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Abstract We investigated the chemistry of xylem sap as
a marker of red spruce metabolism and soil chemistry at
three lecations in northern New England. A Scholander
pressure chamber was used o extract xylem sap from
roots and branches cut from mature trees in carly June
and September. Root sap contained significanily greater
concentrations of K, Ca, Mg, Mn, and Al than branch
sap. Sap collected in Junc contained a signficanily greai-
er concentration of Mn than sap collected in September.
Sap concentration was relsted to forest location for W
and Mo Varations in concentrations of M and K were
significantly related to the imeraction of tree organ and
mieanth of collection. Varations m concenirations of P,
Cu, £n, and Fe were not aftributable o tree organ, month
of collection, or forest Iocation. Patterns of element con-
cemtration in xylem sap compared o previously pub.
lished data on soil solution chemisisy mdicaled a high
degree of homeostatic control of xylem sap chemistry.
This contrel likely represents a significam allocation of
resources within the ree energy budget.

Keywords Hoot uptake - Homeostasis - Sap chemistry -
Allometry

Introduction

XKylem sap 15 one component of the linkage between the
soil environment and iree physiology, The chemisiry of
sylem sap inlegrates soil element availababiny, ducrimi-
mation in rood uptake, and intermal element cycling. Pre-
vious research used xylem sap chemisiry as a marker of
elemenl availability i sedls of untrested forest stands
(Oeonubi ef ol 1985 Stark and Spitmer 1985, Stark
et ol 198%) and in response to fertilization (Carter and
Larsen 1965, More recent research has linked xylem zap
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chemustry of Picea abies Earst w intemal eveling of
elements as well as to soil availability (Dambrine et al.
1985,

Imterest in xylem sap chemistry has increased due its
patemtial application as a marker of tree and lorest condi-
tnom pnder differemt chemical environments. Acidic de-
position has likely aliered the chemical environment in
sensitive soils of red spruce (Picea rubens Sarg)
{Lawrence et al, 1993). Permurbations of soal chemasiry
due to acidic -Iiﬂpmt‘hm‘l ime lude the mobilization of hase
cations [Shortle and Bondiewi 1992}, reduced wptake of
essential base cations of Ca and Mg due o Al aniago-
nism {Schrider e al. 1988; Smiih et al. 1995), and de.
pletion of essential base cations from the mee rooting
zone (Lawrence et al, 1995), Physiological stress in ap-
parenily healthy, nonsympiomatic spruce was linked o
adverse soil chemi mssociated with these periurba-
tions {Shortle et al. 1997, 2000).

In some respects, xylem sap appears to be 8 seeming-
ly continuous conduit for the flow of elements from the
sl throughowt the tree. Although the flow path appears
obvious, the relative dependence of xylem sap chemastry
o sl -|‘.'|:H':r|1.|':Lr_I.r and tree metabolizm is unclear, On the
cellular scale, element uptake may be considered as pas-
sive (moving along a decreasing electrochemical gradi-
enk) or active {moving agsinst a decreasing electrochem-
ical gradient) through the expenditure of metabolic ener-
gy (Solisbury and Ross 1992). On the argansmal scale,
such distinetions neglect the meiabolic costs required o
maintsin e elecirochemical gradients as well as o op-
erate the tree system for element uptake and transloca-
tion. For example, N uptake from the soil environment
into the tree symplast requines the direct expenditure of
metabolic energy (Marschoer 1995 A Bess direct energy
expenditure is the required diversion of potentially ener-
gy-yielding C skeletons o form amino acids with ™
(Marschner 1995) ar organic complexes with Ca and Mg
(Schell 1997), Similarly, the carbohydraie supplied o the
fungal pariner of mycorrhizal rmots represends an enengy
expendinure 1o facilitate P wptake (Salisbhury and Ross
1902 Although indirect, no bess an encrgy expenditure
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Tahbe 1 Sail characioristics #t locations sampled for analysis of xylem sap of red spruces

Laoszingen Less-nn-ignitson Tutal Exchangeahle Catsm exchange capacicy

(%) g kgl {emal, kg-1}y %) i
C M Ca Mg K Al H

T sodl horizon

Wi Abrakam a5 150 18.5 21 L1F ] [ e e 23

Crawford bemch L] 4Ts | . B 0K L1 1.0 T35 148 L

Howland a4 e 1w 104 16 1.7 4% |31 L

B sl horizon

Ay Abraham I T4 4.0 0.4 LN} [iN] &4 1.0 1]

Crawford Moagh (3 T 2.8 03 (1N ] ol &0 .1 jL1]

Howland (1] 47 1.5 il 0.l ol a1 FE} L

* Tasle derived from privaouily published dats {David and Lawrencs 199%6). For case of comparison, some of e tabalar values s re-

ported with less peecizion than in the ceiginad poblication

1= represenied through the increase in fine rool fumover
necessitabed by the antagonistic binding of Al and block-
age of Ca and Mg uplake in acidic soil environments
(Shorle o al. 2000).

The ohjectivies of the curren! research were 1o evalu-
alg xylem sap chemistry as & comparative marker for the
energy required o maimain matare red spruce af three
locations in the ponhcastem United Siates,

Materials and methods

The field research ancas wore locstod m comiferous or mixed-
wod Fforests of norhern New England st St Abraham
(AT M= T2750 W, 20 m elevalon) 8 Vermsant, Crawford
BMotch (447X M=TI"2"W, K m elevation] in Mew Hesspshine,
and Howlemd (45711 N8R 43, 60 m clevation) in Mainc
Clhemsical analvies of the soal { Table 1) and il soletion heve been
previciusly pefilished {David and Lawrence [99%6) Sample collec-
tins @l xylem sap were mmed o minmmize phenological vanaion
am the various forest Incabions. Red epruce tress weleeted for
sampling were dominant or codomsingst in the casopy, 25-50 cm
DEH. s mppeared healiky, Roots sd branches wero collocted m
the gily soraing al el lecation in Fese and Seromber of 1939

and 1500, rodrts wiore hand-dug and clipped from the ot
mlu‘n Branches from the exposed, upper canopy were cot with »
pele pruner. Fau&:ﬂhﬂ;mmmmdmhnﬂum
cuil From each of 168 pad speuce, and immediately placed in black
Iﬂlﬂ#hﬂﬁl‘ﬂlﬂ-lﬂ!ﬂh‘ﬂﬂiﬂﬂ.ﬁp*ﬂn1ﬂdﬂd"ﬁin*l
of root and brunch colleciion.

Sap was extracied using a Scholssder presure chamber from ihe
proximal emds of banckes and foes S-S0 cm s lengh and
D.0=1.5 cm in diamaer i the ot in 8 procedure modifed fFom Sk
arl Spetmer (19851 Bark. phdosem, mned the vasculae cambial #one
were strippod from thee cul ond of the branch (e a lemgth of & om.
The cut end was inseried throogh a tghi-fitting rubber sopper. The
ot of benrch was pleced s the chamber and the stopper
wad filed inbo the chamber B The an end was cleinad wilh ai-
fone and porimlly mseriod w0 a shorl kngth of plastic whing. The

?qumuﬂhﬂmqﬂmmmnmmmtdlam
wns extmciod of a chamber ol
24-14 MPa n:]'l'nﬁmm CErpessune af appros 0.5 MiPa.

Sap was resnoverl from the reservor tebieg eseg 8 eyringe, Cine-
milliliber alsgpaeots of sup were sdded 1o 2 milof 01 W sirs: scid and
e e e e ey
Iyl for F, K, Cn, Mg, g, 1
plid plasma spectrmscogry. Sulferic ncid les were processad by
microk jehiabl dipestion ared analvaed for M enncentmtion.

Overall wariahdlity s elemest ¢oncemiralion in xylem sap was
caloulsied as the 2oomlkknon inlerval expressed as o percentige of
the st concentratim. The comfidence interval wis cabeulated as
e product of the SEM mahiplied by 2069, the eritical valse for
rw-nilod 1 a=(0%, 23 df.

,_:? ~transformed element concentralions in xylom sap were an-
al in & three-way ANOVA (#=24] asin CIMTIputEr pi-
SYSTAT 7.0 {5P55. Chicago, L} three Eremimesn

(ond levels for each facsor) were forest location | Moum
Abraham, C'm"l"nn:l_ﬂnﬁh, and Howland), organ (rool, branch),
and moai of collection ql.luu-:. Semember). The 2 years of colloc-
tions were ireated &5 replicate checrvations for each combinacion
of meaiment factore. The ANOVA tested the effects of the thres
muin Feibment factors, the three two-way miemctions, and the o
three-way inferaction {ooilal =235, w#ﬁll ermor =12}
To prolect the =||nlﬂr.'-mtcl from imflation due o meltiphe
comparisoes, the desired effective significance level of U3 was
dEvidial by T (the numbser pf imvalving the main treat-
mienl faciors and their interactions ) 1o ysedd the nomanal esied sig-
nificance level of 0007 (MNeier e al. 19830 When indicaied by
ANOVA, eabment means were scparated afier sdustmant for
L-;]dhre comparisans using the Beslermomsd technigue {(Meter o al.

Blemen| concenbmlions in nood xybem wire compared with
elemimt comcenirations i the soil solwtion the (b and
B horieons, i reported by David and Lawrence | 1996). Soi ﬁu—
tiens wire ohtained by expulsion from soil sem Esing podilive
air prEsUTe {Lawrence amd David 19901 Enrichmenl rabios |
exch locavion were caloulated & the mean clemen congeniestion
{unrmsformed) In moe sap divided by the concoatration in e
il soliflion. [The manchmenl s was formed the iration
sincam concentration facior™ by Russell and Shomocks (19390
The il s element concentration in ool sap and soil sl
tion scrcas all theee locations wis expressed By the mnge factor,
caloshied by dividing the highest concentratem by the lewest
H;:MIMM of gach cleseni fior the rood sap and i the soo sole-

Element concentrations in xylem sap were determined for
roots and branches of red sprece in June and Sepiember
of 1989 and 1990 (Table 2). Elements listed in order of
overall abamdance in xylem sap were: N, K=Ca=F,
Mg=Mn=Fe, Cu, Zn, Al (Table ¥). Variability expressed
as the percent confidence interval (P<0005) for eacl over-
all mean element concemtration ranged from K (214%) 1o
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Table 2 Mean concentration (M, untransformed) of elements in xylem: sap of red spruice collocied from roots amd branckes {n Jane snd

Soplember of 1985 and 159

st Chrpan Month M

K Ca Mg

| S | 550 1% |90 198% 1 5B 1980 |0 1980 600
Hoswland Foot Jung I, 164 795 43 139 1440 2080 444 470 150 251
Mo band Roo Sepbember 045 23 153 2l& 1490 2470 41 EBAl ay 47
Hoswtand Branch  June 1,243 1194 1%7  3ii 1,830 2,220 157 15] .0 1a
Hoewland Branch ] 78T 1,350 115 |50 Lo 1,130 135 157 45 49
Crawfiond Koot lung | .B50 2333 % |72 1,740 1,010 574 as7 1 35 212
Crawford  Roal Ber %86 3364 Pl L7020 B&D 5% s SR | T
Crawford  Branch  June 1570 1713 1 281 1510 1,400 T 1K2 o5 L]
Craword Branch  Sejember BRGE 1004 165 |64 1,058 B (r.x | 14 45 el
Abraham Riun June 252] 5758 168 340 1,740 1,780 (22 ] 476 (L] 27
Abraham Rooi Seplember 1,710 1L5B6 3y M3 L5 2.260 sl 411 T 148
Abrsham  Branch  June hoed 4647 141 313 1,30 1,560 24 2% 61 B4
Abraham Branch Etptnnbu- 1450 2009 I 374 1, 1060 132 172 432 =]
Chverall menn: % confidence inlerval 21622 205 1§ LA 14 3%4: 25 128; 24
Losative Oepan Month in Fe Cu ¥l Al

1969 [ i] 198G |GGG 198% 1990 [eEa  1oop 1989 1960
Howaland Rt Jung 53 A & (i L] 58 4.6 6.7 1.5 ig G2
Huswiland Root 20 57 1B P T8 7.9 4 g2 ] 185
Hevwwland Brapch  June 4ir 44 | I 5.2 28 52 7 T w7
Hewland Branch Seplsmbher 1% | 05 2 17 6.l 2.1 B.b 4.4 [ K]
Crawfomd Rood June a2 115 1.1 oy 4% L nE 12.4 ih 10
Crawfiond Koot Seprember 108 ™ 1.8 2 15.7 4.7 IE I [14] 1.1
Crawiom Bramch Jung 54 44 |.B 22 26 .8 7 12.7 12 il
Crawiinmd Brarch September 212 12 or 09 4.7 2.7 33 24 4.1 11
Abraham Rt Jung: 240 132 .4 44 323 o T4 0.4 1.1 | TE
Abraham Roan 172 L I.E [ 19 fi.3 92 6T 1 i
Akruham Bramch  Jume BT Hd L.x 149 G4 7.2 14 4.4 7 a1
Abmaham Bramch 47 L] a7 12 63 47 1.6 4.6 4. 7
Chverall mcan: % confidenos inberval® T3 5] |.&; 26 B.9; 1% 7.4: 30 i |

1 The overnll mezn was the
calculated as the SEM mulipl

Cu (+33%) with a mean of £24% scrois all elements.
Concentrations of M, K, Ca, Mg, Mn, and Al in xylem
sap were related fo one or more of the treafment factars
of fores localion, (ree ofgan, ar the interaction of tree of-
gan with monih of sap extraction (Table 3). Vanations in
concentrations of P, Cw, Zn, and Fe were niot anribuiable
ber iy of the mam reatment ficlars of their mierclions.

Root sap contamed significantly higher concentra-
tipns of K. Ca, Mg Mn, and Al than branch sap
[ Tables 3, 4). Sap collected in June contaimed significant-
Iv higher concentrations of Mn than sap collected in
September {Tables 3, 4}, Location significantly affecied
the sap concentrations of N (Mt Abrhom, Crawford
Mowch>Howland) and Mn (Mt Abmbam>Crawbord
Motch=Howland) (Table 4%, The mteraction of tree organ
with the month of sap exiraction !lgnm.:a.nﬂj' affeched
the comcentrntion of N (hme branch, September
root=September branch, with Jung rool sap being inter-
mediate in W concentration and not significantly differ-
enl from sither group) amd K {Sepiember root=Tune root,
June branch=September branch) { Table 4}

Enrichment ratios were highly variable, both among
glements at & given location and among locations for a

concemtration of each elesvens across all replicmes and blocking facsors, The comlidencs mterval was
b M the contical Twao-tniled r-siatistic o=0005, =23, eipressed a3 o porcomtage of the mean

given element (Table 5). For bodh the Oa and upper B
=il horizons, enrichment rmtics of N followed the order
of Howland=Crawford Motch=Mi. Abraham, Enrichment
ratios af Ca, Mg, and E were usually n the reverse se-
guence, Al was largely excluded from the root sap at all
three locations, Beoween locations, element concenira-
tions 0 ke sail solwion (Table 5) ranged frem a factor
of 2 (Al) to a fector of 11 (N, Cal, In rool sap, element
concentrations were highly conserved with N having the
greatest range factor of 2.3,

Discussion

We infer that the narmow range of element concentrations
imdicaied a high degree of metabolic conirol of the min-
eral constituents of xylem sap. Across the three forest lo-
cations, the bigh range factors in the soil solution [de-
rived from David and Lawrence (19946, the low range
fackors in the root sap, and the wide range of rool &p en-
richment ratios suggested substantial physiclogical m-
vestment in homeostatic control of root sap chemisiry.
Specific bomeostatic levels are likely to vary with re-
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Table 3 ANOVA of the log-transfommed element concentrations in kylem mp of red spruce as affected by forest Jocation (Maoung Abra-
kam, Crawford Motch, Howlend), organ (root, branch), or month (June, September) a " Gl

Source

F Pafu Spurce i F =

M Mo

Location 2 .46 <11 Locstios 2 Hohd LRI
Chrgan [ £.04 (] Organ | 1140 <000}
Ponth i 53T 0.0a% Bioah | 1504 {10z
Locarinnsragnn 1 212 163 Locations=organ | 255 L0k
Lioscativnsmonih | 3,00 HE Locationxmanil i 0.3 015640
Cregansmanih 1 Hi.nd LU | Oirgansmanth 1 1ES 0, 77%
Loctivn=organsmani ) 1.9% LM Location=organ<month 2 046 0.76%
Fmis z Errar 12

3 Fe

Loscation | 169 LT Location 2 0.%h 0449
Crgan 1 <1 0032 Cirgan 1 20 il fribés
Manih I 1.34 0,265 Month 1 .42 0257
Lecatinnxorgun 1 (143 1h65S Locationxorgan 1 LI (L
I.uc.ﬂ:umxlnlinl:h : l].llai (kERS Lcation= il 1 1.7 {1211
Chegansman 4,83 [T Drgarsmanth | 570 TR
Location=cegansmanth Fd LN 341 Lncationxorgan=<month b | a2 {1415
Erroe 12 Ermar 12

K Ca

Lesczatinm 2 .16 RAG Location 2 (LR 1432
Cirgan | 2. <1111 Cirgan | .47 {1,24%
Manth | .03 LIRS Blomith | (AR {1362
Lcatinascegan | 431 0ag Liscationi=organ i .44 {657
Locativn=month | 1.7 2 Lncatioacananib 1 A 1.0k
Chrgan=manth 1 asnT <1 ()] Cirgam=mamib | (.44 {.4503
Locationscagnsmeonth 2 0,34 ] | Lucations=organ=momth 2 258 T
Erroe 12 Error 12

Ca &n

Location 1 11,34 (5540 Locaiion 2 249 {125
Oz I 0. 5l ofl | Cirgen | 1.4 TR
Wonth | i it Mamily | 17 {L&5H)
Lirizati omiomgan | 208 l&T Lecats | 2.84 s
Locmivspomonth | {hla 0453 Lesalsom=month | .33 {L.Tha
Orgasocmnngh ] f. 49 (N Cirgam<month | 1,74 Loe7?
Locaticmxangam=month F 41 &6TE Lecatmmxorgan=manth 2 1L.XT mINs
Errar 13 Errar 12

Mg Al

Location 2 oia OATSY Iézl;mm z 212 I].Iﬁg
Oirgan I 1515 <AhHI i | 15.18 (L]
Momih 1 &2 [T Manth 1 | .55 m2%3
Location=organ 1 n&2 0553 Loabin=orgas I 02 (LR
Locasm=mornih 1 Cudd &Rl Locabion=monath | 1.0 0E4d
Cirgan=mosith 1 444 fih Cegan=mosth I 1m 0avs
Lican<orgun<moeih 2 1115 LR 1] Locatinn=orgasc<month 2 .16 [RE2 1]
Error iz Error [

# The desired significance level of P20U05 was prodected from inflatkon dus o mubiple comparisons by lesting 31 the nominal P, W7

spect o tree maturation and
1990; Kazda and Weilgony 1988; Stark and Spitzner

1985).

The larpe differences among locations in enrichment
ratios for a specific clement strongly contrast with the
lowr range factors in rood sap. In the Oa soil horizon, for
example, Ca ennchment ratios varied from 4 1o 41 versus
& range factor of 1.3 and K ennchment varied from 11 to
B4 versus a range factor of 1.2, These contrasts show the
plasticity of tree response to varying s0dl element concen-

phenology (Glavac et al,

tratioms to maimtain homeostatic levels in xylem sap.

M oand K were the elements found in greatest concen-
irations in xylem sap. A significantly reduced N concen-
iration in branch sap in September may indicate removal
from the sap and seasonal storage of N in roots and stem-
wind. Concentrations of K in the ropt sap were highly
conserved with 8 ronge factor of 1.2 compared wath a
range Eactor of 7 in the soil aolution. The greatest concen-
tration of K was in September root sap, perhaps reflecting
p seasonal decrease in loading of the symplast, Removal
of K, Ca, Mg, Mn and Al along the sapstream from rools
to branches indicated net uplake into ihe symplast, bind-
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Tahle 4 Sipnificamt ¢ffiects of location, ongan, ssd mosth of colbection on mean element conceniralioes im red spruce svlem sapi

Element Comparison Mean concentration (pMaSER
M Location Howland, 1,186=114 {a); Crawford Notch, 22382327 (b Mt Abmaham, 2, 9234366 b
Crrgansmonth BrancheSeptember, 1,248:190 {a) roobune, 20684432 (ahl ront«Sepsember, 2,476 160 [h):
hranchsume, 24732553 (o) e =
K Crrgan Branch, | 3446114 (a); root 200HE140 (B}
rrganementh BranchxSepiember, 1,005242 (a); banchxlune, | 63%1%2 (b): root<bune, |, TE2LET (hi;
o x Saepbember, 3 19E£H2 (o)
Ca Chrgan Branch, 205424 (a); roof 568252 (&)
Mg Cirgan Branch, 6647.3 (a); roor 19k14 ()
Adn Lowation Howland, 37460 (o}, Crawfond Motch 65412 (bl ML Abmaham 115423 jc)
Oirgan Heanch, 4673 {a); root, 100815 {b)
Wt September, 59414 (a); June, 3616 (h)
Al Chgan Branch, 6.60.T {a); roos 18£1.1 (k)
* hieans were by ANOYA of log-transformed valwes " For esth i ] followed 1he i
(Table ) followed where sppropriaie by ihe Bonberroni {in parentheses) are mﬂn::lﬁlc:'ﬁllj ifTierce ?Mﬂmm

dure, MNon-ransiormsed means (and SE) are desplayed im this tohle

tor meulviple compsrisons)

Table & Mean element concentrations (uh} and enrichment ratins® of soil solutions® and reod sap of red sprsce

Element  Maount Abrsbh, Vermosi Crawfond Moich. New Hampshire  Howland, Maine Ao all localons
Soil Ron  Enrichment  Soil Foot  Enrichment Soil Rowt Enrichmemt  Range factor
solution  sap  mtio soluson  sap  atio galution  sap  ratio :

m— fell Koot
Oa B ia B (a B {ha A Oa B s B solulion =p
0z B

hid M 14 2599 121 MW I & J4ED 223 447 2 1,107 147 sl in 13

Ca i3 8 %4 4l T a4 14 an 143 43 504 4 12 N 3 1.3

Mg 15 4 M3 43 X 4 19 T 43 32 3 1 3 W k 13 =l

K o0l 208 B4 IR® 47 0 ENI2 4 13 IT 14 1870 11 1% 7T 14 13

Al H o 12 04 B4 20 Y % 04 03 H U 1] B o5 2 3 1.3

" Emmichment misos were calculoied as the mtio of the mean con-
cenration {unmansiommed) of esch element in the root sap divided
by the concemtration in the organic sml salution as reporied by Da-
vid aml Lawrence [ 15%94)

* Element concentraiims in O snd B horizon il solulions as re-
perted by David and Lawresee [ 159948)

ing to wood cell walls, or precipitation of the elements.
Although beyond the scope of this investigation, the flow
of Cn {and to & lesser exiend Mg) m the sapstream could
be affected by greater amounts of cell wall material per
unit volume of xvlem in slow-growing trees (MeLaughlin
aiedl Wimeser 1000). Highly localized differences within
the sapstream redox and electronegative environment
could affisct the binding and flow of Mn and M,

Variation in some of the essential elements was ot sig-
mificantly related to location, organ, or month sampled
Vanmation in P was conserved (21 8% of the mean value}
which does suggest metabolic control of xylem sap con-
centrmbiens. Concentrations of Cw, Zn, and Fe vaned more
widely; although essentinl, their levels werne likely o be
well in the mnge of pliysiological suffi-ciency.

True differences in xylem sap chemistry were not
likely o have been masked st the relatively low over-
pressure (maximum of 0.5 mPa) applied 1o the sample

 The range factor was mboulated by dividing the highest concen-
eraticn bn each sodl solwtios and oo eap by the lowess congentra-
tion acrass all three locations. High values indicated a wode mange
of conceniralicns neross locations and a value approaching | imsdi-
cated little varigios in conceniration scross |ooalsons

“ 0 concentration in the soil sobmion was calcwlsed as the sum of
MOy~ and NH N

rits and branches (Berger et al. 19%4; Osonubd et al,
1988}, Enrichment ratios were not likely to have been bi-
ased by transpiration rafes in that xvlem sap concenira-
ticns were i of ilion rales {Berger
et al. 1994; Kazda and Weilgony 1988) and that bulk wa-
ter flow was not likely 1o have varied greatly acrods lo-
cations due 1o similar sample dming, free size, canopy
position, and organ water potentials.

Prenzel {1979) descrnbed element uplake by tree roots
a8 comsisting of positive and negative discrimination rel-
pirve fo transpirational water uptake. Both positive and
pegative discrimination involves the expenditure of met-
aholic energy. Obviows energy-requiring processes in-
volve proton export for exchange with essential base cat-
ions or the formation and operation of membrane-bound
pumps, Less obvious 1% the muntenancs of fing roots,
ion exchange sites, transporl proteins, channels, and
gates that facilitate jon upake. The uptake of NOy~ im-



medintely invalves the amination of C skeletons, remoy-
ing organic acids from energy-yiclding respiration, The
release of organic acids into the sapsiream and the for-
mation of organic complexes with Ca and Mg may be a
mechanism 10 control concenirations in xylem sap
{Schell 1997). Metabolic energy is also required 1o main-
tain the pH gradient that precipitates Al oul of xylem sap
through precipitation in the root cortex as well as 1o pro-
duce new fene raal tips to aot as flters for Al amd Fe.

The hagh enrichment ratios for Ca, Mo and K ar ML
Abraham suggest that the trees ot that location are expend-
ing @ preater amount of encrgy for elément uplake than at
Howland and perhaps Crawford Noich, The high ALCa
molar ratio of 2.5 in the soil solution at Mt Abraham
compared with a ratio of $.4 st Crawford Motch and How.
land also suggest that maintenance of uptake of potentially
blocked Ca and Mg may requine additional energy expen-
diture through the added production of fine roots. The
abundant M in the Mt Abraham soil solution may initeally
result i a reduced encrgy requirement for N uptake, vet
lead b an increased allocation of energy in the form of or-
pamic acids for subsequent amination

The concept of homeostatic contral through ree hial-
ogy provides a powerful explanation for the apparent
lack of relationship between soil chemistry and tree ele-
mental composition. The energy demand to maintain ho-
mensiasis of aylem sap composition is likely 1o be an
important allometric component in free survival, This en-
eryy requirement for homeostasis is likely 1o be integral
for tres resource budgets as has been outlined for energy
requirements for tree growth smd defense (Herms and
Mattson 1992; Loehle 1988}, Arguably, irees with ne-
discex energy availability duse 1o pest and pathogen attack
and other adverse environmental conditions are likely o
allocate a larger proportion of compromised resowrces to
minintain bomeostzsis at the cost of decreased growth
andl reduced implementation of nducible defenses.

Far (rom being a continuous aguiler with the ol so-
Tation, the chemisiry of xylem sap reflects a dynamic ho-
meostasis that resalts in comparatively conserved con-
centrations af mineral elements. While xylem sap analy-
sis has only lmited wility as a marker for soil chesnistey,
the comparison of xylem sap chemistry with soil chemis-
iry can yield information on the likely metabolic burden
placed on irees in varying chemical environments.
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