a decrease 
i l i i m m  led water p&mtbk However, the rhsk of 
i.aueed crbolisr and tergor loss was relatively low as 
xykm RhcnMIiQ to embokm and l ed  osmolk charac- . . 
temtm~ LLuged ia pamDcl with ehPnges in plant water 
~ t n s ~ b y N f ~  

fertilized plots. W i  k r t & a h ~  m@amtly . .  
several components of LyQraEr ard&ehm 

.Itmd Kcy-work Cerrado trees; foliar nutrients; hydraulic - architecture; long4stance water transport; long-term 
condmctivity of tcmhd stems iacrPed 
tioas, whereas leclf-apec%e * * fertilization eff-, water relations; xylem vulnerability to 

med.lbivltg-d-d-m 
decretsedinm0st~Avuagedsi iyseplarr)aLdnie  
1141 was consistently bigher with N and N + P additiom 
compared to the control, but its relative increase was not INTRODUCTION 
as &at as t s ~ t  of led ma, ~ong-term of N 
~ndN+Patesed.ddQyY~tetOBccfiesigib.ttybya 
mean of 0.6lbIh across all spcclesbemmc N-i.8.&d 
relative redurtrour in ao i l -h -kd  t t ybd ic  umkhma 
were greater than those of Btoutrl cendKhKe ud trcl, 
spiration on a leaf area bilsig Phasphom+fuii&ed treen 
did not exbibit sigdiamt cbmgen ia midday P,Ady& 
of xylem v P l a e r a m  arves i d b t e d  tLd N-fatiliaed 
trees were sigdhntly Berm whmbk to embo6sm th.n 
trees in control and P-blaizul plos mar, N - h k c d  
decreases in midday VL appeared to be a b d  emtidy 
compensated by hemmes in mdstmce to cahlh. Led 
tirime water relaths . . rlsoebaagedasa 
result of N - h d d  derli#s in m u m  Y '  osmotic 
potent ia la t fo l I tmrgordrae3andad~ssktemn-  
t e n t o n a d r y m a t t e r b a & i a c l n r P e d ~ ~ d & b h g  

The investment in plant parts that acquire the limiting 
resource is usually favoured at the expense of allocation to 
plant parts that have a large requirement for the limiting 
resource. For example, if soil nutrient availability were low, 
plants would allocate relatively more carbon to their roots 
to enhance nutrient uptake (e.g. Brouwer 1963,1983). On 
the other hand, if nutrient limitations were relieved by 
frequent fedizations, the pattern of biomass allocation 
may change, favouring the expansion of the leaf surface 
area to enhance COz capture at the expense of under- 
ground plant parts (Gleason l m ,  Giardina et al. 2003; 
Gleason & Good m, Tigey, Johnson & Phillips 2005). 

Nitrogen or phosphorus limitations on growth are wide- 
spread in tropical regions, and are particularly severe in the 
Neotropical savannahs of central Brazil (Cerrado) charac- 
terized by well-drained, oM oxisols. These soils are not only 
very nutrient deficient, and their pH and cation exchange 

Correspondem: Guil lem Goldslein I3u: 4 305 a43039; e - r r m ~  capacities low, but their aluminum saturation levels are also 
goIdptein@bw.miami.edu high, which may affect phosphorylation of proteins and 
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consequently numereus nmetabdic processes (Furley & 
Ratter 1988, Furley 1999; Haridasan 2000). Moreover, 
seasonal drought, high irradi- and high evaporative 
demand of the atmosphere are characteristic of the Cer- 
rado region. Although Cerrado trees are able to achieve 
high transpiration rates and high stomata1 conductance, 
which could potentidly increase nutrient uptake, hydraulic 
Limitations and the high evaporative demand of the atmo- 
sphererequirestmngdiurnatand~dstomataleontrol 
of transpiration to maintain a favourable water b a l m  
(Meinzer etal. 1999; Bucci et al. 2005). Limitations on 
water uptake may thus constrain the capacity of Cerrado 
treestaoptimknutrientuptake,pamcularlyduriagthe 
dry season. 

Beoluge soil nutrient availability ineuewzs patterns of 
carbon allocation,it may also affect the hydraulic architec- 
ture, and consequently the water relations of plants If total 
leaf surface area increases with inaeasing nutrient avail- 
ability at the expenses of root extension, for example, then 
the leaf-speciiic hydraulic conductivity (&,) may decr- 
ease. Reduced leaf-spedk water transport efkkncy may 
impose a series of constraints on the water and carbon 
economy of the plant, such as more negative midday leaf 
and stem water potential, inaeased risk of xylem embo- 
lism, incomplete diurnal recharge of interoal water storage, 
partial stomatal closure and inhibition of carbon assimila- 
~ O n t h e O t h e r ~ C e r r p d o t r e e ~ m a y ~  
adjust to long-term fertilization if they exhibit phenotypic 
plasticity and consequently can make substantial wmpen- 
satory changes 

Theobjed iveso f~e tudywere to~v iaksameof the  
nutrient limitations of Cerrado SO& by long-term N and P 
fertilizations, and to expiore the amsequences that the 
resulting changes in soil nutrient availability may have on 
patterns of carbon allocation and functional traits related 
to the hydraulic architecture and water relations of five 
dominant Cerrado tree specks It was hrpothesized that N 
f-tion would increase leaf surface area per plant with 
a c m m m i t a n t ~ i n ~ a p e d f i c k w h i f e  Pfermize- 
tion would have very little effect on total leaf surface area 
(Cordell etal. 2001) and long-distance water transport 
capacity. Compensatory mechanisms and tradeoffs result- 
ing from changes in d nutrient availability and their 
implications for plant water balance were a h  assesssd 

MATERIALS AND METHODS 

Study site and plant material 

'Ibe study was cmducted in a savannah site with interme- 
diate tree density (cerrado semu stricto) at the Instituto 
Brasileiro de Geografia e Estatistica (IBGE) Ecological 
Reserve, a field experimental station located 33 km south 
of Brasilia (15"56'S, 4T053'W, altitude 1100 m). At the 
IBGE resene, the average annual precipitation is about 
15001~1~ with aproMwnceddry-fnw May to Sep 
tember (www.recor.org.br). The months of June, July and 
August are often devoid of precipitation. Mean monthly 

temperature ranges from 19 to 23 "C with diurnal temper- 
ature ranges of 20 OC being common during the dry season. 
The soils are deep oxisols containing a b u t  70% clay. 'Ihe 
development of micro-aggregate structures (ag. cementa- 
tion by iron oxides) allows Cerrado soils to be generally 
porous and well drained despite their high clay content. Soil 
pH values were low (- 42), and P and N levels and organic 
matter content were 0.4 mg kg-', and 1.9 and 4 g kg-', 
wqectively, in the upper Went of soil in the study sites 
before the fertilization treatments began. Soil samples were 
collected at &5,5-10,1&20 and 40-50 cm depth before the 
first fertilization. lhree samples were collected per plot and 
mixed to form a composite sample Samples were analysed 
for pH in KCI, available P using Mehlicb I, total nitrogen 
by KjeMahl and organic matter by Walkky-Black.Andyses 
were performed by the soil laboratory of the Brazilian 
Research Center for Agriculture in the Cerrado region 
(EMBRAPA). The four fertilization treatments were: 
control (no added ferrilizer),N (100 kg ha-' yeareat' as ammo- 
nium sulphate), P (100 kg ha-' year-', simple superphos- 
phate) and N plncs P (100 kg N ha-' yearyear' + I00 kg P ha-' 

The amounts indicated represent total amounts of 
N and P in the fertilizer added. 'Ihe fertilizer manufacturers 
were Adubos Araguaia (Catalso, Go, Brazil) for ammo- 
nium sulphate, and Pirecal Filler (Catals~, GO, Brazil) for 
the superphosphate. Plots were located in a homogeneous 
-0 K N Y  .Strid0 Staid Wkh S h k  d and ~e@&+Xl 

characteristicsThe field design consisted of 15 x 15 m plots 
with a buffer zone of 10 m between plots,and four plots per 
treatment (four treatments x four replicates per treatment 
= 16 plots)-The treatments were randomly assigned to each 
plot. An additiond 1-m-width border surrounding the 
15 x 15 m treatment plots was also fer t ibd.  The fextibzs 
were applied (sprinkled) in granular forms on the organic 
soil surface in October at the beginning of the wet season, 
and in March, before the end of the wet season, every year 
from Odober 1998 to March UIOQ. 

Eve dominant woody species with different leaf phenol- 
ogy were selected for the study: WRJ r r m t p c r  (C 
& S) Seem (Araliaceae), evergreen, Ouraka hemsperma 
(St. Hil.) Bail1 (Ochnaceae) evergreen, Blephamcalyx salic- 
ijofius (H.B. & K.) Berg. (Myrtaceae) brevideduous, 
Coryocrv brmiliense Camb., (Caryoearaceae) brevidedu- 
ous and Qualea parv#bra Mart-, (Vochyseaceae) decidu- 
ous (Embrapa 1998). AII specks renew their hves durieg 
the dry season with the exception of S. macrocarpa, which 
produces new leaves continuously throughout the year. The 
brevidecjcluous specks are fundionally evergreen because 
they seldom remain leafless for more than a few days 
The deciduous species remains leafhs for about a moneh 
depending on the severity of the dry season. 0. hexaspem 
is a leaf-exchanger, in the sense that it shows progressive 
leaf senescence and abscision during the dry season and 
simultaneously produces the new IeaveaThree to four indi- 
viduals of similar size of each species were selected in each 
treatment (usually one tree per plot depending elm the spe- 
cies distribution). The study trees were located as close to 
the center of each plot as possible to avoid edge effects. The 
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mean height (m fr SE) and the stan diameter near the soil 
surface (cmf SE) of each of the study species before the 
fht nutrient addition were: 289% O21 m and 9.45% 
0.93 cm (Q. parvifora); 4.49 + 0.37 m and 9.67 f 0.52 cm 
(B. salicifoliur); 1.73 f 0.09 m and 6.50 f 0.42 cm (0. hex- 
asperma); 3.42 f 1.45 m and 8.76 f 0.87 cm (C. bradieme); 
aad 5.23 f 058 m and 7.14 f 0.58 rn (S ~ l o c o r p o ) .  

Total leaf area and basal area were measured during 
Jaauary and February (wet season) of 1999, aOOO and MlOb, 
and during July and August (dry season) of 2003. Physio- 
logical information was obtained during the dry season of 
2003, and again in the dry season of 204 after 5 years of 
continuous fertikstion. Leaf samples for nutrient analysis 
were obtained during the wet season of 2tW (January). 

Sap flow and water potentials 

The heat dissipation method (Granier 1585,1987) was used 
to measure wbole-plant sap flow during two to three 
consecutive days in each of three to four individuals per 
species per treatment during the dry season of 20M (luly 
and August). Briefly, a pair of 20-mm-long, 2-mm-diameter 
hypodermic needles (Hoppner Ltda, S&o Paulo, SP, Brazil), 
containing a copper-constantan thermocouple inside a glass 
capillary tube and a heating element of constantan ooiled 
around the glass tube, were inserted into the sapwood near 
ttsebaseofthemainstem@et~15and30anabovethe 
soil surface) in each plant. The upper (downstream) probe 
was continuously heated at a constant power by the Joule 
effect, while the unheated upstream probe served as a tem- 
perature referenee. Temperature differences b e e n  the 
upstream and dormstream probes were recorded every 10 s 
and f 0 min averageq and were stored in solid-state storage 
modules (SM192; Campbell Scientific, Logan, UT, USA) 
connected to dataloggers (CR 10X, Campbell Scientiiic). 
Ihe  average external sapwood diameter in the stems of the 
individuals studied was 6.79 + 028 cm, and consequently 
the 20 mm probes used spanned most of the hydro-active 
portioa of the xylem. lhe average area of 
active xylem in all trees studied was 30.35&, which 
implies that the average thickness of the sapwood was 
31 mm. 

Sap flux density was d u t b e d  from the tempexatwe 
difference between the two probes using an empirical cal- 
i b i o n  (Granier 1985, 1987) re-validated for tmpid 
trees (Uearwater etal. 1999). 'Ihe temperature differ- 
ences were corrected for natural temperature gradients 
between the probes (Do & Rocheatw 2002). Mass flow 
of sap per individual was obtained by multiplying flux 
density by sapwood area. The relationship 
between sapwood cross-sectional area and stem diameter 
was obtained by injecting dye near the base of the main 
stem for several individuals of each species representing a 
range of diameters After 2 h, the plnnts were decapitated 
a few centimetres above the point of dye injection and 
theareaofeonduct ing t i s suewasde~fromthe  
pattern of staining by the dye as it moved in the transpi- 
ration stream. Transpiration per unit leaf area was 

obtained by divided mass flow of sap by the total leaf 
area per plant. 
Leaf water potentid (FL) was measwed with a pressure 

chamber (PMS; Corvallis, OR, USA) on three different 
leaves from each of the same three to four individuals per 
species and treatment during days on which sap flow was 
monitored Leaf srmples collected prior to dawn (before 
0600 h), at mid-morning (0930 h), midday (1300 h) and 
aftamma (1700 h) were immediately &ed in plastic bags 
upon excision and kept in a cooler until balancing pressures 
were determined in the laboratory within I h of sample 
collection. 

Sbmatal and hydraulk conductance 

A steady-state porometer (Model LI-1600;Li-Cor Inc,Lin- 
coln,NE, USA) was used to measure stomata1 conductance 
(g,) on three leaves of the same plants used for sap flow 
measurements and leaf water potential.ljykally, five to six 
complete sets of measurements were obtained during the 
cutuse of a day when sap flow was being monitored. New, 
fully expanded leaves from sun-exposed areas of the trees 
were used for measurements. Cerrado trees tend to have 
crowns with very low leaf area index (LAI) (0.4 to 1.5 
depending on tree density and time of season) and therefore, 
there is little self-shading among leaves within the mwn.  
The apl#uent leaf area+c hydraulic amduc&ma of 

the soiVroot/leaf pathway (G,) was determined as 

where AY is the difference between the current YL and the 
Y of the soil, and E is the average transpiration rate per 
unit l e d  area detemtbd from sap Bow measurements at 
the time of YL meaSurements. Soil Y in the rooting zone of 
each tree was estimated by extrapolating to E = zero, the 
YL- E relationships obtained by simultaneous measure- 
ments of YL and E, from predawn through mid-afternoon, 
for each individual (Specry et al. l., Bucci et ul. m 5 ) .  
Eachvalueof Y L m t h e  avemge.of threeleavespertree 
and three to four different trees per species The linear 
regressions fitted to the YL - E relationships were all sig- 
nificant at P c 0.1. Additional information on the technique 
for estimating soit (in the rooting zone can be found in 
Bucci el d. (UKH).A morphological index of potential &an- 
sphtioaP1 demand relative to water t m q m l  capacity was 
obtained for each individual fitted with sap flow sensors, by 
dividing the total leaf area by the sapwood area (AL : As) 
at the point of the sap h w  sensor insertion during the dry 
season of 2003. 

k, and xylem vulnembillty cuwes 

was measured on three large terminal branches excised 
before dawn from three to four individuals of each species 
within the treatments in May during the wet-to-dry season 
transition of 2004 before a substantial amount of leaf logs 
had occurred. A small portion of the branch cut end was 
then immediately removed by re-cutting under water. The 
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blanches were tben tightly c o d  with MacL plastic bags 
and transported back to the laboratory with the cut ends of 
the branches under water. bmedktely after arriving at the 
laboratory, stem segments of about 30 cm long were rapidly 
cut under water and attached to a hydraulic conductivity 
apparatus filled with distilled, degassed water (Tyree & 
Spemy 1989). Water exuding from the o p t  end of the stem 
drained into graduated micro-pipettes Fobwing a short 
eqniEition period, water taow, generated by a amstant 
hydraulic head of 40cm, was measured volumetrically. 
Hydraulic conductivity (kg m s-' MPa-') was calculated as 
kh = JvI  (@/AX), where 3, is the flow rate through the 
brancb segment (kg fl) and W!M is the pressure gradient 
across the segment (MPa m-'). Specific hydraulic conduc- 
tivity (kS: kg m4 s-' MI%-') was obtainsd as the ratio of kc 
and the cross-sectional area of the active xylem. Leaf- 
specific conductivity (k,: kg m-' s-' MPa-') was obtained as 
the ratio of & and the leaf area distal to the branch seg- 
ment Previws work has shown that in many Cerrado 
woody species features suc4 as kL and minimum leaf water 
potential, remain relatively constant throughout the year 
owing in part to seasonal adjustments in total leaf area per 
plant (Bucci er al. 2005). 

Hydraulic v u k d d i t y  awes were determined for ter- 
minal branches of the five species by plotting the percent 
loss of hydraulic conductivity (PLC) against stem Y. Dif- 
ferent PLC values were obtained by allowing large 
branches excised in the morning to dehydrate slowly in air 
for different time periods (Tyree & Sperry 1989). The 
b;ntnch length used was longer than the longest xylem ves- 
sel measured Measurements of vessel length were done 
-ding to Zimmennan & Jeje (1981)- The longest vessel 
length varied from 55 cm in S. macrocarpa to 25 cm in 0. 
hexasperma. After allowing time for partial dehydration, 
measurements of 'P, and the corresponding kb were 
obtaiwd on three to five bFgnches per species within each 
treatment. Stem and leaf lY were assumed to be in equilib- 
rium because the branches were h I y  dehydrated Leaf 
water potentials were measured on the same branch on 
leaves adjaeent to the steam segments d for kc determi- 
natiom Maximum hydraulic conductivity (kb was 
obtained by Bushing the samples wiih filtered water at a 
pressure of 0.2 MPa for 15 min to remove air bubbles from 
embolized vessels PLC was calculated as 

The relationships between PLC and YL were described 
by a Weibull function, which yielded RZ values > 0.9 
(P < 0.001). 

Pressnolume (P-V) ctuves were determined for three 
fully developed exposed leaves from each individual during 
the dry season of 2004. The leaves were cut at the base of 
the petiole in the field, re-cut immediately under water and 
the entire leaves covered with b k k  plastic bags with the 
cut end in water for 2 h until measurements began. After 

each determination of balancing pressure with the pressure 
chamber, the leaves were immediately weighed to the near- 
est 0.001 g, and between readings they were left to transpire 
freely on the laboratory bench. After all balancing pres- 
sure-weight measurements were obtained; the branches 
were oven-dried at 70 OC to a constant mass and weighed 
(Tyree & Richter 1981). Fksure readingq fresh inass at 
each readiag, s&wated mass and dry masg for ea& leaf 
were entered into a presJure-vol~me relatkmship aody~k  
program developed by Schulte & Hinckley (1985). The 
symplast solute content per unit dry mass was determined 
as follows: tissue dry mass was subtracted from tissue fresh 
mass to get tissue water content which was then multiplied 
by symplastic water fraction to get symplastic water vol- 
~ S a t l l r a t e d a s m o t i c p o t e n ~ ~ a s a m ~ i n ~  
lality by multiplying by 410 milliomnol MP~-'. Osmolality 
was then multiplied by symplastic water volume and 
divided by the dry mass of the leaf sample (Tyree et al. 
1978). 

Wood density 

The density and saturated water content of the terminal 
branch sapwood were measured using three branch mes 
per individual. Samples were taken with an increment 
borer, sealed in aluminum foil and phtic begs and taken 
to the laboratory. Wood density @) was calculated as the 
sample mass (M) divided by the sample volume (V). Vol- 
ume was estimated by submerging the fresh sample in a 
container with didled water resting on a digital balance 
with a 0.001 g precision. The sample was kept submerged 
during memuemmts until saturation with the help of a 
very small needle. The samples did not touch the walls of 
the container. The sample inside the water after saturation 
displaced an amount of water with a similar magnitude of 
its volume. The volume of the sample was calculated using 
the weight of the displaced water and considering that the 
density of water is 1 g anQn3. 

Crown leaf area, specific kaf area (SLA) 
and n m  

Ten to 50 fully expanded sun leaves, depending on the total 
number of leaves per plant, were collected from three to 
four trees per species and treatment, during the dry season 
of and wet seasons of 1999,2000 and MW#. Fresh leaf 
area was determined with a scmmer. Leaves were oven- 
dried (70 OC), and dry mass determined for calculation of 
leaf area per dry mass (SLA). Total leaf area per crown was 
obtained by counting the total number of leaves per plant 
then multiplying by the average area per leaf determined 
from fresh leaf samples for each tree. Most of the species 
studied had an avemge of about 1280 leaves per tree B 
salicifolius was the only species with a relatively large num- 
ber of leaves of about 8240 leaves per tree. 

Foliar N and P concentration of finely grouad samples 
m i l d  during the wet season of MK)4 was determined, 
respectively, by micro Kjeldahl technique and Bame 
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photometry at EMBRAPk Total nutrient per plant was 
calculated as follows: average nutrient concentration per 
leaf mass was multiplied by total leaf area per plant and 
divided by SLA. 

Tae SPSS 115 statistid package (SPSS Inc, Chicago, IL, 
USA) was used for statistical analysis A two-way analysis 
of variance (ANOVA) was applied to test the data for dif- 
ferences among species, for treatment differences and for 
inkdormsAl1 data of foliar characteristics and physiolog- 
icaI responses to fertilization within a species were analysed 
for normal dis&iibutim using the Kolmogorov-SminwW 
test, and one-way ANOVA was applied to test differences in 
means of treatments Once it was determined that differ- 
ences existed among the means, Dunnett's pairwise multi- 
ple comparison test was used to compare the sijpdicance 
of treatments versus control for each species 

RESULTS 

Folb nutrknts, leaf and stem gcwlh, and plant 
water lure 

After 5 years of continuous fertilization, total N and P in 
foliage per plant was consistently greater in N-fertilized 
plants across all species (Table 1). However, the differences 
wepe ~~t only for B. salicifolius and 0. l r c r p ~ p e m  
in which total N and P in foliage of N-fertilized plants was 
two to three times greater than in control plants In contrast, 

P fertilizations increased total P in foliage per plant only in 
B. salicifoIius and appeared to lead to slightly lower total P 
in the remaining four species Furthermore, P additions 
appeared to inhibit N uptake relative to the control in four 
of the species. Foliar nutrient concentration did not signif- 
icantly inaease with N and P fertilization!+ except in B. 
s d i c i f o h  in which N increased from 11.88 to 13.52 g kg-' 
with N additins, and P haeased from 0.66 to 1-99 g kg-' 
with P additions, and in C. brosiliense in which P increased 
from 0.8 to 1.0 g kg-' with N + P additions (Table 1). 
Although foliar N and P concentrations were not sub- 
stantially affected by the fertilization treatmen* foliar N 
to P ratios did change with nutrient additions particularly 
for B. sa! ic i fo~,  C. brusiliense and S macrocarpa (TaMe 1). 

Variation in leaf phenology among the five species stud- 
ied had to be taken into account in order to assess the 
impact of fertilization on carbon and nutrient allocation to 
leaves For example, new leaves are produced near the end 
of the dry season by deciduous and brevideciduous savan- 
nah specieq and amsequently maximum leaf surface area 
per tree is achieved during the beginning and middle of the 
wet season. In the case of S macrocarpa, one would not 
expect much seasonal variation in total leaf area or a 
redudion in the dry season (Fmmx d a!. 2005). In order to 
obtain the actual crown expansion in response to fertiliza- 
tion and to minimize the effect of seasonal variations in leaf 
phenology, average total leaf surface area per tree in 1999, 
and 1339 to 2004 leaf surface area increments obsened 
during the middle of the wet season were measured 
(Table2). In 1339, 3 months after the fimt fertikatim 

Table 1. Wliar nutrient concentrations for N and P (g kg-'), total amount of nutrients in foliage per plant for N and P (g crown-') and N : P 
ratio in leaves for the frve study species in four treatments control (C), nitrogen @), phosphons (P), and nitrogen plus phospho~s OJ + P), 
during the wet season of U)04 

Species T N k &I) N (g p (g k-'1 p (P --I) N : P ratio 

B ~ y x ~ o l i u s  C 119f 0 3  45 f 12 0.7 f 0.01 024 2 0136 18.8 f 0.3 
N 135 f &4* l2622.P 0.6 f 0112 059f a15 21.9 f &6** 
P 11.4 f 0.4 4.9 f 1.0 2.0 f 025* 0.81 f 0.18** 7.1 f 1.4*** 
WP 112 f 0.3 9.3 f 2.5 0.9 f 0.04 0.66 f 0.15 13.4 f 0.9*** 

Caryocar bra.vhkse C 11.8 + 0.4 9.8 f 0.7 0.8 f 0.02 0.63 + 0.03 15.2 f 0.3 
N 11.9f0.4 16.7 f 4.9 0.7 f 0-05 1.06 f 026 163 f 0.7 
P 9.9f 05 56 f 1.7 0.9 f OD5 051 f 0.17 ll.8f 0.1** 
NP 112 f 0.7 89 f 05 1.0 f O.W* O.nf OM 123 f 0.9+ 

Ouram h e m s p e ~ ~  C 9.8 f 0.9 4.0 f 0.9 0.7 f 0.02 0.26 f 0.04 15.7 f 1.31 
N 9.7 +_ 0.5 7.1 f 0.9 0.7 + 0.04 0.49 0.05** 14.8 + 1.3 
P 11.5 f 1.3 2.5 f 0.3 0.5 f 0.15 0.15 f 0.02 162 f 05 
NP 11.1 f 1.6 4.9 f 1.3 0.8 f 0.01 0.35 f 0.08 13.82 1 

C 10.9 k0.4 53 If: 2.1 0.7 f 0.02 032 + 0.13 166 f 03 
N 11.1 f 0.4 85 f 3.7 0.6 f 0.03 0.48 f 0.19 173 f 05 
P 9.9 f 0.6 29 f 03 0.7 1t 0-02 0.22 * 0-03 14.8 f 0.8 
NP 112 f 05 7.9 * 28 0.7 f 0.27 a49 * 0.15 1 ~ s f  M 

Schefpera macrucarpa C 10.6 + 0.8 16.2 + 3.2 0.6 f 0.15 0.94 k 0.16 17.1 f 0.2 
N 13.9 f 1.2 20.8 f 9.7 0.9 f 0.04 1.36 f 0.64 15.1 f 0.2** 
P 7.9 * 1.1 87 f 3.2 03 f 0.12 0.45 * 0.18 193 f 0.5** 
NP 11.2 f 0.1 16.6 f 4.8 0.7 f 0.01 1.10 f 033 15.3 f 0.2** 

Values are mean f SE (n  = 3 to 4). Sigoi6cant &edx of fertiHzaiion with respect to the control are bdkated as *P e 0.1 and **P < 0.05 
(Lhmett's test). 
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Table 2. Average total leaf area (A3 and basal area (BA) during January and February (wet season) of 1999 and increments of A, and 
E4 betareen the 1999 and 2004 wet seasons in the four treatments,amtFd (C), nitrogen 0, phosphorus (P), and nitrogen plus phosphorus 
w + PI 

lbtalkafares(m=) area (a3  

Species lkatment 1999 -1999 1999 ulob1999 
- 

Blepharocolyx solicifoliur C 5.0 f 21 0.7 f 03 11.1 f 1.5 1.8 f 02 
N 3.7 f 1.0 12.4 f 3- 92 f 0.1 2.0 f 0-0 
P 43 f 0.8 05 f 01 9.3 0.7 4.6 1 13** 
N+P 3.3 * 0-6 87 f ZP* 9.1 f 05 3.6 1 a4* 

C 4.9 f 2.0 0.0 f 0.1 11.2 f 1.6 12 f 0.4 
N 4.1 f 0.1 73 f 2.6* 8.5 f 1.9 3.6 f 0.5** 
P 3.8 f 0.2 -0.2 f 0.1 8.4 f 2.5 2.9 f 0.5* 
N+P 4.7 f 6.9 1.6 f 0.5 10.3 f 1.5 26 f 03 

C 28f 0.3 03 f 0.1 6.6 f 0.1 13 f 0.1 
N 33 + 13 22 f 0.7* a1 f 0.8 1.6 f 0.4 
P 27f 0-8 -LO* 03* 63 f 0.7 27 f a6 
N+P 3 ~ *  1.8 0.8 f 0.4 725  13 3 a f  a9 
C 5.8 f 2.1 42 f 0.1 10.5 f 1.5 1.9 f 0.6 
N 4.5 f 18 7.3 f 28** 9.4 f 1.3 20 f 0.9 
P 3.4 f 1.6 4.1 If 0.0 11.3 f 29 1.4 f 0.8 
N + P 3.7 f 0.4 6.4 f 1.2** 9.6 f 29 29 f 0.2 

Sdrcm tmcrocmpa C 1.6 f 0.4 28 f 0.6 8 3  f 15 05 f 03 
N 15f 02 7.4 f 12* 69 f 1.4 26 1t: OP* 
P 12 + 03 15 f 0.3 &3f 15 1.4 f 0-0 
N + P  2 O f W  4.1 f 1.0 7.4 f 0.3 13f 02 

Values are means f SE (n = 3 to 4). Significant effecto of fertilization in relation to the control are indicated as *P< 0.1, **P <O-05 and 
***P < 0.01 (Dunnett's test). 

(October 1998), there were no signiscant fertilization- 
specific effects on total leaf area per tree acmss any of the 
species (P 0.1). However, 63 months after the l k t  nutri- 
ent addition, the total leaf area increment was significantly 
greater in nearly all the N- and the N + P-fertilized plants 
For example, the total leaf area of Q. parviflora, increased 
by 7.3 and 6.4 mZ in the N- and the N + P-fertilized plots, 
respectively, while it remained practically constant in the 
control and P-fertilized plots Similar trends were observed 
across all species In all cases, the increases in total leaf area 
between 1999 and 2004 were significant in the N treatment 
with respect to the control. lhe average basal area incre- 
ment between 1999 and 2004 was greater under both N and 
P fertilizations, but the effects were significant in only three 
species (Table 2). Absolute values of basal area are pre- 
sented instead of relative increments normalized with 
respect to initial stem size because the initial basal area 
within each species was similar (Table 2) 

At the end of the experiment in 2004, total leaf area per 
tree was m t l y  greatest in the N and N + P treatments 
(Fig. la). However, differences with respect to the control 
were significant only in B. salicifoIius, 0. hemsperma and 
C. brosilieme. Greater total leaf area in N- and N +P- 
fertilized trees resulted from increases in the total number 
of leaves rather than increased leaf size (data not shown). 
On the other hand, leaf size damxsed significantly in 
P-fertilb;ed trees of all species (data not shown). Leaf 
area to sapwood area ratios were greatest in N- and 

1. Average (a) total leaf area and (b) the leaf areal 
qmmadamaratio(A, :A~forfiveCerradowoodys~infom 
treatments (C, oontrol; N, nitmgen fertilization; P, phosphmus 
fertikation,N + Rnitrogen plus phosphorous fertilization) during 
the wet season of 2004.All values are mean (f SE) from three to 
four trees per species within eacb keatment. Significant effects of 
fertilization in relatiaa to the control are indicated as *P < 0.1, 
**P< 0.05 and ***P < a01 (Dunnett's test). Bg B f e p h a d y *  
~ C b , C m y a c m ~ ~ c ; a q o u r a t r P h u a r p e n n a ;  
QR Qualeo pmWm7 Sm.Schrea -mpa 
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N + P-f&&ed trees with tbe exception of S mcanou~po, 

but differences with resped to the control were sign&ant 
only in B. dkiji&w and 0.   per ma @5g Ib). A two- 
way ANOVA was performed with nutrient treatments and 
species as factors, and the results suggest that all studied 
variables were significantly affected by fertilization 
(P<a05)awlweredifferent f o r 1 f i v e s p e d e s ( P < ~ )  
(results not shown). lhe interactions between the two  fa^ 
tors (treatment x species) were not signifiamt for total can- 
opy N and P and total leaf area per tree, but were significant 
at P < 0.001 for N and P concentrations in leaves 

Responses to nutrient additions at the whole stand level 
were asesed by wemalizing the individual species data 
with respect to the cam01 across the five d o m t  species 
Avesaghg wrmalkd data acmss species revealed that N 
additions increased leaf area (AL) by nearly three times 

Treatment 

Figure 2. Pooled data for the five study species showing mean 
relative responses of (a) total leaf area (Ad, (b) d a i i  water use 
per tree (F) and (c) daily transpitation per unit leaf slnrfece ( E )  to 
the fertilization treatments during the dry season of 2003. Data 
were obtained by normalizing the individual species data with 
respect to the control. Values are means f 1SE (n = 5 species per 
treatment) Signilkant eEk& of fertikation are iodicated as 
*P < 0.1, ++P < 0.05 and #*P < 0.01 (Dmmett's test). 

relative to the control (P < 0-001), whereas P decreased it 
(P< 0.001) (Fig.2.a). The N-induced increase in AL 
appeared to be partly inhibited when P was added to the 
fertilizer (Fig. 24. Average daily sap flow per individual 
compared to the control (F) was consistently but not signif- 
icantly higher with N and N + P additions (Rg. 2b) but its 
relative imrerse was not as great as that of leaf area. The 
opposite response was observed with P additions (Eg 2b). 
As a ~ u e n c e  of lager relative imxeases in leaf area 
compared to increases in F, daily transpiration per unit leaf 
area (E) was lower (P < 0.01) in the N- and N + P-fertilized 
plots (Eig. 2). 

Hydraulk architecture and plant water relaths 

Nitrogen fertiliition altered several components of the 
hydraulic architecture. Specific conductivity (ks) of branches 
increased signjlicantly with N additions while leaf-specific 
conductivity (kL), stem xylem pressure corresponding to 
50% loss of hydraulic conductivity (p)  and wood density 
of terminal stems decreased significantly in most cases with 
N and N + P additions (Table 3). Tbe leaf area to sapwood 
area ratio and ks relative to the control, both increased 
linearly with increasing total N per crown relative to the 
control (Fig. 3a, b). Leaf-specific conductivity decreased by 
about 25% relative to the control over the range of relative 
variation in total crown N observed (Hg. 3c) because the 
approximately 2.5-fold increase in ks was not sufficient to 
fully compensate for the sevenfold increase in AL :As. Con- 
sistent with the patterns of daily transpiration derived from 
sap flow, stornatal conductance was typically lower in N- 
and N + P-fertilized plants and higher in P-fertilized plants 
than in control plants (Fi 4a). 

Stornatalconductance was positively correlated with total 
apparent soil-to-leaf hydraulic conductance (G,) across all 
species and treatments (Fig. Sa). To assess whether changes 
in g., and therefore E, should have resulted in constant 
midday YL as GGt declined, the data were normalized with 
respect to their maximum values (inset in Sa). For YL 
to remain constant, the slope of the relationship between 
normalized g, and normalized G, should not be statistically 
different from one (dashed line). Tbe value of the slope 
(0.33) indicated that for a 10% decline in G, there would 
only be a 3% decline in g, and therefore a 3% or smaller 
decline in transpiration depending on leaf-atmosphere cou- 
pling. 'Ibis suggested that minimum YL should have fallen 
as G, declined. Consistent with this prediction, midday YL 
tended to increase sharply then asymptotically with increas- 
ing G, (Eg 5b). The largest change in plant-water relations 
associated with the long-term fertilization with N and N + P 
was thus a large decrease in midday YL (Fig. 4b). For exam- 
ple, midday YL was -1.4 MPa in Q. parviflora trees in the 
control plotq and -2.1 and -2.2 MPa in the N and N + P 
plots, respectively. The N-induced changes in midday YL 
were statistically significant in all species P-fertilized trees 
did not exhibit significant changes in midday Yb 

Analysis of xylem vulnerability curves indicated that 
50% loss of hydraulic conductivity was attained at more 
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Taw 3. Average specific hydraulic conductivity (S), leaf-specific hydraulic conductivity (k,), qlem pressure corresponding to 50% l a  
of hydraulic a d u d k t y  (P), ear& morning native percent loss of hydraulic cduciivity (PLC) and wood density 

ks k, x l W  P Wood density 
spedes "hatment (kg m-I s-' MPaMPal) (kg m-' s-' hWz-' 1 (MPa) PLC (%I 

Blephmocalyx sakifolius C 228f 0.32 7.76 f 0.29 -1.72 f 0-02 14f 1 0.49 f 0.02 
N 5.37 f 0.15*** 6.62 f 1.37 -2.30 f 0.06** 31 f I*** 0.31 f 0.02* ** 
P 2.05 f 0.35 7.57 f 1.57 -1.93 f 0.03* 21 f 1* 0.53 f O.05** 
NP 4.73 f 053- &70f 1-03 -217 f 0 - 0 0 ~ *  29f 2- 0 3  o m * *  

C a i y o c m b + ~ e  C 2.67 f 0.09 10-78 f 033 -1.48 f &02 12f  1 035 f 0.01 
N 3lBf  0.12* S7l f 03? -1.97 f am- 24 f 0*** 038 f am.* 
P 278 f 0.06 11.87 f 0.77 -1.62 * 0.06 13f 1 034 f 0.08 
NP 3.50 f 0.22* 7.56 f 0.7W** -2.03 f 0.06*** 14 f 1 0.35 f 0.02 

Owafen hexasperma C O.% f 0.07 8.24 * 0.88 -1.48 f 0.02 1626 0.46 f 0.02 
N 1.69 -1 aw 6.29 i 0.59 -203 f o.m*** 33 f I** 0.41 f 0.11*** 
P 1.11 f 0.09 9.87 rt 0.43 -1.48 f 0.M M ) f  1 0.42 2 am** 
NP 1.62 f 034 6.74 f 1 2  -1.87 f 0.W- 29f 1** 0-42 f 0.05** 

Qualea parviflora C 0.94 f 0.04 5.80 f 0.23 -1.65 + 0.03 21 f 1 0.48 f 0.07 
M 1.70 f 0.20** 3.64 f 0.87* -2.50 f O.W** 30 f 2** 0.45 f O.O1* 
P 1.15 f 0.19 8.57 f 1.05** -1.72 f 0.04 25f 1 0.48 f 0.03 
NP 1.26 f 0.12 5.75 f 0.70 2.23 f 0.07*** 30 f 1** 0.46 f 0.08 

s k @ = m m P a  C 2.14 f 0.10 6 .a  f 027 -1.72 * 0.02 16f 2 0.56 f 0.09 
N 323 + 0-17* 550f 032 -2.17 f O . W  16 f 1 0.46 f 0.03** * 
P &%f0.16** 7.12 f 0.06 -1.77 *a02 20f 1 0.59 f 0.06** 
NP 267 f 0.09 389f OW* -243 f 0.W' 20 1 1 056f 0.01 

Values are means (f SE) of three to four individuals per speaes and treatment. Significant effects of fertilization with resped to the control 
are indicated as *P < 0.1, **P < 0.05 and ***P < 0.01 (Dunnett's test). 

negative warn potentiah i al l  five species in the N- and 
N+P-fertilized plots compared to the control plots 
(TgMe 3, J5g- k), suggesting tbat N-fert&zed trees were 
less vulnerable to embolism than trees in control and P- 
fertilized pIok There was a positive, significant correlation 
(P < 0.001) between the increments in stem xylem pressure 
corresponding to 50% lass of hydraulic mndudivity with 
respect to the control (e and the increments in midday 
YL with respect to the controf (Fig 6). N-induced reduc- 
tions in midday YL appeared to be almost entirely compen- 
sated by changes in resistance to embolism because the 
regression line in Fig. 6 did not differ significantly from the 
1:l relationship However, native PIX rneasured prior to 
dawn was about 5 to 15% greater in N-fectilized plants than 
in the eontrok (Table 3). Leaf-qedic hydraulic c o n d h -  
ity decreased linearly with decreasing vulnerability of the 
xylem to embolism wg. 7a). Similarly, G, decreased with 
decreasing in xylem vulnerability to embolism for all spe- 
cies and treatments (Fig. 7b). Tbe twwway ANOVA results 
suggested that kp, kL, midday YL and and were significantly 
affected by f e e t i o n  and spm5es factors (PC 0-W1) 
(results not shown). The interactions were not significant 
for k, and midday YL, 

Leaf tissue water relations characteristics were also 
affected by long-term nutrient additions 'Fbe bulk leaf 
osmotic potential at full and zero turgor generally 
decmwd, and the symplast solute content an a dry matter 
basis generally increased with N fertilization (Table 4, 
Fii 4 4 .  Osmotic potential at full turgor and symplast solute 
content on a dry matter basis ( N n M )  were both linearly 

related to midday q (Fii 8). The changes in N n M  with 
YL indicated that the changes in osmotic potential were 
d t e d  with true o~motic adjustment defined as a net 
increase in sympkast solute content. The two-way AHOVA 

results suggested that the osmotic potential at full and zero 
turgor and N$DM were significantly affected by fettiliza- 
tion and species factors (P < 0.001) (results not shown). 

Carbon allocation and growth 

The results of this study show a clear effect of N fertsization 
on aboveground carbon allocation. Both total leaf surface 
area and basal area per tree increased substautially when 
N Limitations m this savannah eamyskm were alleviated. 
The effects of N fertilization on aboveground carbon allo- 
cation appeared to be larger for leaves and the branches 
supporting them than for the main stem. Although N- 
induced haeases in total leaf area between 1999 and UX)4 

were siguificant in all specieg basal area increments in N- 
fertilized plants were sigoibmt only in C. brasilkme and 
S. macrocurpa. Allocation theory suggests that alleviating 
nutrient limitations for plant growth should shift the rela- 
tive allocation of carbon away from roots to leaves and 
stems, where pbotmpthate is used to enhance Iight and 
COz capture (Cannell & Dewar 1994, MdJomughay & 
Cdemao 1999). This change in the carbon ahcation pat- 
tern should occur unless other resources are Limiting. 
Several studies have shown that N fertilization increases 
aboveground primary production more than belowground 
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Figure 3. Relative respanse of (a) the leaf area/sapwod area 
ratio (4 :As), (b) specific codudvity (ks) and (c) leaf specific 
conductivity (k,) to relative changes in total nitrogen per cmwn 
(N,,) in the five study species Each point represents the mean 
value of three to four trees per species within each treatment Tbe 
lines are linear regressions fitted to the data, (a) y = l a -  0.13, 
P <0.0001, (b) y=  0.64~+0.60,P<0.0001, (c) y=  -0.17x+ 1.12, 
P < 0.1. Symbols comeqmnd to species responses under the 
&Progen (DA-(A)dN+P(+)-Bq 
Bkphamcdyx so&ifoolhr, Cb, Caryoern brasiiiemc; Oh, Ouratea 

Q.R M a -  Sm, -mpa 

carbon allocation (Gleason 1993; Ryan el al. 19%; Giardina 
sr al. 2003). For example, 3 years of N fedkation in Euca- 
lyptus saligna stands in Hawaii resulted in a 34% increase 
in gross primary production, which was allocated entirely 
aboveground while belowgrotmd carbon allocation did 
not differ significantly between treatments (Giardina ef al. 

2003). Belowground growth was not measured in this study, 
but it is likely that root production was not enhanced in the 
same proportion as aboveground production as a conse- 
quence of N fertilization. lhis lack of compensatory adjust- 
ments in above- and belowground hydraulic architecture 
resulted in an imbalance between water loss by transpira- 
tion and water supplied by roots as suggested by the signif- 
icant decrease in midday leaf water potentials in the N and 
N + P treatments 

Phosphorus fertilization, on the other hand, appeared to 
have no effect or a slightly inhibitory effect on leaf surface 
area increments per tree by the end of the 6-year fertiliza- 
tion experiment. Phosphorus also appeared to have an 

Figure 4. (a) Maximum stomata1 conductance (&) (b) midday 
lesf water potentiak (Midday F,), (c) stem xylem pressure 
mrrespodbg to 50% loss of hydraulic condudivity (PW) and (d) 
lePrc*rmoticpdentialataeroturgor(a=)inthe~~specieJ 
under each treatment: C is contro1.M is nitrogen fertilization, P is 
phosphous fertilization, and N + P fertilization, during the 2003 
dry wason Bars are means + or - SE of three to four trees per 
species within each treatment Signi6cant effects of fertilization 
with resped to the control are indicated as *P < 0.1, **P < 0.05 and 
***P < 0.01 (Dunnett's test). B.s, Blephmufyx salicifolius; Cb, 
Gqucrn bradieme; Oh, Ouratea h e m y e m ,  Q.p, Qualea 
p a n @ b 9  Sm, Scheflero mamcmpa 
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225 1 1 

Figure 5. (a) Mean midday stomata1 mndudamz (g,) in relation 
to apparent leaf area-spec& hydraulic anuluctmce of the soil/ 
rootflea£ pathway (G,) at midday for five Cerrado tree species 
during the UW)3 dry season. 'Ihe line is a linear regression fitted to 
the data Cy = 141w + 625, P < O . W l )  ?be inset shows the same 
data but normalized with respect to the marimurn va lm (b) 
Midday leaf water ptential ('P,) in relation to apparent leaf area- 
specific hydraulic conductance of the soiUmt/lea£ pathway (G,) at 
midday. l%e curve d d b e s  an expnential rise to a maximum 
MtothedatsIy=-2+(1-q-)P<D.mJ.Eacbpoint 
represents the meso of three to four trees per treatment and 
s p e r i e s a n d t h r e e ~ p e r b e e f a ! ? ? S S y m b o b ~ t s p e r i e s  
responses in the wntrol (O), nitrogen (W), phosphorus (A) and 
N + P (+) treatments. J3.q B@hwoEoyx salicifolius, Cb, Caryocar 
brmilieme; O.h, Ouratea hexmpmn.a; Q.p, Qualea parvifira; Sm, 
~ ~ ' I k d d d  lineoftheinset k k a t e s a  1 
to1 relatioashipbetween theyandxvariak 

inhibitory effect on total leaf area production in the N + P 
treatments In all species, the increase in total leaf area per 
tree was lower in the N + P treatment compared to the N 
treatment. In previous long-term fertilization studies in 
native forests (e.g. Cordell etd ml), the responses of 
trees to additions of both N and P were not additive 

compared to the responses when N and P were applied 
separately. The molecular and biochemical bases for this 
phenomenon are not known. It is possible that increasing 
P availability may result in an enhancement of the carbox- 
ylation capacity and consequently more foliar nitrogen has 
to be used in photosynthetic enzymes that could otherwise 
be used in leaf expansion (Cordell et ol. 2001). 

Evidence from experiments with N- and P-deficient 
plants suggests that contrasting morphological responses to 
N and P supply could be mediated by cytokinins (e.g. Forde 
2002; De Groot et d. 2003). Increased N concentrations in 
the rooting medium stimulate cytokinin production and 
their transport from roots to shoots and stimulate biomass 
allocation to the shoot. Cytokinin production is less influ- 
enced by the P concentration than by the N concentration. 
In addition, species interactions could interfere in the 
responses of individual species to fertilization. In mixed 
vegetation, addition of the growth-limiting nutrient typi- 
cally stimulates growth in only a few of the species, which 
perhaps sequester some of the limiting nutrient when it is 
added (Gussewell, Koerselman & Verhoeven 2003). 

Foliar nutrients 

The total amount of leaf N per crown increased two to three 
times in the N-fertilized trees and to a lesser extent in the 

-1.0 4.8 -0.6 4 . 4  2 0.0 0.2 

A midday (MPa) 

Flgure 6. ~ncrements in stem xylem pressure corresponding to 
50% loss of hydraulicoondudivity with respect to the control 
( ~ i n r e ~ t i o o t o i n r r e m e n t ~ i n d ~ l e a f  waterpotentialwith 
respect to the eoatrd (AYL). Tbe sdkl lime is a linear r eg resh  
M t e d l 0 t h e d P t a ( y = ~ + 0 5 l , P < O . ~ ) W M k  
indicates the 1 to 1 relationship between the y and x variable. 
Values are meam of to four trees per s p e c k  w i t h  each 
treatment (three leaves per tree for AY,. and three to five branches 
fa AP) Symbols cmespond to species responses under the 
nitrogen (W), pha+orus (A) and N + P (+) treatments Rs, 
Blephnrocalyx s n l i c i f o h ,  Cb, Coryocaz bmiliem; 0.h. Owatea 
hexasp-, Q.p, Qunlea &ora; Sm, Sdse- manocarpa 
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Figure 7. (a) Leaf spedic comfuctivity (4) and (b) npplvent leaf 
area-specific hydraulic condudance oE the soiVroot/leaf pathway 
(G,) at midday in relation to xylem pressure corrwpondihg to the 
50% loss of hydraulic wndwtkity (p). 'lbe solid line m (a) h a 
linear regressim fitted to the data (y = 4 .8~  + 166) and in (b) is an 
exponential growth function fitted to the data [y = 398 exp(2.7~11. 
Values are means of three to four trees per species within each 
treatment. Symbds correspond b species responses under the 
nitrogen (m), phosphonm (A) and N + P (+)-treatments Bs, 
Blepharocalyx solicifdhrp., Cb, Caryocar bdiense;  0.h. Ournten 

N + P-fertilized trees The increase in total N per c r m  
resuhed from a larger total leaf surface area and not from 
an increase in leaf N concentration, which in general was 
not significantly different between plants from fertilized and 
control plots. Therefore, we have used total N per plant 
rather than hlim N amcentration to assess tbe effects of 
N fertilization on plant performance On the other hand, N 
to P ratios in leaves differed among specks after f e d l h -  
tion suggesting that there were species-speafic differences 
in their capacity to acquire and utilize both nutrients 
(GuseweU2004). Other studies in the Cercado have shown 

that the addition of nutrients to the soil does not necessarily 
result in an increase in foliar N or P concentrations (e.g. de 
Moraes 1994). It is known that although increased availabil- 
ity of nutrients to a nutrient-deficient plant initially increases 
its growth rate, foliar nutrient concentration may exhibit 
little change because of a dilution effect caused by increased 
carbon accumulation (Ulrich & Hill 1%7; Tang et al. 1999; 
Gought, Seiler & Maier 2004). On the other hand, P- 
fertilized trees did not respond as much as the trees in 
the N-fertilized plots in terms of changes in growth or other 
physiological traits It is possible that smaller responses to 
P additions can be partially explained by (1) the P added 
during fertilization was totally or partially sequestered by 
A1 and Fe oxides and transformed into insoluble forms of 
P (Matson et al. 1999); (2) the additional P added in the 
fertilizer was absorbed by the individual trees and invested 
in other non-leafy plant parts and functions; that (3) even 
after fertilization, the levels of available P were not high 
enough to result in a substantial increase in growth rate; 
andlor that (4) microbial utilization of P reduced availability 
to the target plants Accordingly, it is not possible with our 
results to rule out the possibility that P levels in the Cerrado 
soils are not as limiting as N levels appear to be. 

Hydraulic architecture and plant water relations 

The large increases in total leaf area per tree in the N- 
fertilized plots were expected to result in lower kL unless 
ks or sapwood area had increased proportionally to fully 
compensate for the larger transpirational demand. The 
results of this study clearly indicate that the significant 
increases in k, observed in all species in the N-fertilized 
plots were not large enough to compensate for the 
increases in total leaf area per tree, and consequently k, 
decreased by about 25% as a result of the N fertilization. 
Phosphorus fertilization, on the other hand, did not have a 
positive effect on total leaf surface area or an effect on ks 
or k,, with the exception of an increase in k, in Q. parvi- 
flora. a s  is contrary to the findings of Lovelock et al. 
(2004) with dwarf mangroves in the Caribbean, who 
observed a substantial increase in hydraulic conductance 
when the inland mangrove zones were deviated of P defi- 
ciencies by the addition of fertilizers 
The structural and anatomical basis for increased ks in 

the N-fertilized trees is not known. However, it is likely that 
the increase in ks was the result of an increase in the aver- 
age diameter of xylem ves~els This would greatly increase 
the hydraulic conductivity per cross-sectional area of stem 
because flow through mpilIaries increases as a function of 
the radius raised to the fourth power (Tyree & Ewers 1991). 
This hypothesis is supported by the overall deaease in 
wood density in N-fertilized trees, suggesting that there 
were changes in sapwood anatomy that led to increased 
porosity with N fertilization. 

Beeause the iaaease in total sap flow per individual was 
not proportional to the increase in total leaf area per plant 
in this study, transpiration rates. per unit of leaf surface 
tended to decrease in the N-fertilized trees. Furthermore, 
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Table 4. Leaf tissue water relations characteristics obtained from pressure-volume relationships for the Iive study species in four 
treatments, control (C), nitrogen (n), phosphorus (p), and nitrogen plus phosphorus ('N + P) 

Leafosmdicpdential haf  osmotic potential Symplast aolule content 
rrtr0ntmgor,do" at zero turgor, n" on a dry matter basis 

Species aea tment (MPa) (MPa) (mosmol $) 

BIepharocdyx salicifolius C -2.20 f 0.06 -2.55 f 0.21 0.75 f 0.06 
N -263 +0.11*** -3.15 f 0.18*** 1.10 f 0.14** 
P -I.% + 0-W -2n f 0.13 0.n f 0.06 
NP -260 f &03*** -320 f 0.10H* 0.92 f 0.02 

~ b p c m  bradieme c -13s 2 0.m -1.48 *am 050 * aw 
N -1.39 zt 0.13 -1.82 + 0.06** 0.49 f 0.10 
P -1.27 f 0.13 -1.57 f 0.09 0.31 + 0.08 
NP -1.85 f 0.15** -210 f 0.10* 0.70 It 0.10*** 

O~ratrP huaPperrmr C -1.97 1t 0.15 -242 + 0.04 0.87 f 0.09 
N -2.41 + 0 . W  -3.10 f 0 . 1 P  1.40 5 039f** 
P -1.62 f OJ4 -213 f 0.18 054 f 0.12 
NP -m i O.U -zn * ~w 057 f 0.m 

C -1.75 f 0.03 -2.22 f 0.11 0.78 5 0.04 
N -227 f 0.08* -2.97 f O.OY** 1.24 zt 0.14** 
P -1.76 f 0.17 -2.42 f 0.06 0.43 rt 0.05 
NP -240 f 0.13* -3.03 f 0.14*** 1.27 f 0.17* 

S c k e a  ntacracmga C -153 + 0.09 -1.68 f OM 0.46 f 0.07 
N -2.28 f 0.15* -238 f 0.12* 1.19f 0.12* 
P -1.77 f &12 -1.98 f 0.18 0.64 f 0.09 
NP -1.W A 0.m -232 f 0.15* a78f 0.W 

Values are means (rt SE) of three to four individuals per species and treatment. S i c a n t  effects of fertilization with respect to the contrd 
are indicated as *P < 0.1, **P < 0.05 and ***P < 0.01 (Dunnett's test). 

smaoa l  wnductaace tended to be lower in the N-fer t ikd  
tree.  consistent with total sap flow not inmeas@ in a 1:l 
fatiowi*leafareapertree.Aredudioning,inresponse 
to fertilization was also observed by Ewers, Oren & Sperry 
(2000) in Pinus taPda and by Amponsah et al. (2004) in 
Pinus contor&. Stomata1 conductance was positively corre- 
lated with total apparent soit-&leaf hydraulic conduckme 
(GJ across all species and treatmenta The slope of the 
relatkdtip between normalized g, and rmrmalized G, was 
substantially lower than one, indicative of a relatively loose 
coordination between gas and liquid phase conductance 
and of anisohydric rather than isohydric behaviour (Hub- 
bard ct al. 2001) as N avahbility varied h h d ,  the must 
notable impact of the long-term fertdhtion with N and 
N +P on plant-water relations in this study was a Iarge 
decrease in midday YL in all species 

Substantially lower midday !& in the N-fertilized trees 
implies that tension in the stem xylem was greater,and that 
these trees may have been susceptible to embolisxn 
fannation than control trees. However, vulnerability curve 
data indicated that anammid and structural changes in the 
xylem of N-fertilized trees caused their terminal branches 
to be less vulnerable to embolism than control trees Inter- 
estingly,increased resistance to e m b o l i  in branches of N- 
f e d k d  trees was achieved despite wnament  redudions 
in wood density, contrary to expectations from surveys 
showing positive correlations between wood density and 
resistance to embolism across a broad range of species and 
wood density (Hacke el al. 2001). 

Data obtained on many species (cg. Sperry et al. 1994; 
-man & Sperry 200Q; Maherali, Pockman & Jackson 
MI041 point to an approximate correspondence between 
their vulnerability to embolism and their drought resistance. 
In the present study, however, plant water balance was 
altered by N-induced changes in plant hydraulic arehitec- 
ture rather than changes in soil water availability- Dapite 
lower vulnerability to embolism in the N-fertilized trees and 
that the f-tion-induced red- in midday FL were 
almost totally compensated by increases in resistance to 
embolism, the N-fertilized trees exhibited a greater degree 
of native embolism in the early morning compared to con- 
trol treea I t  is possiMe that although was displaced to 
more negative values in the N-fertilized plants, stem xylem 
pressures ;wete lowmughtoprovoked~m0untso f  
additional embolism that was not completely reversible. We 
have recently studied the dynamic changes in hydraulic 
conductivity in leaf petioles of two savannah tree species 
and concluded that embdism formation and repair are two 
distinct phenomena with the degree of embolism being a 
fundion of tension, but the rate of refilling being a fundioa 
of internal pressure imbalances ( B u d  ef al. 2003). The rela- 
tionships between the vulnerability to embolism as mea- 
sured by vulnerabiity curve methodology and the dynamics 
of embolism formation and refilling need to be further 
examined both theoretically and empirically. 
Ihe changes in leaf tissue water relations 

. - 
caused by long-term N additions apparently were not a 
direct response to higher N availability, but a water stress 
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Midday leaf water potential (MPa) 

Rgure 8. (a).Leaf osmotic potential a full turgor and (b) symplast 
solute content on a dry matter basis (NdDM) in relation to midday 
leaf water potential- The lines are the linear regressions fitted to 
the data. (a) y = 0- - 0.44, P < 0.U001, and (b) y = -0% - 0.22, 
P < 0.0001. Values are means of three to four trees per species 
within each treatment (three leaves per tree). Symbols correspond 
to SP- =w=== llnder naogen (mh (A1 and 
N + P ( 4 ) t r e a ~ ~ ~ s ~ , C ~ ~  
b&me; O.h, 0-0 hexasp-; Q.p, Qualea prviflom; Sm, 
Scheera macrocarpa 

response to maintain l ed  wata belance and trmtgot at mom 
negative values of YL. lbus, the bulk leaf osmotic potential 
a t f n l l a n d m t n r g o r d e c h e d , a n d N ~ M m d u n d e r  
N fertilization. 'Ihe changes in NJDM indicated that the 
variations in osmotic potential represented true osmotic 
adjustment rather than a passive concentration of solutes 
resulting from lower tissue water content. Furthermore, P- 
V analyses revealed that there were no increases in leaf 
tissue elasticity for N- and N + P-feailized plans (data not 
shown), providing additional evidence that the lower 
osmotic potentials at full turgor with N additions repre- 
sented true osmotic adjustment. Living cells must remain 
turgid to be physiologically active, so osmotic adjustment 
can help to avoid turgor ks i~ leaves subjected to 
more negative water potential. The osmotic adjustment 
observed was probably the result of net accumulation of 
non-structural carbohydrates, inorganic solutes and other 

non-nitrogenous compounds rather than nitrogenous com- 
pounds because leaf N content in N-fertilized plots did not 
vary with respect to the control. Other studies have also 
shown that the capacity for osmotic adjustment increased 
in plants with increasing N supply (e.g. Bennett et al. 1986; 
Garcia, Fuentes & Gallego 19%; Harvey 1997, DaMatta 
et al.2002). 

CONCLUSIONS 

The more negative values of midday FL observed in the N- 
fertilized plots were unexpected, given the nearly isohydric 
behaviour of Cerrado tree species with respect to marked 
seasonal changes in precipitation and evaporative demand 
(Meinzer tl al. 1999, Bucci et al. 2005). In a previous study 
(Bucci et al. 2005), we found that the isohydric behaviour 
with respect to minimum throughout the year in most 
Cerrado woody species was associated with deep roots to 
access reliable soil water sources at depth, strong stomatal 
control of transpiration, a decrease in total leaf surface area 
per tree during the dry season leading to an increase in kL, 
and a tight coordination between gas and liquid phase con- 
ductance. Apparently, alleviation of N limitations. affects 
physiological processes and patterns of carbon allocation in 
Cerrado woody species in a manner that prevents homeo- 
stasis of leaf water potential. Changes in ks and g, were not 
sufficient to compensate for the relative increase in leaf 
surface area of the N-fertilized plants and for stabilizing 
xylem tension in N-fertilized plants at levels similar to those 
in unfertilized plants. It appears that with partial or total 
release from N limitations, Cerrado trees alocated propor- 
tionally more resources to enhance aboveground carbon 
assimilation and growth than to increasing belowground 
biomass Despite being adapted to chronic nutrient limita- 
tions, Cerrado woody species apparently have the capacity 
to exploit increases in nutrient availability by allocating 
resources to maximk carbon gain and enhance growth. 
The cost of inaeased allocation to leaf area relative to 
water transport capacity involved increased total water loss 
per plant and a decrease in minimum leaf water potentials. 
However, the risk of increased embolism and turgor loss 
was relatively low as xylem vulnerability to embolism and 
leaf osmotic characteristics changed in parallel with 
changes in plant water stam induced by N fertiiiziltion. 
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