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‘Abstract

‘The native plant community'established on a site of
low soil pH (4.1 to 4.4) and high CaCl, éextractable Al
(25.5 ppm) -near Buffalo Head Prairie, AlbertaIWas

described. Betula papvrifera Marsh. was selected, as the

‘dominant species, for assessment of Al tolerance limits in

-

comparison with members of the same species originat}ng

from a'site near Devon, Alberta on soil of pH 5.1 to 6.2

-and CaCl, -extractable Al = 0.0 ppm.- The Al tolerance

-

mechanism of these native plants, and its intra-specific

~variation, was' investigated after formation of the

hypothesis that Betula papyrifera originating from sites of

‘'high plant-available Al might exhibit greater Al tolerance.

In root elongation ekperiments,'Buffalo Head Prairie
plants showed significantly greater‘growth in,lOO and 150
ppm Al treatments than. dld Devon: plants. Root morphology

was unaffected ln;elther populatlon after 14 days’ growth

in the presence of 25 ppm Al, however 100 ppm treatments

1nduced classical cora1101d root morpfology in both. The

‘frequency of mitotic figures in root tip smears of both -

populations decreased after 24 h in loopppm Al.

Foliar Al levels were found to be in the order of tissue.

Al concentrationS‘of crop plants. Dianeter ClaSS‘WaS noted

iv

!



to be a variable in stem Al concentrations. Al .
concentrations in leaves, stems and catkins were
significantly higher in Devon plants for neafly all

diameter classes. Energy dispersive‘énalysis of X-rays

revealed that roots grown in the presencelofgioo ppm Al for

14 days had levels of Al in their cortical and vascular

L] - -

tissues well above those in controls. .In experiménts with

excised roots, Devon plants were shown to adsorb twice the.

amount of Al (7.0 ppm) as Buffalo Head Prairie plants, as

~calculated by difference after distilled water and LaClj

g
washes. i
fn 8

Betula papyrifera is tolerant of high levels of soluble

1

Al through\a mechanism not involving complete avoid?nce,
nor Al accumulation and sequestration. Differential

- tolerance within the species was observed.
N lQ : .
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CHAPTER T .
INTRODUCTiON
) :

Anthropogenic acidificaéion of- the environment has
attained a high profile over the past several deéades; an
e*aﬁple being the concern over acid rain'(Likens et alq;
19%9). Cbupied with acid‘deﬁbsition is the bhenoménon of"
soil acidification leading to‘decteased pfoductivify of
agricultural laﬁd and ﬁatuggl vegetétioh. Smelter and
’indgstrial plant—derived'péllutant stresses including
'sﬁlfur dioxideL sulfuric_a?id,-and heavy metal ,

. aCcumulation administer severe_?ioloqical effects 1in
industrial areas (Freedman and.Hutchénson, 1980) by
creating conditions of low soil pH and high toxic ﬁetal_
;éoncentréfions. Concern over soil acidification has focused.
the atfention of this study on naturally acidic siﬁes,
their native.vegetation, and the ability of-native plant-
Species to tolerétg st;ong subs&il‘acidityland its
potential for associated high levels. of soluble éluminum.

Recent interest in research on aluﬁinum_toxicitﬁ‘has
"been prompted.by an increasing number of'reports of forest -
deciinevin eastern North America and Eurdpe (Ulrich, 1980;
Scott et al., 1984; van Breemen, 1985). Ulrich (1980)
postulated tha£ thiSYQecline is attributak. = inc» :asing
iévgls of soluble aluminum secondary to soil acidification
by acid deposits. Particular concern 6vervforest decline

0
v
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2
has focused on tree species (Stéiner et al., 1978; Schier,
1985; van Préag ét-al., 1985; Cummihgs et dl., 1985, 1986;
Hutchinéon et al., 1986; Thornston et al., 1986).
Soil acidity generally redu@es rooting gepth,
. increases susceptibility to dfought, and decreases nutrien;\
use (Hewitt, 1952)..Hydr9gen ion concentration .is
determined by a number of fadtors including soil—pareht
materialkwtype of litter, and soil microbial: populations
(Lodhi, 1582). Decreased pH may result in replacement of
cations ih ‘the hu@ig—clay exchange complexes 6f the soil by

Hf and ALY such hat nutrienté are leached to lower

horizons (Likens et al., 1979; Lodhi, 1982).
Early Studies of Aluminum Toxicity

The togic:fesponse to Al oqlplants grown on éc{d
soils has long been :investigated due to its @%bortance as
a growth-limiting factor %or plants of agricultural
importahcé. Hartwell and Pember (1918) were first to
d%sgover that Al was of ﬁuc;.grea%ﬁr significahce than
hydrogen ion‘cbnqentrauicq as a toxic factor affecting
barley growth onAécid 71ls. Deleferious effecﬁs are
particuiarly evident in soiis below pH 5.0, but can occur
at pH 12veis as higg,%§ 5.5 (McCart and Kamprath, 1965;

Foy, 1974). Severe toxicity may result as Al'solubility

increases such that more than half the cation exchange



~ - ]
sites in the soil are occupied by Al (Evans and Kamprath,
-970). At these low levels, Al is present almost entirely
as the free trivalent ion, precipitating out.as hydroXides
as the;pH rises éo appear .again inhsolntiow as_aiuminatef'
under alkaline conditions (Magistad, 1925). Al solpbility
in soils is also determined o} the type og clajéninerai,
concentratioﬁ of other cations, total-salt concentrations,‘
and organic matter content (Foy, 1974).
The existence of Al in extracts of acid'soils was

first observed by Vietch (1904). Early plant physiological
‘work_(Ruprecht; 1515; Hartwell'and Pember, 1918)

illustrated the-toxic effects of Al on crop plants. Both
%Fhlbltory and stimulative effects have subsequently been
cited, and the related phys.ology.extensively rev1ewed
‘(Foy, 1974; Foy et al. 1978) Al is generallg regarded as
-a nonessentlal element, yet contradlctory reports have been
cited (Stoklasa, 1911; McClean and Gilbert, 1927; MacLeod
and Jackson; 1965; ‘Hackett, 1962, 1967; bios and Broyer,
>1962). For.example, Paterson (1965) reported that 0 25 to
O.deppn Alsstimulated growth of young corn plants in
Hoegland’s so%ution. Bér&rand andldewOlf (1968) concluded
that Al 1is actually required bxrcorn, leading to its

j .
designation as a dynamic microelement.

~



Symptoms, Physiology,3§hdjsiochémistr§
Plant symptoms speqific to Al toxiéify,afe usuallyU>
manifested in disrupted root cell division (Fleming and

Foy, 1968; Clarkson, 1965, 1969; Reid et al., 1971),

-

inhibition of calcium_gptakejand utilizétion (Paterson, -
1965;’Lén§e and:Péa;séh, 1969j;élérksoh'and Sanderson,
197if, andgiphigiﬁionvof ﬁﬁbsphéfus uptaké‘and utilization.'
(Foy and Brown,'i963, 1964;'C551536h; 1§é4).f¢larkébn éﬁaI
Sanderson (1971) found Ai neuﬁralized'or‘revérséd the: 
negative charge on the pores of the free spécé, thusﬁ?
reduéing their abiiity to bind Ca. Bofh Al and P aécumulate
in a variety of plant roots, and it has been |
'ﬁypothééized that internal precipitétibn"of‘aluminum‘
'phosphate accbunﬁs fbr reductibn;bf P transport to shopts
(Wriﬁbt, 1948; Wright and Déﬁahue} 1953). Foiiaf symptoms
may be present wiﬁth deficiency leadingAto formaﬁiqn éf
stunted dark green leaves, purpling of étems, leaves and
veins, ahd yellowing of leaf tips. Sympt?ms méy also
resembie Ca déficiency with its ché?acteristic curling of -
young leaves and cofiapse of plant apex and ﬁ%tioles (Foy
etjalé,’1978). Inhibition 6f root.cell division gives roots
a'chafacteristically coralloid morp' logy with the absence

+ of fine branching (Fleming and Foy, 1988® Clarkson, 1969;

Reid et al., 1971).

-

Al is known to increase the viscosity of protoplasm

L
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ahdlto decrease overall permeabi ity to Sélts,.dyéé; and‘o
. watorA(Stokiéso,;;91l;~Mc¢i¢an and Gilbert, 1927;‘Hoeflor,;
1958;5Aimi and Mufakami,‘1964).isuoh findings are
‘attributed to crosslinking of adjocent protein‘moleculésr
S ‘ - i
(Clarkson and Sanderson, 1969) and crosslinking of cell
" wall pectins in the middle lamella (Rorison, 1958). At the
cellﬁlar ievel, AI has boenfimplicated in causing :
inhibition of root cell division and subsequenL elongation
(Rios and Pears» 1964; Clarkoon, 1965). The latter workogi-
'-showed that cessation of root elongation in onion exposed
to 16'3 to 10”2 M Al was closely correiated with the
_ disappearance of mitotic figures, and Cla kéon and
~Sanderson {1969) hypothesized that Al blodked the mitotic
cycle during,interphasé,iFiéming and Foy (1968) observed
bionucleate cells in the mefistematic.regions of Al-treated
wheat root tips. Al has been observed to accumulote'in the
nuclei of some.injured'plants (McClean and Gilbert, 1927;
Aimi and Murakami, 1964). From here, it may reduce DNA
synthesis (Clarksoh, 1969) thfgugh crossliﬁkihg of polymers
Whichocould increasé the rigidity of the double helix
(Clarkson and Sanderson, 1969); Sampson et.al.,u(i965)
found Al treated plants synthesized a metabolicaily
unstable DNA of unusual base composition, whiie'Woolhouse
(1969), and Klimashewskii and Berezovskii (1973) fouhd Al
inhibited acid phosphatase and ATP-ase activity. thaooet

‘al. (1987) report that Al3* and ca?t alter membrane



permeability, listing architectural changes in membrane

lipids.
P ‘ Differential Tolerance

Wide ranges of tolerance to Al have been reported for
dlfferent spec1es and varletles w1th1n spec1esv Again most
efforts have focused on crop plants. Cranberry is a highly
tolerant species requiring addltlon of 150 ppm Al to
nutrient solutions (pH 3.5) for reduction of shoot groch
(Medappa and@Dana; 1968).-A1fa1fa and cotton are
particularly'sensitive, with injury occurring at levels of
0.5 ppm Al (Rios and Pearson, 1964; MacLeod and Jackson,

- 1965). Studies of the genus Agrostis showed A. stolonifera

to be injured at 5.4 ppm Al and A. canina at ‘10.8 ppm,
while A. tenuis was unable to grow at a concentration of

43.2 ppm Al to which A‘ setacea was tolerant (Clarkson,

i

1966) . McCormr\F and Stelner (1978) observed the relatlve

A

Al tolerance of 11 tree species, finding a Populus hybrid

~clone and Elaeagnus umbellata to be sensitive to 10~40 ppm

Al, while Alnﬁs glutinosa, Betula spp., Pinus spp.,oand

Querous spp. were tolerant to concentrations as high as 160 .

+
ppm.’
Differences in. tolerance among varieties are cited

_for snapbeans (Foy et al., 1967); Naidoo, 1976), rice

(Ota, 1968), wheat and barley (Foy et al., 1965a, 1965b,



and 1967, Maclean and Chaisson, 1966), aligl'f~ (Ouellette
and Dessureaux, 1958), potatoes (Lee, 1941), peanuts, ii
(Adams and Pearson, 1967), and perennial ryegrass (Vosé snd'
Randall, 1962). Steiner et al., (1980) fouud that
.provenancés'of’paper birch throughout NorthlAmerica
differed significantly in root elungation after exposure to
120 ppm Al. ' | |

While the exact nature of.Al toxicity has not been
elucidéted at ths biochemical and physiological levels, and
may not involve avsinq1é}metabolic prdcess, several
properties a#tributed to differential tolerance have been
summarized (Foy, 1974). Greater Al tolerance in association
with the abilityito continue'root’elbngation and resist
morphological dsmage to root tips was postulated for 'Atlas
66’ wheat in coméarison to the 'Monon' variety (Fleming and

\-
Foy 1968), and in sugarbeet cultures by Keser et al.

(1977) . leferentlhl planL 1nduced pH changes in the root
zone may also determlne tolerance capabilities. By raising
the pH in the vicinity of the root, tolerant plants may
decfease Al solubility‘and subsequent toxicity (Foy et al.,
1965a, 1967; Sugramoney_aud Saukaranarayanan, 1964 ; OtSuka,'
1968). Whether pH adjustmentsvare a;primary cause of
differential tolerance or simply the result of diﬁferential
g:owth under Al stress is yet unclear (Foy et al., 1978).

Aluminum uptakeand tfansport have also been

postulated as processes involved in differential tolerance

{



mechénisﬁs:‘steiner et al., (1986) found fb;iar Al
cqncentratibpé to be s;ightly higher in Al -sensitive
-provenances oﬁ paper birch than in tolerant provenances
indicating‘that foliar elemental concentrations are only
remotely invo}ved in'the.actual £olerance of this species.
Abil;ty'to-absorb and utilize other nﬁtrients.sucﬁ
as ca, P, Mg, K, and Si in the presence of Al has also beén
postulated as a géneral tolerance mechaniém leading to
.differential tolerancé;.oﬁéilette and Dessureaux (f%BB)
found that Al-tolerant alfalfa clones retained higher

concentrations of Ca and ‘Al in their roots than did

sensitive clones. Al-sensgitive wheat and barley varieties -

- were shown by Foy et al., (@967) to be more suscebtible to
ca deficiencies than tolerant Qarietiés'after additibn of 3
ppm Al, with Cairetention\zhlféps éf Zé%lversus,97%.
Hartwell ané Pember (1§iéy:fi{st suggested that
observed P deficiency symptoms in bé:ley shoots might be
due to internal precipitation of P by Al. Work in sﬁpport
of this theory was cited by Wright (1&435, Wr;qht and
Donahue (1953), Radmussen (1968), McCofmick and Borden
(1972, 1974), Naidoo (1976) . Waisel et al., (1970) have
<~ presented contradictory7results. Differentiai Al tolerance

credited to P utilization has been reported-for buékwheat‘

" and barley (Foy and Brown, 1964); Deschampsia flexuosa

(Hackett, 1967),.Agrostis spp. (Clarkson, 1966a), barley

(Maclean'ahd Chiasson, 1966), and wheat (Foy et al, I&&SA
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.1967) . Ouelletﬁe:and Dessureaux (1958) found that aluminum

fphoéphate precipitation was not at the heart of Al ¢
sensitiVity in alfalfa cl;nes. |

With regard to capacity for P utilization in the
presenpe of Al, and subseéuent aifferential tolerance,
chelation mechanisms have been evoked.(Drake and Steckel,
1955).\Aluminum.was found to &ffect both 32p and K

¥ .
utilization in Red Spruce s®wedlings (Cumming et al., 1985,

1986) . Naturally occurring organic acids have proven ¥
effective in prevention of Fe and Al preqipitation

(Struthers and Sieling, 1950). Acid tolerance and citric

acid content of roots have been positiﬁely correlated in

some plants (Chamura and Koike, 1960), and Clarkson (1966).

found that cationic Al, but not chelated Al, inhibited cell

division in Aqrostis stolonifera.

©

Ecological Considerations
Plant response toMAl‘has received littlé'attention in
an ecological settina (Clarkson, 1969). Studies of Al
tolerance in some naﬁive Al-accumulating specieé include Hu “
et al., (1957), Mooman et al., (1957) , Hess (1963) and
Medappa and Dana"(1968). Resistance in these plants appgars
to be related to prevention of Al from reaching critical |

metabolic sites (Turner, 1969).

fClarkson (1966) undertook a significant investigation’
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of Al tolerance in 4 species of Adgrostis common to soils of

different pH and exchangeable Al. A. setacea originating on

" the most acid soil, a sandy pébdsol (pH 4.1), -showed

greaﬁest lolerance. It was-noted‘that sinde,A. canina and
A. tenuis have a wide distribution on acid and neutral

soils, one might expect natural selection to produce

populations of differing'Al tolerance, however seed was

collected for each species from only one site so that this

parameter could not be assessed. Further to this, Snaydon

and Bradshaw (1961) have shown edaphic ecotypes to be

pr2sent within species of populations on different soil

A . . .
types. After discovering-Betula papyrifera to be tolerant
of high Al concentrations (120 ppm) (McCormick and
> ’ .
Steiner, 1978; Steiner et al., 1980) examined differential.

Al response of paper birch provenances from locations in

the U.S. and canada. Al treatménts elicited variable

~ response as determined by foot elongation and uptake of Al,

<
Ca, P, and other elements such that tolerant and into_ :rant
provenances could be defined. It was tentatively concluded

that provehahce§ from central and eastern'portions of the

species’ distribution display gréatest,Al tolerance.

Deleterious effects of Al are known for ‘other tree species

‘including Sugar Maple, Red Spruce and Balsam Fir (Schier,

1985; Thornston et'al;, 1986) .

&
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Objectives and Experimental Design

_ It is well established that Al toxicitv is limiting
to plant growth on acid soils, thus persistence of
vegetation on naturally acidic sites implies inherent

tolerance mechanisms.

The objectives of this study were to:

1. describe a plant community established on acid
soil (high soluble Al) and examine some
ecological interactions.

2. select a dominant species (Betula papvrifera,

L Marsh. ) and define its Al tolerance limits 1n
comparison to plants of the same species
originating from a site of more neutral soil pH
(low soluble Al). —

. 3. investigate the general tolerance mechanisms of
these native plants and their 1ntraspec1f1c
varlablllty

With respect to heavy metal tolerance mechanisms,

Ll s

Antonovics, Bradshaw, and Turner (1971) have postulated
differential uptake of ions, and removal of ions from
9

metabolism through vacuolar deposition or transformation
»
into an innocubus_form. Similarly, native plants could 1i)

avoid absorption and transport of Al, or ii) resist
. . ¢

toxicity by sequestering the ion intracellularly. These .
poStﬁlates, injconjunction with the above objectives, were
I : : : o
tested as outlined in Fig.1l.



I. Assessment of Al Tolerance Limits

Parameters Assessed

A. Root elongation
B. Abundance of mitotic figures
C. Root morphology

e

Differential Tolerance : No_edaphic ec

I

otypes
nor plasticity within
- genotype

N

Be‘ula from high soluble-aAl Betula from high and
site is tolerant = - low soluble Al-

site is tolerant

II. Assessment of General Tolerance Mechanisms

Parameters Assessed

A. Al concentration in aerial plant parts
B. Root affinity for Al ion
C. Cellular localization of Al

|
| | IR

Avoidance of Al toxicity . Resistance to Al
by exclusion toxicity

v,

1

Fig.l. Overview of the'experimental design.'.

12



/CHAPTER II

DESCRIPTION OF THE STUDY SITES

Location

- é\
In selecting an undisturbed plant commdhity tolerant.

to the injurious effects of high plant—availab;e Al, the
study of Hoyt and Nyborg (1971) was reviewed. This work
déals with the addition of lime‘to_a field near Buffald'
Head Prairie, Alberta, in which'séil acidity and soluble Al
inhibited érowth of crop plants. .Upon sﬁrveying tne area, a,.
unigue plant community wastapparent adjacent to the test
plots set out in the earlier study. This site was examined
intensively in terms of edaphic features, and'vasculaf
'planf species énd their ecological'interact;ons, as
described latér in this chapter. A reference site was later
selected at the Devonian Botanical Garden near Edmonton,
Alberta. _ }
The‘Buffalo Head Prafrie study site is situatéd 5 km

NE of the townsite, west of the Buffalo Head Hills at
5803/N and 116°16'W (Fig. 2)1 Much of this area is‘néw‘
farmed, leaving isolaéed woodlots as seen in Plate 1. The
t0po§raphy,is that ogﬁh‘levei”lacustrine plain at the base
of'the-Buffaio Head Hills.
S

13
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Figure 2. Location of th& Buffalo Head Prairie study site
with low soil pH and high soluble Al.
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Plate 1. The study site at Buffald Head Pr}i‘f\j{\ Alberta.
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Thé reference/site at the Ungversity of Alberta
Devonian Botanic Garden was selected after Betula
papiii%éraawas found to be the domiﬁant vascular plant
species at the Buffalo Head Prairie site. The location at
the Botaniq Garden was’partiéﬁlarly well-suited fdr
providing plant material for' comparative physiological
studiesvof limifs of Al to%erance, and tolerance

mechanisms, due to its near neutral soil pH and dominant

cover of Betul; pap&?&fera. Thé»Devonian Boténic Garden is
situated 23 km SW of Edmonton off Highway 60. The-referencé
stand was located in the Betuletuﬁ adjaceﬁt to the Forest
Ecological Reserve in the SW corner of the Garden, on a 159

slope of N-NW exposure.
Climate

Continuous climatic data have been compiled for both

‘ tudy sites by the Atmospheric Environment Service,
vaironment.cénada (1980) as summérized (Fig. 3) in

standard climatic diagrams (walter and Li;th, 1967). Cold,

dry winters and warm, short summers are preyalent at the

Buffalo Heéa>Pra;rie site. Devon has a dry autumn perioé. £y

-The annual mean precipitation at'Buffalo Head *#rairie
over the period from 1951 to 1980 was 407.6 mm compared
with 528.8 mm at Stony Plain, the nearest station to the

| &
Devon site for which data are available (20 km NW of



Buffalohead (335m)0,3°407mm
Prairie . T

(29]

- [ T A (O N O O N B A
36, "¢’ MAMI JASOND
Edmonton (766m) 24° 5288mm

338
21.8

-193

2304 ot L bt |
30 JFMAMJJASOND

Figure 3. Standard climatic diagrams (Walter and Lieth,
1967) for Buffaloc Head Prairie and Stony Plain
weather stations based on data from Atmospheric
Environment Service, Environment Canada (1980Q).
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Devonian Botanic Garden). The mean annual temperature for
the period was_40.3'oc at Buffalo Head Prairie and 2.4 Oc
near the reference site. In contras? with the reférence
éite, all months had absolute minimum temperatures below
zero in Buffalo Head Prairie. While the climatic diagrams
show similarities, the Buffalo Head Préirie stud; site Is

subject to loweg mean annual temperatures and annual mean

‘precipitation.

Soils
,

The Buffalo Head Prairie site which was chosen for
the étudy due to its strong acidity and subsegquently
elevated levels of soluﬁle Al is included in the Savage
Series in the Rego Gleysol sﬁbgroup. The parent materiai of
this soil is gray, may be strongly to extremely acidic, and
is fine-textured material of lacustrineAdeposition. It is
generally agreed that this material Qas washed from the
Buffalo %ﬁad Hills to»bg\deposited on.ﬁhe level pla;ns
below. For this topographic reason, soil drainage is poor.
Laﬁinae of organic material are characteristic throughout
the profile and on the soil surface and are comprised of

decayed rushes, grasses and reeds.

, : . ) .
Soil samples from the Devon site were collected with

the objec..ve of developing a pH and CaCl, -e&tractable Al
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profile for comparative purposes. More neutral pH and
. exceedingly low levels of CaCl, -extractable Al justify
selection of the refereﬁce site. -

Metﬁods % 4

Soils were studied at both the Buffalo Head Prairie
Astudy site and the Devon reference site, particulaf
attention being given to pH and plant-available Al. Soils
were described in the field and samples of each horizon

~were analyzed for physical and chemical properties. At
Devon;‘samples were collected at 10 cm intervals throughout
the hemogeneous.prefile for more accurate description.

:c our was determined in diffuse sunlight. All
sﬁbseqUent analysis was done‘On the 2 mm fraction. Particle
size analysis was completed according to the hydrometer'
method of Bouyoucos (1951). Organic matter, N (NO3 .only),
P, k, S,‘SO4 égncentrations, conductivity, CaClév
-extractable, Mn, and NH40AC extractable Ca, Mg, ana Na
were determiﬁed by the Alberta Soil and Feed Testing
Laboratory. The\pH'wes determined on a soil-water paste
(1:1) by glass electrode. Plant—available Al was determined
by 0.01 M CaCl, extraction accordihg to Hoyt'and Nyborg |

‘(1971).
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eéults and Discussion

Thé‘soil profile'at the Buffalo Head Prairie site was
found to be representative of the Rego Gleysol
claésification, of moderately fine texturqa material with
an extremely acid soil reaction in all horizons (Table 1) .
Values éf PH = 4.1 to 4.9 may be explained by mobilization
cf elemental sulphur fromdthe guffalo Head Hills followed
by its oxidation. Another explanation could be that shales
beneath the level plain might themselves rendér elemental S
(Nyborg, pers. comm.);, » “

In this regard, sulphate was determined to be 20 ppm -
in two horizons. The low soil reaction determined ﬁere
agrées closely with the discdvery of Hoyt and Nyborg that
Savage surface soils (0-15 cm) sampled from cultivated and
virgin land in the Peace River region of Alberta varied
from pH 4.02 to 4.18, welltgglow fhe ievel of pH 5.5 above

which Al toxicity does not genérally.OCCur (McCart and

. Kamprath, 1965). Low soil pH in the {Buffalo Head Prairie

profile was found to result in caCl, -extractable Al (=

‘pldnt available Al; Hoyt and Nyborgs 1971) concentrations

" ranging from 10.7 to 25.5 ppm. Again this is well above

the critical level for Al tokicity in most crop plants

(Foy, 1974). 2
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“/,

The reference site at Devon was chosen as a Betula

papyrifera dominated community on soil of nearer neutral pH

(Table 2). The pH in the soil profile to a depth of 1 m
ranged from 5.1 to 6.2 with corfesponding Caciz
—extréctable Al concgntrations of 0.0 ppm. This is a

sandy So;l with low percent organic matter and godd
Adrainage. Coﬁductivity is lower than that found in the
Bﬁffalo Head Prairie profile due to better drainage. a
Sulphate levels extend only to 5 ppm in accordance witﬁ the

higher pH. It is pertinent to this study that Betula

papyrifera exhibits such a wide breadth of physiological

adaptation to edaphic factors. .

Other studies compéring Al concentration and soil pH
with associated tree species are largely lacking.
Hutchinson et al. (1986) studied five boreal conifersion 35
conifer dominated boreal sites (Podzolic soils) in northern
Ontario. Organic and mineral soil horizons were compared.
Mean pH was 3.7v(range 3.2'— 4.6) in organic horizons and
4.3 (range 3.5.— 6.2) in mineral horizons. Extractable Al
levels in organic horizons were 50 mg/l (range 15 - 257)

and 12 mg/l (range 2 - 40) in mineral horizons.
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CommunitynDéécription
F
A description of ﬁhe native plant.communify adépted
to the high Al site at Buffélo Head Prai;ie‘wés underﬁaken.
Such an ecological invéstigaticn was importand because of
the iack of ihformation on native Al-tolerant pldnts and
their phytosociology;(Clarkson, 1966} McCormick and
Stéiner, 1978, Steiner et al., 1980). For comparative
purposes, a similar study was dong a£4the Devon si£e.
L .
Methods
Community analysis at Buffalo Head Prairie was
accomplisired by exgmining the veéetation within two 5 x S m
quadrats placed randomly on each of ten N-S transects
spaced evenly along the E-W fence demarcating the southern.
bBundary of the study site (Platé 2). Tﬁé transect
originated at the east corner of the site, and.extended 350

m to the west.



Plate 2.
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the vegetation



i,

26
‘Ocular estimates of coveri class were made for each
species within the quadrat, whether rooted or overhanging,

using the following range of values:

R = rare o
t = 1%
1 = 1-5%

| 2 = 6-15%

3 = 16-25%
4 ; 26-50%
5 = 51-75%
6 = 76-95%

7

"96-100% .
Subsequen£~calculations were based on midpoints of covef
classeé. Also deéumented were number of individual Betula
papyrifera trees ( 2.5 cm DBH), numbe£ of stems, and DBH of
stems. Increment cores from a range of size classes were |
taken fof analysis. Voucher speciments were collected for
all‘vascular plant species occurring on thé study site.
These parameters w&ge‘also assessed at the Devon
site, however, due to a smaller area, one‘S k-S m quadrat
was located using a random numbers\table, on each of ten

N-S transects spaced evenly along a 150 m E-W transect, for

equitable sampling ihtensityv(Plate 3).



Plate 3. Five



27

)
/




28

Results and Discussion
Analysis of the plant community composition at the
.Buffalo Head Prairie site revealed a community strongly -

dominated by Betula papyrifera and Calamagrostis capadensis

(bluejoint). This trend is easily;observed in the dominance
diversity curve (Whittaker, 1965) of combined strata (Fig.

4), leading to its designation as a Betula/Calamagrostis

association.

The novelty-of this community'structufé;in Alberta is

supported by the lack of references to, such an associatién
in the literature. Biréh forests are generally not common
in Western Canada (Halliday and Brown, 1943), although the

Swan Hills exhibited this type of vegetation with a

calamagrostis understory before logéing during World War II
(La Roi, pers. comm.). In his descriptién of forest
COhmunities,in northwestern Alberta, Moss (1953) referred

s

‘to Betula papyrifera as a "less prominent" forest tree

species. Here birch was described in relation to tamarack

vegetation establiéhed_on a Drepanocladus—Carex-Betula
bog under relatively wet.conditions. Birch species preéént_

included Betula papyrifera and B. glandulosa, with

Calamagrostis spp. scattered throughout the mosaic.

‘Similagly, the Buffalo Head Prairie study site was wet, =
especially in its eastern extremity, more prénounced in the

spring, when the water table was noted to be.within 20 cm
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‘Adaptation to wet conditions.must not be overlookedt
in attempting to understand the distribution of thie lew
pH- and Al-tolerant woody plaﬁtu Other species common to

‘ . ) . «
" both Moss’ Tamarack vegetation and this study site include

Equisetum arvense, Alnus rugosa, Vaccinium vitis-idaea,

and Stellaria-spp. Under this wet regime Pogulus

tremuloides proved to be an important tree species in this

)

study, with a rank of tenth on the species dominance

hierarchy {(Fig. 4).. Occurrence of P. tremuloides increased

towérd' the drier western extremity of the study site.

£ .

Within Moss’ Aspen Poplar Consocjiation, Betula papyrifera

is rare or absent.

«

Betula is reported to be morc important in

Aiaskaf Viereck et al., (1975) outlined a

vegetatien unit of paper birch/alder/Calamagrostis iﬁ the‘
Closed Deciduous Forests formation. class of Fosberé. This
is an abundant upland_birch.type}which is occaeienally
obeerved‘on river terraces, usua}ly after fire. Also
described was a whitesprﬁbe—paperbirch / alder /

Calamagrostis vegetation unit in the Closed Mixed Forests

formation clasé, and a white spruce / paper birch /

I

Ccalamagrostis / Hylocomium vegetation unit in the Open

Mixed Forests formation.

.

In a study of plant communities in the vicinity of
Sudbury, Ontario (Amiro and Courtin, 1981), Betula

papyrifera was found to dominate a community forming a

-

t

~
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spatial transition between barren areas and other
communities more dlstant from pollutlon sources' This
commun;tv tvne was frequently assoc1ated with soil pH 5.0,
'verifylngxthe ablllty of birch to tolerate the low soil pH |
normally associated with Al toxicity. In the same reQion

Freddman and Hutchinson (1980) reported Populus

tremuloides and Betula papyrifera dominating in' isolated

forest communities existing within 3 km of an SO3 —emittinq.
smelter. b
' The dominance diversity curve (Fig. 4) illustrates an

equitable distribution of species along the curVe after the

strong display of dominance by Betula in the tree stratum

and Calamagrostis in the herb-stratum. Such a structure
lends itself to the impressive distinction between these
two strata (Plate 4.) In the tree Stratum,,Betula

papvrifera is followed in total cover by Populus

tremuloidés, which occurs first in quadrat no. 5, gaining
importance in the middle portion of the.site; lending
credenée to the postulate that water'availability plays a
major role 'in species composition along the transect.
-Salix spp. are important in the shrub stratum,

indicating high moisture availability. The presence of

Rubus acaulis and Populus balsamifera is interesting in g&

that they are normally associated with alkalige conditions
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Plate 4. Tree and herb étrata at the Buffalo Head Prairie
study site. ' ' '
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(La Roi, pers comm.). Fragaria virginiana and Rubus acaulis

follow the strong dominance of Calamagrostis canadeﬁsis in

ﬁhe herb stratum. Altﬁbugh bluejoint is highly important,
the diversity of this stratum (spp. = 25) points to a wide

variety of Al—tolerént herb species in native plant

communities. C. canadensis has a wide distribution and
thrives under the moist conditions of wet lowiand sites
(Laughlin, 1969). Thié grass is rhizomatous, and seldom
flowers. No previous reference to Al-tolerance ih this
species was found in the literature.

The ecology of this birch-dominated site may be
governed’by fire, the combined edaphic properties of soil
acidity, soluble Al and water availabiiity. The White
Spruce Association ¢f Moss (1953) is regardéd as-tﬁe climax .
- type of this region, such succession being impeded by
regeneration of birch after fire by sprouts arisind from.
Aétands, yet seed production is more iﬁportant in making the
genus a highly mpgile pioneer (Lutz, 1956; Viereck et al.,
1975) . Birch seed is light, and readily disseminated by
wihd, becoming estab}ished on mineralvsoii in full

sunlight. Furthérmor%, profuse seed production bégins at

ages as early as 10 years (Lutz, 1956). These factors have

probably_enabledK;he Betula / Calamagrostis community to
" become established on the moist, acidic soil of the Buffalo

Head Prairie study site. Encroachment of birch sprouts into

arg§§ of high Calamagrostis cover, for example quadrat 13,
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in a progression toward closed birch forest precLédes
development of a diverse herb stratum. Such encrocachment is
) (

substantiated by a hdigh number of stems per quadrat and
their relatively small DBH (Table 3). It is unclear whether
the competitive advantage of Betula over Populus is due to

Al-tolerance or is governed by soil moisture content.

Table 3. Number of trees and stems of Betula papyrifera
per quadrat and mean stem DBH. . -

Buffalo Head Prairie Devon
Mean no. of . 4 .
individuals/quadrat _ 7.7 © 1.4
Mean no. of :
stems/quadrat - . 16.8 . 1.7
Mean DBH (cm) _ 3.8 9.2

Plot composition as illustrated in Table 4 reveals
a total of 32 species, with species,richness inereasing
greatly at quadrat-7 suggesting a physieal change in
edaphic conditions, possibly watef availability or soluble-
Al eoncentration. In‘general, the species composition of

the Buffalo Head Prairie site is indicative of high

moisture ayailability. Calamagrostis canadensis is typical
- of marshes and moist woodlands (Moss, 1953) as are Betula
and Salix spp. Acid soil indicators are not prevalent with

the exception of Geum sp. ¢La .Roi. pers. comm.)
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A description of the plant community at the Devon
sité is included for completeness (Fig. 5; Table 5),
although strict comparison between the two sites must
ack;owledge the differences in climate, soils, and
drainage. Analysis of the dominancé diversity curve (Fig.

~~
5) reveals that Betula papyrifera is again the dominant

vascular plant speéies. This is a more diverse‘commuﬁity, ’ &
with a Shannon-Weaver Diversity Index of H’= 2.83 versus
H’= 1.73 for the Buffalo Head Prairie site, calculated as
H’= -E(P;) (lnpj) where pj is approximated by Ni/N; where Nj
is the frequency of the ith species,Jand N the total
frequency of all species (Shannon and‘Weaver, 1949; Pielou,
1969) (Fig. 6). | |
&%pecies richnéss is also greater at Devon (48
species compared with 3275pécies) (Table 6; Table 7). There

are 15 speciés in common between the two sites. Propagation

of Betula papyrifera at Devon is solely by seed. While
fewer trees were counted (Table 3), chese attained a

greater mean DBH and nearly equal per cer= cover in this

more established site. Because of by yood drainage,

Calamaqgrostis canadensis was twenty-ninth on the species

dominance hierarchy. <Conditions for establishment of birch
. 1

seedlings were similar on both sites. Seed beds occurred on

organic substates such as moss-covered decayinéﬁlogs in

open areas. At Buffalo Head Prairie, seedlings/also

initiated growth in stands of Calamaqrostis canadensis..
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Figure 6. Frequency. of Betula papyrifera trees in quadrats
' at Buffalo Head Prairie and Devon
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Table 6. Species list:

g

Species

Betula papyrifera

. “ . i
Calamagrostis canadensis

Trientalis europaea
Epilobium anqustifolium
Carex xerantica .
Stellaria longipes
Fragaria v1rq1n1ana
Rubus_ acaulis
Populus tremuloides
Salix glauca
Rubus strigosus
Achillea millefolium
Achillea sibirica
Equisetum_arvense
Salix bebbiana -
‘Salix sp.- .
. Hieracjum sp.
Aster conspicuous
Taraxacum officinale
Ribes oxvacanthoides
Senecio sp.
Geum_sp.
Composite 1
_Populus balsamlfega
Vicia- amerlcana . ?'
Rumex sp. . ;”%
‘Rubus pafVlf%bﬁg;véﬁl
R <r‘§'\‘% I

N
.,A;A,vl

' Vacc1n1um viti i
Pyrola asarifolia
Rubus pubescens b
Solidago sp.
Plantago major

Species collected,

Sonchus arvensis .
Petasites sagittatus
Salix pseudomonticola
Crepis tectorum
Galium triflorum
Actaea rubra

- Poa sp.
Alnus rugosa

Buffalo Head Praire study site

Abbrev.

Bepa
Caca

Treu
Epan
Cxxe
Stlo
Frvi
Ruac
Potr
Sagl
Rust
acmi
Acsi

Equar

Sabe
Sasp
‘Hisp
Asco
Txof
Riox
Sesp
Gesp
Poba -
Viam
Rxsp
Rupa

Vavi
Pyas
Rupu-
Sosp-
Plma

Common name
white, canoe
birch
bluejoint, marsh reed
grass

paper,

star flower

fireweed

sedge

long-stalked chickweed
wild strawberry

dwarf raspberry

aspen

willow

wild red raspkerry
common yarrow

yarrow

common, field horsetdil
beaked willow

willow

hawkweed

showy aster

common dandelion

wild gooseberry
groundsel, ragwort
avens ‘
balsam poplar
wild vetch
dock sorrel
thimbleberry,
berry

bog cranberry
wintergreen
running raspberry
goldenrod

common plantain

salmon

not occurring in quadrats

Perennial sow thistle
arrow-leaved coltsfoot
willow A

anr.al hawksbeard
swezt-scented bedstraw
red and white baneberry
bluegrass

alder

‘ ! 3
(15 species. in common between the two sites)
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‘Table 7. Species list: Devon reference site
Species. 4 ' Abbrev. Common name
Retula papyrifera Bepa white, paper, canoe

: birch
Corylus cornuta Coco ~ beaked hazelnut
Vaccinjum myrtilloides Vamy blueberry
Symphoricarpos albus ' Syal snowberry
Lathyrus ochroleucus Laoc vetchling
Pryola asarifolia _ Pyas wintergreen

© Galium boreale ' Gabo northern bedstraw
Rosa acicularis Roac prickly rose
Maianthemum canadense Maca two-leaved
_ Solomon’s-seal
Plcea glauca . Pigl white spruce
Fragaria virginiana Frvi wild strawberry
Mertensia paniculata Mepa tall mertensia
Rubus pubescens ’ ‘ Rupu running raspberry
Vicia americana } Viam wild vetch
Linnaea borealis . Libo twin-flower
Prunus virginiana ) Prvi choke cherry .
Aralia nudicaulis Arnu wild sasparilla
Equjsetum arvense Egar common., field horsetail
Taraxacum officinale Txof common dandelion
Pyrola secunda - Pyse one-sided wintergreen
Populus tremuloides Pofr aspen \ ////
Carex rostrata Caro sedge
Shepherdia canadensis Shea canadian buffalo-berry
Petasites palmatus Pepa palmate-leaved coltsfoot
Rubus_ strigosus Rust . wild red raspberry
Carex siccata. _ . cxfo sedge
Aste aevis ' P Asla , smooth aster
Amelanchier alnifolia Amal Saskatoon-berry
Achillea millefolium. .é Acmi common yarrow .
Equisetum pratense Egpr horsetail -’
Elymus glaucus Elgl smooth wild. rye
Salix bebbiana Sabe beaked willow
Vaccinium vitis-idaea vavi ‘bog cranber?
Anemone patens . Anpa p} ;airie croc 3
Agrostis scabra 2 Agsc hair, tickle grass
Pinus banksiana ‘ Piba . ja. - pine

Arctostaphylos uva-ursi Aruv  cc. n bearberry
Calamagrostis canadensis Caca bl .joint, marsh reed

LuSSs

' 2
Epilobium angqustifolium ' Epan fireweed
Lilium philadelphicum Liph western wood lily
Smilacina stellata Smst false Solcomon’/s-seal
Lonjcera dioica . Lidi twining honevsuckle



-

44

Aster conspicuous ' Asco showy aster
Cornus_canadensis Coca bunchberry
Herb 1 . - -

Shrub 1 - : -
Oryzopsis asperifolia Oras rice grass

In summary, plant community analysis of the hiéh

>

soluble Al site gt Buffalo Head Prairie shows a specialized

community structure strongly dominated by Betula

papyrifera in the tree stratum and Calamagrostis canadensis
in the herb stratum. Specie; divergity and richneSs are
relatively.loﬁ, yet each species obviously exhibits Al -
tolerénce in its'préliferation_on this aéidic site. Betuia,
papyrifera was thus chosen as the subject for physiélog}cal

investigation of Al tolerance leadipng to selection of Devon

as a reference stand.



CHAPTER III

< .

ALUMINUM ADSORPTION BY EXCISED ROOTS OF Betula papyrifera
N }‘ ; d .‘ . -

¢
LA

Severe toxicity may result below pH 5.0 as Al
solution inereases (Magistad,:}925) such that more than
half the cation exchange sites in the soil are occupied by
Al (Evans'and Kamprath,,l970).-Given that Al shows high
affinity for cell Qali pectins (Joslyn and Deluca, 1957)
the absorptive'properties of the apparent free, space (AFS)
of raoot tlssue may be critical to Al tolerancé in plants
The apparent free space avallable to ion movement exterlor
\ to the plasmalemma is comprlsed of the water free space
(WFS) cpntaining ions free in solution, and the Donnan free
dpace (DFS) where ions are bound on fixed negative charges
in the root cell wall (Briggs et al., 1958). t
ip‘yas h?potﬁ%éized that Al toleéerance might be
achieved by nativevplanﬁs through.avoidapce of Al
adsorption and transport or conxersel?% resistance ofy
tox1c1ty in the presence of uptake by sequestering the ion
1ntracellu1arly The purpose of thls 1nvest1gatlon was to
. ,
examine A; blndrng and uptakef;n the excised roots of

7 BRI
Betula papyrifera seedlings»from the two study sites of

high and low soluble Alyf?be general tolerance mechanism of
resistance or avoidancé, and the degree to which it varies

within the speciesﬂgaas assessed through a stuvdy of root

affinity for the ion.

45
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Methods oy

Preparation of Root Material

Two populations éf Betula»papvrifera Qere?sampied.
One originating from the study site;ofwlow soil pH k4;9)
and high soluble Al (35.5 ppm) at Buffalo Head Prarie, was
compared with the ofher from the Devon site serl pH with
low soluble Alf(0.0 ppn5. It was hypothesized-that plants
at the low pH site may exhibit greater Al tolerance due to
growth under condltlons of hlgh Al avallablllty by binding
less Al ion in the DFS. . < s

Seedllngs of the two-year age class (Plate 5) were
collected from each population .in May, 1981 and were grown
individually in pots of their respective'natéve soi}s under
natural light conditions in a greenhOuse'at 21_9 - 25 ©c.
Upon initiation of leaf senescenee,VBO,sgedlinge'were
transferred to a cold chamber (—SrQC).‘After fOur weeks
they were moved to a similar chamber at +5 oc for, one week,
then to a controlled environment chamber at 22 ©°c and 16 h
days for the duration of the experiment.

Two daysﬁlater, seedlings were earefully lifted from
the soil. Reots were pruned and washed‘under running water

for approximately 10 min. before plag¢ing the'plants



Plate 5. Betula papyrifera seedlings in native soil
at Buffalo Head Prairie.
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individually in two litre pots with plastic liners. The
nutrient solutiog oﬂ?aerated half-strength Hoagland
solution at pH 4. OI (Hoagland and Arnon, 1955) and 11nerc
were changed after day two QQd subsequently at seven day

intervals. Beyer and Hutnik (1969) previously demonstrated

 that grdwth of. Betula pendula Roth. and B. 1enta'L. is not

‘inhibited by pH. 3.8 in the absence of Al.

. For comparative purposes all experiments were also

performed on Hordeum vulgare var. Galt. Seeds were

germinated invaerated, distilled water in the dark for 24

hours and s@§pended upon plastic mesh over halféstrength
Hoagland soiﬁtion adjusted to pH 4.0 in opaque 600 ml
beakers after-Epstéin (1961)..In both instances, apical 5
cm root segments were harvested aftef approximately 14 days
at 22 ©C and 16 h light.
G

Characterlzatloﬂ‘gf Desorbing Washes

lTo assess Al blnélng capacity, it was first necessary
tb' characterize the proportion of Al desorbed over time by
distilled water exchanging Al from the WFS, and by LaCls,
freeing the DFS f(Briggs et al., 1958). Apical 5 cm portions
of néwly forméd roots were excised underwater from at least
€ plants within a populaéion. Samples weighing

approximately 1.00 g were accurately weighed and placed in

4 x 5 cm bags of plastic mesh sewn with monofilament line.

Sets of 12 were held in a two litre container of aerated
: _ Sy
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0.5 M CaCl, for 30 minutes (Eéstein et,al., 1963) . Samples;s
were individually spun several times 1h alr%before
submersion in beakers conta1n1ng’200 ;i ;fléﬁots of 0.5 M
CaCl, and 50 ppm Al as the chloride salt at pH 4.0. Bathing
solutions were aerated and maintained at 30 ©C in a water
bath) .
N

After a*30 minute uptake period, samples were spun
and transferred to Erlenmeyer flasks containing 50 ml
aliquots éz‘distilled water, 50 ppm Lanthanum (Laf, or 500
ppm L;\at approximatelyzs Oc in an ice bath. Desorbing
washes extending to 90 minutes were terminated at 15 minute
intervals. Roots were transferreddéo crucibles and o
dry-ashed (Lambert, 1976). Al concentration was determined
after dilution to 5 ml, and addition of 1,000 ppm La as

Lay0O5, using a Perkin-Elmer model 503 atomic absorption

speetrophotometer.

Determination of Adsorbed Alﬁminum

Differentiation between adsorbechliin-DFS and
int;écellular 1e§els was achieved by rinsing s ples for 30
minutes in distilled water or LaCl; desorbing washes after
exposure to the bathihg solution. |

A model was developed for determinatioﬁ of Al
adsorptlon by exc1sed roots (Fig. 7). Immersion of root

samples, grown in the absence of Al, in uptake solutions

yielded total Al as the sum of endogeneous Al plus that



Excised roots in bathing solution of 50 ppm Al

Total Al / / @?

[]
’/,
Intracellular = (endogeneous + absofbed Al)

Distilled water wash

Total root Al v Intracellular Al
%ﬁg"' . Intracellular - - endogeneous = adsorbed

DFS absorbed in DFS °

Fig. 7. Model for determination of Al adsorption by
excised roots.
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absorbed into non-free space oé associated with the AFé.
G} :ﬁhile‘

Washing 1n dlstllled water r Vv d theégys edmponénﬁp

washing in La eluted the AFS asﬁa who&er?{ e g}pota‘Qand'

1ntracellular root Al r@spectlvely The dlff&r: cefwag PR
§ g - L . W
taken to be adsorbed Al in the DFS. .

‘Ccation Exchange Capacity AQQV‘

Apical 5 cm portions of active roots were harvested
from all birch seedlings upon termination of they
experiment, and from 14 day-old barley{'These were dried
overnight at 80 oC and ground in,a Wiléy 'mill .to pass
through'a 40 mesh screen. Samples (Zdo_mg barley, 100 mg
- birch) were then taken for determination of cation exchange

capacity according to Crook (1964) with the modification of

use of a magnetic stirrer.

.Results and Discussion
Growth of Root Material
Vigorous root growth was achieved with both Hordeum

vulgare and Betula papyrifera under the methods employed.

vBarleyvhas been classified as an Al-sensitive species on
acid soils (McLean and Gilbert, 1927) and the ’‘Galt’
variety is known to acidify its growth medium to pH 3.8
(Glass et al., 1981) which is close to the levels used

here. Although birch seedlings originated from sites of
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differing acidity, both populations produced active roots
following bud opening. This was closely correlated with

leaf expansion, presumably due to auxin formation.

Aluminum Desorption over Time

After 30 m%%utes in uptake solution of 50 ppm Al,
excised roots from Betula and Hordeum accumulated Al‘suchw
that root Al was iﬂ the rénge of 3j9 to 16.3 ppm over the
course of desorption. Each desorbing wash resulted in
significant elution of Al from root tissue over the 90
minute period with the exceptloqyof 50 ppm Ca. La (MW
138. 7) was selected to displace Al (MW 27 0) from the AFS
_bdue to their similarity as trivalent metals and lanthanum’s
low standard reduction potential of =-2.37 volts compared to
-1.71 volts for Al.

Distilled water washed a high proportion of Al from

the AFS of Betula papyrifera from the Buffalo Head Prairie

(BHP) population. in the first 30 minutes of immersion, vyet
the remaining levels of intracellular Al and that

associated with DFS were higher than in plants of the Devon

population and in Hordeum vulgare (Fig. 8j. Concentrations
remaining in roots of barley and Devon birch were closely
correlatéd after elution Qf the WFS. Blotting samples of
excised Devon birch roots on»Whatman No.l filter paper

. after Al accumulation from bathlng solutlons revealed that

total root Al including AFS was of the order of 12.7 'ppm
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200r

1501

100

1

50

1 | 1 | [

0 h 15 ' 30 45 60 75
TIME { minutes)

Vs ]

Desorption of Al from excised barley (&), BHP
‘birch (.), and Devon Birch (o). Roots accumulated
Al from 50 ppm bathing solutions for 30 min.

before transferal to the distilled water desorbing

wash. 4
*significant at 0.05 level by Duncan’s
multiple-range test. Results for barley and BHP

birch are means of 4 replicates. Results ﬁ@r Devon -

birch are means of 2 replicates.
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for that species, yielding a value of approximately 5 ppm

%Al in the WFS .(WFS = Total Al - (DFS + absorbed Al); 5 =

:'12.7 - 7). Adequacy of a 30 minute distilled water wash is

:supported for each species as concentrations remaining

‘ter that time did not differ significantly from one
another. “ \\\/

" Desorption of Al from the AFS of’excised barley'rooﬁs.
with 50 ppm ﬁa yielded high standard errors in mean values
at 15 minute intervalsl(ﬁig. 9). Comparison of the |
effectiveness of a two-fold increase. in La concentration
revealed that meah Al levels remaining after 15 minute
immerson were identical (8.0 ppm);.ye£ the 100 ppm La wash
.furthef eluted Al such that the vaiue at 15 minutes is
significantly highe?"than those for longer pefiods of
Gashing (Fig; 10)f‘BarIey roots washed in 100 ppm -La:

contalgpd lower concentratlons of Al than did thdse of BHP

| blrch._%l/?as shownaﬁe dlsplace Al from ﬁ%e DFS not labile

with dlStllled water in either spec1es Again the length of

” . )“"f' : ’ \ .

‘wash was supported by statlsthql.analysis.
2 '.eﬁ.-,f"-':"

B D

S
s w.

&
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Fig. 9. Desorption of Al from excisédfbarley roots after

accumulation from 50 ppm Al bathing solutions for
30 min. The desorbing wash contained 50 ppm La.
No significant difference among means at the 0.05
level by Duncan’s multiple-range test. Means of 4
replicates. : B ) : S~
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] 1 1 ] : 1 : |
0 15 30 45 . 60 . 75 90
TIME (minutes)
Fig. 10. Desorption of Al from excised barley (o) and BHP

(.) birch. Roots accumulated Al frpom 50 ppm Al &
bathing solutions for 30 min. before transferal
to the desorbing wash of’@ﬁo ppm La.
*significant at .05 levell by Duncan’s
‘multiple-range test. Means of 6 replicates.

+ SEM. °
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»Aluminum Desorption from the DFé

Fig. 11 summarizes the results of experiments
designed to quantify total and .intracelluldr root Al after
appropfiate desorption. Within‘each species there was a
decrease in‘fh@ Al concentration remaiﬁing'after washing
with more concéntrated La, suggesting that 100 ppm La does_
not completely displace Al from the DFS. Total rooélAi, as'
defined, is highest (20.0 % 2.6 ppm) in Devgn birch rooéts
and lowest in the roots{of BHP birch (10.0 % 0.9 ppm) . This
could be interpreted as an indication that BHP birchvroots
have a larger component of Al exchangeable fromhthe WFS.
Total root-Al'in barley was intermediate (16.3 % 1.4 ppm).
*In each_caée, total root Al was found to be slightly
lerr, yet in the same range as estimated from -
" characterization of distilled water wéshing (Fig. 1i).
éta%iétical analysis of Al remaining in root tissue after
each type of wash éhowed that BHP birch fetained
significantly less %lﬁthan other piant types after each
type of washf(Table 8). While ﬁhe 500 ppm La- left
'significantly iower levels in BHP, than either distilled
water or 100 ppm La, all Al lfvgls remaining after the |
three washes differed significgntly frbmJone another in

Devon birch roots.



Fig. 11.

ROOT, ALUMINUM CONCENTRATION ( ppm)
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Aluminum concentration in excised roots after
distilled water and LaCl,; desorbing washes.

-Means of at least 8 replicates.
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Table 8. - Statistical analysis of Al concentration
remalnlng in root tissue of each plant spec1es
;fter desorbing washes.
*Significant at 0.05 level using Duncan S 4
multiple-range test.
ﬁ Barley ' BHP birch Devon birch
Distilled water wash ‘ ’ *
. ) N ) (7
100 ppm' La wash * TS
500 ppm.La wash ‘ *

ll

statlstlcal analy51s of Al concentratlon
~remaining in root tissue after each desorblng
wash for individual plant spec1es.

* Significant at 0.05 level using Duncan’s
multiple-range test. ,?; .

i

. 7 .

; ~

. . . )
e ' - .

: .

Distilled water wash 100 ppm La wash 500 ppm la wash

‘.\
P

oS

n .
Barley ' no significant
: o difference N
BHP birch * v * ' .
Devon birch All means
P significantly

different

.\ ) 3.‘ .
P 3’;; "T&“’(‘l\ p
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Intracellular Al as determioed afﬁervimmersion_in La
washes was againvhighésgygﬁ Devogggarch_and lowest in BHP
birch. In light of the\simila%;endogeneous levels of Al in
roots of seedlings from these populations, Devon birch-
roots retain a higher level of Al upon exposure to elevated
concentrations in accordance with lower tolerahce, while
Al-tolerant BHP birch bind Al less firﬁly.
= Endogeneous Al concentrations in excised barley roots
(3.9’; 0.1 ppm) agree closely with the value of 3.8 ppm in
roots>of the ’Kearney’ variety grown under similar
conditions (Foy et al., 1969). Here"there is a 1arge
dlfference in 1ntracellular Al, as defined, after La wash
This Al could be accounted for by entry 1nto the symplasm
of the Al- sen51t1ve plant root, or by 1rrever51ble blndlng

in cell walls.,In eithe. case, barley is shown td. retaln

high concentrations of the toxic metal.

Adsorbed Al as oalculated’fromﬁfhesmOdéIlis‘f‘
summarized in Table 9. It was hyoothesizedithatfthe,Al'
. adsorptive properties. of plant roots ma& afford~insight,'

into tolerance mechanisms. BHP berh roots wereashown to

adsorb less Al than those from the‘ Devon popul ion. Since

I+

the ihtracellular Al concentration of 7fd 1.4 ppm ayrees

closely with the endogeneous level of 5.8 + 0.4 ppm, it

appears that 500 ppm La effectively. displaces all Al

adsorbed in the DFS. Roots of the Devon plants were shown

to adsorb more than twice the cono@ntration of Al as
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determined after both types of La wash: Adsorbed Al after
[

100 ppm La wash (3.7 ppm) was in the range of 2.9 ppm
recorded for barley® roots, while the concentration of 7.0

N
and BHP birch after similar desorption Cation exchange

ppm after 500 ppm La wash was higher than- t?at of barley

‘eapacities are listed in Table 9. BHP birch roots showed
slidhtly'higher CEC than Devon birch roots. Tentatively
this would infer that roots of BHP birch are capable of
binding .more cations on a dry weight basis than plants of
the‘Devoﬁieopulation. The CEC of 22.0 * 1.2 mg/100 g dry
weight for barley is in agreement with CEC for monocots
cited by Crook (1964). Small amounts of adsorbed Al (2.9
ppm) determined here appear to be ih line with low CEC

.+ common among grasses. Al tolerant barley is known to. have
low CEC and lesa Al accumulatien in roots than sensitive
varieties (Foy et al; 1969f so khat low CEC may‘be'
iimportant to the tolerance mecHanism of this species.

CEC does not correlate well wit adsorbed Al in Betula

| papyrifera. BHP berh roots, with a slightly higher CEC

adsorbed less Al than did Devon birch roots. It appears
that CEC is not a good assessment of binding sites.
available to Al in this species.i

In summary, the data presented here suggest that

Betula papyrifera from sites of high and low soluble Al
exhibit differential binding of Al by excised roots. Highly

tolerant plants of the Buffalo Head Prairie population bind

s
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Al loosely such that desorption of the AFS leaves low

concentrations remaining in root tlssue. A low number of Al

binding sites may be evoked. Birch roots from Devon plants b

show a higher affinity for Al which could limit thelr

tolerance. It is evident that Betula pa pyrlfera natlve to

acidic soil avoids Al stress by exclusion of the metal from

root symplasm, and low affinity of the ‘root’ cell»wall for

the ion.

LT



CHAPTER IV

AIUMINUM, CALCIUM, AND PHOSPHORUS ALLOCATION

IN Betula papyrifera

As outlined in Chapter I, Betula papyrifera could

resist Al stress by excluding it at the level of_the root,
or the plant could be pipchemically adapted to tolerate its
presenCeAin other plantitissues. The tokic effects of Al
have been attributed to reductions in Ca and P uptake in a
wide vari;ty of crop plants (Johnson and Jackson;, 1964;
Paterson, 1965; Chaisson, 1964; Foy and Brown, 1963; Ota,
‘,l§687 Lonq.and\Foy,,1980; Ciarkson and Sanderson, 1971;
M&gwira et ai.,'1980). Récent investigations extend these
_finaings tottree species (Cumnings‘et_al., 1986) .
Interference with the negative charge on the pores of the
free space in thefroet (Clarkson and Sanderson; 1971) in’
the case of Ca defieiency, and internal pre01p1tat10n of

alumlnum phosphate reduc1ng P transport (erght and

Donahue, 1953) are possible mechanisms.

To assess toléerance strategies of Betula papyrifera,

it was useful to determine:

1. the concentratlons of. P and,Ca in, stems and leaves
of plants from low soluble Hi sxtes,

. 2. the extent to whlch Al galns entry into root
tlssues,

3. the concentratlon of Al in leaves, stems and
catkins. . / _

64
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One could postulate that Al tolerance could be
manifested in thé‘ablllty to malntaln Ca and P 1evels in
aerial plant parts, and that such could occur elther in the
presence of Al excluded at the.root4cell wall or al}OWed |
access to plant tops. |

<3
Decreased ca in plant tops and 1ncreased Ca in roots

has been recorded by Oullette and Dessureaux (1958), ’
MacLeod and Jackson (1965), and MacLean and Chalsson
(1966) . Long and Foy (1980) determined the Ca concentratlon'
in Al-tolerant ’Dayton' leaves to be more than twice that
in the Al—sensitiVe"Kearney’ variety of barley. Jackson
(1967) reported reddced Ca accumulation in wheat (Triticum
aestivdm). Foy et al., (1972), adding 4 ppm Al at'pH 4.8,
found decreased Ca concentration in root cell walls,
mitochondria, and total roots of Al sen51t1ve Roman
snapbeans. They suggesved that damage could be mediated
through reduction of Ca at 1mportant subcellular membrane
sites. Johnson and Jackson (1964) stated that a }edué%ion
in Ca uptake in wheat seedllngs caused by Al could not be
overcome by supplylng Ca, whlle Munns (1965) noted sllght
alleviation of Al toxicity by high concentrations of Ca in
the medium. |

‘The‘concentrations_of root Ca and P of Al-tolerant
wheat cultivars were found to be significantly below those
of more sensitive plants (Mugwira et al., 1980). Foy and

N~

Brown (1963), growing cotton piants in 1.5 ppm Al at pH 4
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recorded values for Kf{

W
and 0.66% respectively,

, and Ca in tops of 60 ppm, 0.42%,

#:%ﬁpared with 40 ppm, 0.64% and

ERAaEL

2.80% in 0.09 ppm Al solutjdon at pH 5. Chaisson (1964)
banded 22 ppm P with barﬂé&?ééed in soil of pH 5.0 to
prevent.P deficiency and double yields. Munns (1965)

‘ determiqed Al toxicity in Medicago sativa to be associated

-

with réduced P concentrating in both roots and tops. Reeve
and Sumner (1970) concluded that Al toxicity and P
déficiency were both primary, but independent
growth—limiting’factors. Other workers finding reduced P
concentrations in tops ofﬁplants subject to Al stress
include Wright and Donahue (1953), Randall and Vose (1963),

/)Foy and Brown (1964), Macleod andf&ackson (1965) ,. Munns
(1965) , Clafkson (1966) , MacLeod and Chaisson (1966), Lance
and Pearson (1969), Naidoo (1976), and Mugwira et'al.,
(1980) . Steiner et al., (1980) reported consistent

reductions in foliar Ca and in some cases P in Betula

” ¢
papyrifera grown in the presence of Al.

Al accumulation has been reported in the roots, but
not‘fhe. tops, of some Ai stressed plants (MaclLeod and
Jackson, 1965; Foy et al., 1967). Chamura (1962) and ota
(1968) have shown Al'concentrations in plant roots to be
négaﬁiVely correlated with crop yields under such -
conditions. Yet, Foy et al., (1967, 1969) found”thaﬁ
differenéesfin-Al tolerance among wheat, barley, and

soybean varieties were not associated with different Al
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concentrapions'in plant types. Oullette and Dessureaux
(1958) found that Al concentrations in tops of Al-tolerar -
alfalfa clones were'lowef, and Al concentrations in their
roots were higher, .than Al-sensitive clones. Otsuka (156
rd&ported lower Al concentratibns in'the shoots of |
Al-tolerant ‘Hiracki’ wheat than in the Al-sensitive ’‘Norm
25"variety. Al concentrations in tops of alfalfa plants
grown inlacid soﬁaé (pH 4.0 to 5.6) were found to be highly
correlated with Al extracted from the soils by 0.01 M CacCl,
(Mégappa and Dana, 1970). In other plants, tolerance has
béé% associated with Al accumulation in tops (Hu eﬁfal.,
1???; Moomaw et al., 1959; Jones, 19&1). Differences ih
fégi?r‘Al concentrations between tolerant and into%ergnt
Betﬁié‘papyrifera provenances were reported by Steiner et

al., (1980). | o

Methods
‘9& .

Samples of catkins, leaves, and stems were collected
at both study sites from at least 25 Betula paéyrifera
plahts of threé diameter classes (0-2.5 ¢cm, 2.5-7.5 cn,
7.5+ cm). Leaves wére fully expanded; stems were taken
within 1 m from the plént apex. These were rinsed for 1
hour in douple‘distilled watér, oven dried at 60 Oé
overnight, and ground in a Wiley mill/;o pass thr9ugh a 40

mesh screen. Al and Ca were determined, after dry-ashing

¥
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(Lahbert, 197s6), using a Perkin-Elmer mddel 503 atomic |
absorption spectéophotometer. Total P was determinedv
spectrophotometrically after ¥jeldahl uigestion.

)

Results and Discussion

Al ‘concentrations determined for leaves, stems, and

catkins of Betula papyrifera from both sites are presented

in Figure 12. Pooling data between sites giQes values of
leaf AL = 62.9 +* 24.5 ppm, stem Al = 30.3 ¢ 8.4 ppm, and
catkin Al = 21.8 * 10.7 ppm. It is apparent that foliar Al
concentrations.are higher than those of stems or catkins.
Entry of Al into root tissue and its subsequent transpoyt

to foliar tissue has been described for many plants, and Al

concentrations have been found to be 272 to 1490 %'highef

in leaves of Betula bapyrifera seedliﬁgs grown in 120 ppm
Al for 14 days than in control plants (Steiner et al.,
1980).AHowever;%these values are not in the range of those
fo:\\aluminum accumulators, which can attain 1evgls of more
than 17800 ppm in their tops (Moomaw et al., 1959; Hess,
1963). In fact, tissue Al levels in native Betula
papyrifera are in the order of shoot cohcentfations of 44
to 134 ppm determined by Hoyt and Nyborg (1971) for alfalfa
growing on sites adjaéent to the Buffalo Head Prairie study

«

_ site.
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Figure 12. Al concentrations of leaves, stems, and catkins
{In Betula papyrifera from the two study sites.
Three stem diameter classes (DBH).
(Means of 6 determinations * SEM).




Ty o
70

Plant material was collected by diametef claés toy
analyzé the variable of age in relation to Al accumulation.
A general trend toward hidher concentrations with age is
evident when considering stems and catkins, yet such is not
the case'fér foliar tissues. Statistical analyéis (Table
10) reveals that Al concentrations in the second diameter
class are significantly greater than in the first and third:
classes. In contrast, Devon.plhzts show no difference in

leaves of various diameter cﬁf' 4is indicates that Al

_is.mobiiized to newly formin{j_ %dm stores within the

plant in Similar,ambunts rega g gbf age. Within diameter
classes. there aré.differences.bé£weeﬁ;foliar“il

-ﬁ%oncentrétions~of populations (Table 11). Piants of the
first and third diamtetér class have significantly gréater

foliar Al levels than do their Buffal¢ Head Prairie

o

counterpartsf'Again‘a discrepancy arises Eﬁ the»high value \?
for the second diameter class at Buffalo Head Préi;ie. When
comparing diameter classes between populations for stems
and catki;s, the less tolerant Devon population:is seen.to
allow statistically greater concentrationé to aéqpmulate in
these tissues, consistent with higher Al adsorption in
their roots (Chapter III). This is in agreement with the
finding of Steiner et al., (1980) that Al tolerant
seedlings of paper.birch provenances accumulate less Al
(9.8 ppm versus 15.9 ppm) in their leaves than intolerant '
provenances. | o >

of
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rable 10. Levels of significance (1) of tissue

concentration of Al in leaves, stems, and
catkins of Betula papyrifera within study sites.
Three stem dlameter classes. (DBH).

71

* ok k significant at 0.001 confidence level

bl

, .

BPH ‘ . ‘ Devon
:{;\ >
2.5-7.5 7.57 . 2.5-7.5" 7.5"
oy T [ T ! 1
Leaves 0-2.5] * * | NS | 0=2.5} NS | NS ]
P | &% l | |
= | P | |
l | ' | |
2.5=7.5 - | ¢ .* * | 2.5-7.5 1 NS i
| - | I I
I | | &
m"ﬁ '- + :
2.5-7.5 . 7.5 . 2.5-7.5 . . 7.5
| . I 1 | AT | |
. Stems 0_2.5| * Kk Kk L_ *- Kk, * I 0_2_5| x* * % | * % |
R 3 | I | ' l
i ] | )
' | I - L I
2.5-7.5 ol NSTR | 2054705 | NS |
| |- | © o
| | ‘ NG |
Rt
| . L+ o e ~ .
2.5-7.5 X 7.5 2.5-7.5 7.5
/ v ' - ’
‘ | - I . ! T
> Catkins | | | | | ~ :
) 0-2.5] NS | NS | 0-2.5] NS | NS |
. | g | . } l_ i
. I E — |
2.5-7.5 l * | 2.3-7.5 | NS .
L | | g
| | l l
"(I)‘Significance Levels
‘NS not s1gn1f1cant ‘
* significant at 0.05 confldence level
* % significant at 0:01 confidence ‘level
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y -

Levels of significance (1) of tissue - .
concentration of Al in leaves, stems, and
catkins of Betula papyrifera of the same
diameter class between Buffalo Head Prairie and

. Devon. (Name in parentheses indicates greater Al

concentration.)

DBH Class ' [Al] Leaves

0 - 2.5 . *x% (Deson)
2.5 = 7.5 NS /'

.7.5 + ' » *** (Devon)

[Al] Stems

0 - 2.5 - o * k& (Deyoni

'}235 - 5;5 . o 7 * ok k (Devony

 5;51+ . | **% (Devon)

All catkins

0 - 2.5 \ . **% (Devon)
2.5 = 7.5 E * (Devon)
7.5 + - o " ° %* (Devon)

d"‘
, .
- B/
s 7 v ,

(1) See Table 10.



73,
*  From statistical analysis of stem Al concentrations
orouped by diameter classes.within individual populations,
it is evident that Al concentrations increase with
incré&asing diameter so that valnes for the smallest .
‘diameter class differ significantly from the two larger
classes. After Betula papyriferaQtrees attain a DBH greater

than 2.5 cm, increases in stem Al are not significant. To

e

summarize, leaf Al concentrations®are greater than those

found in stems or reproductive structures,'so that Al must
be readlly moblllzed in this dec1duous species. Values are
in the order of tlssue concentratlons of crop plants grown

under similar conditionss so.that Betula Dapvrlfera is not

Al tolerant via mechanisms of‘complete avoidance of uptake,
nor Al accumulatlon and sequestratlon. Diameter class is a
varlable in the A3 content of stems of this woody plant asu
'concentratlon 1ncreases w1th’t1me.<

Calcium and phosphorus concentrations determined for
.leayes, stems and catklns of paper birch seedllngs from
both Buffalo Head Pralrle and Devon populatlons, as pooled
samgles from all daameter classes, are presented in Table
‘ 12. P levels 1n leaves and catk1ns¢Were found to be.hlgher
than those in stems, as mlght be,expected from
, photosynthetic tissue. No obvions differences‘hre'seen
between populations. Leaf'P was determlned to be slightly-ﬁ

higher than that cited by Steiner et al., (1980), however

this observation is presented only for reference since lﬂt
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Table 12. Concentration Ca and P in Betula papyrifera

plant tissues. Means of 3 replicates.

. -~

.~

~BHP Devon - BHP Devon
P (%) | Cca (%)
Leaves 0.27 +*# 0.01 0.31 * 0.09 0.42°* 0.05 0.60 * 0.11
Stems 0.09 * 0.01 0.05 * 0.01 0.82 ¥ 0.03 1.48 * 0.25
Catkins 0.31 * 0.01 - 0.78 £ 0.34 -
. :\.,
. Tolerant Intolerant
‘Provenan. Provenan.
(1) - . :
Foliage 0.24 * 0.02 0.25 * 0.02| 0.32 * 0.04 .0.30 % 0.08
< . - '/ 2
& }'
Y,
& A - /\ .

1) From Steiner et al., (1980). Betula papyrifera

seedlings were grown in 0.004 M calcium nitrate (14
days), modified Hoagland and Arnon solution (7 days),

. . ._ . . - I3 ° .Y . -~
e : R .
- b L.} .

- . ) B \ \
X - ER 4 el .
’ . P

and 0.004 M calcium nitrate -+ 120 ppm Al (14 days).

Ry
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pertains to seedlings grown in solution culture to which
120 ppm Al had been added.

Devon olants exhibited higher concentrations of Ca in'
both leaves and stens than did Buffalo Head Prairie plants.
In addition, both populat_ons show higher gevels of Ca'in
tobs of Seedlings than those reportedbby ;teiner's gronp.
While average P concentrations in the 0 -30 cm segment of
%Fll profiles at the sites are similar (Devon = 30 5 ppm,
Buffale Head Prairie = 35.%6 ppm), extractable Ca is nearly
four-fold higher in the Buffalo Head Prairie 5011 (2%39 ppm
yersus 597 ppm) . Lower levels of P in Buffalo Head Prairie
birch tops is most likely a reflection of,P’precipitation
by higthl‘concentrations at that sfte.

; "These data are presented_to'better understand the

-

tolerance strategy of Betula papyrifera under two differen§

“edaphlc conditions Since lack of controls makes o é;
Alnter population comparlsons 1mp0551b1e. Howeler et al
'(1976) Ieported that Al- tolerant rice cultivars had lower
concentrations of Al -and higher Ca and P concentrations in

’their shoots~than’did Al-sensitive cultivars, while no
) .
'relationsﬁip between tolerance and concentration of Al, Ca-

Y

and P is K¥iown for wheat cultivarsigrown'in“solution *lj

\

'culture (Foy et al 1974y;. Mugw1ralet’al), 1976).
Furthermong Steiner et al.; (1980), concluded that foliar

elemental concentrations are only remoteéely involved in the

tolerance mechanism itself, thus they are not good

’
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indicators of relative tolerance in Betula papyrifera.

However it is noteworthy that paper birch plants from a
site of low plant-available Al accumulate greater foliar Al
concentrations tHan do their counterparts native to a site

of high,plant-available Al. s

.




CHAPTER V

ALUMINUM ENTRY INTO EXCISED ROOTS OF Betula papyrif

iy
K

5 .
Localization of Al at the cellular level within the

roots of plants suffering from 1ts tox1c effects has‘been
the subject of attention for seve;al reasons. In the first
instance, knowledge of the location from which Al elicits
"its toxic effects is desirable. Secondly, exclusion of Al
from critical metabolic sites (Antonovics et al., 1971) at
the whole plant level, the tissue level (for ekample‘;oot
meristem), or at the subcellular level of organelles (for
example nuclei and mitochondria) and enzymes such as
peroxidase, cytdchrome okldase, isocitric dehydrogenase,
and polyphenol_oxidase (Anderson and Evans,}1956; Ota,
1968), may lend insight into tolerance mechanisms.‘Finally,
: understanding‘§1 inferactions witn'nutriegts such aslP and
ca in the root necessitates knoﬁledge of the ion}s‘

dlstrlbutlon

The theory that Al prec1p1tates P w1th1n the roots of'

' vplants was first held by Wright (1948) worklngtwlth barley

ln culture solutlons. ThlS was challenged by Walllhap

>
‘J*

(1948) who contended that Al was. not pg%c1p1tated
: 1nternally, rather Al and perhaps P were held to root
surfaces by 1on1c exchange Clarkson (1966) .. suggested an

adsorption-precipitation reaction between Al and_P at the

,
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cell surface ot-in the free space of tne toot which fwas |
supported by Rasmussen (1968) u51ng electron mlcroprobe
x-ray analysis’ to determlne the mode of Al entry, 1ts'
i\:bdistributlon, and locallzatlon in corn roots. It was found‘
- that Al was precipitated on tne surface of the root
»epidernal cells, but did not penetrate the cortex unless
tne.integrity of the noot surface was compromised. The
epidernis prevented movement of Al into the cortex and
stele such'that penetration into vascular tissue was
vpossib;e only at the site of lateral root emergence.
Mccormick andtBorden (1972, 1974) reported similar
findings in barley and poplar roots using'photomicrographic
technlques to examlne the 1nteract§Dn &5 Al and phosphate.
The Al-PO4 precipitate was found to occur as scattered
globules ‘in the mucilaginous layer along the root surface
and in associationtwith the cell wall and cytoplasmic
membrane of.epidermai and corticai:cells. Waisel et al.,
(1970), investigating the localization of anionic Al in-
cells of bean and barley roots by x-ray microanalysis;' .d'
. reported only mlnute amounts ‘of Al 1n cell walls and no .
correlatlon between the dlstrlbutlon of Al, and phosphate
" Naidoo (1976)'utlllzed energy dlspe;s;yeéanalysls of x-rays
generated in the scanning;eiectfon—microscope to determine
Al distribution in snapbean. He found Al to be located in
‘cell walls, ce;l contents, and’nuclei ot'root cap and

‘meristemic cells where it was postulated to disrupt cell
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division. Use of the molybdenum blue staining technique'
fconfirned‘McCormick and,Borden’sv(l972) findings. The
‘resultant blue stain outlined:the root cap cells,
epidermis, and outer cortical oells Qithin 2 to 3 mm of the
root tip, thle the steles remained relativgly clear. The

,,
i

extent to whlch Al is able to penetrate th;%root tissues of

m,

native plants may determlne the mechanism oﬁ,tolerance
precludlng the. normal symptoms of disrupted root growth,
decreased utilization of Ca and P, and possible Al

2
transport to critical metabolic sites.

Alumlnum has been shown by Hutchlnson (1986) .t
accumulate in the root cap of root t1ps and in the,
epldermal and outer cortical .walls of older roots of Jack
Plne This tlssue distribution of Al was conflrmed by
scannlng electron mlcroscogy analysls, revealing its

coincidental dlstrlbutlon w1th P . in roots.

Methods

-

Betula papyrlfera seedllngs from the two study 51tes
.
were establlshed 1n solutlon culture as outllned*ln

Chapter III " Ten plants from each populatlon were .then
transferred to treatments of Hoagland solutlon + 100 ppm Al
added as A1C13 at pH 4.0.

Apical 1.5 cm segments of secondary roots (Esau,

1965) were excised with fine tweezers prior to Al exposure,

©
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and 7 and 14 days leter. These were placed in glass vials
containing Craf solution fixative for.24€thWashe n cold
running water overnighr and dehydrated in'a-tértiary buty;ﬁ
alcohol and ethyl alcohol series. Follow1ng dehydratlon,
the tissue was placed in toluene ‘for 4 h before transferal
to a 1:1 mixture og toluene and parafin oil for 4 h, and
parafin oil for 2 h. The ﬁissue was then infiltrated, with
Paraplast, a histological infiltration and embeddio;-wax,
at 62 ©C for 24 h. The infiltrated root tips were then
mounted in a block.of paraplast and sectioned Wdth a rotary
microtome at 15}1 thlcknes

fissue sections were mounted on circular graohlte
stubs with Haupt’s adhesive and set at 40f°C on a slide
warmer over night. Parefin'Was removed~oy immersion in
xylene prior to coating with nonconduot;ng materials.
Localization of Al, P, and ca was deﬁermined by a KeQex
Energy DispersiVe X-ray Analyzer on afCambridge scan%ing
velectron microscope wirh an accelerating volﬁage’of 10 KEV.
A 230 sec point scan was performed prox1mal to the merlstem»
'in the cortex and stele of root sectlons not exposed to Al

’(Plates 6 and 7) These counts were recorded as backgrOUnd

for'comparlson with the same areas_of treated‘sectlbns.

2

.
-



Plate 6.

»'f
X . cL e M"‘“‘,' .
Location of spot scans in cortex and stele of
cross section of a Betula papyrifera root

tip from Buffalo Head Prairie (control).

B s .
ion of spot scans in corte

g

Locat x and stele of a

s Cross section of a Betula papyrifera root

tip from Devon (control).
AL /
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Results and Discussion

Theiareas for which point scans of Al determination
by energy dispersive x-ray analysis were carried eut are
illustrated in ?latesbs and 9. In each case, Al was
determined mldway between the epidermis and the endodermls\\
and 1n the centré of the stele. Scans of controls thus

A“\)
1nvolve root- segments of untreated Betula papyrifera

’ seedllngs from Buffalo Head Pralrle and Devon. These scans

are superlmpqsed on the_elemental analyses pnesented in
Plates 8 to 11 to indicate backgreunq.lgvels of Al at these
anatomical locations. Quantifieatibn!nethpossible through.
thishS.E.M. technique, however.comﬁarisens between centrol
levels and those of Al-treated plants allbw qualitatite
assessment of Al-entry into the rootfat the'depth_of/the
cortex and‘stele. l

After 14 days in 100 ppm Al, root segments of Buffalo .
Head Prairie seedlings revealed_Al levels in both the
. cortex- and the stele id excess of backgreund/}evels in the
same plant'prior to Al treatment. ‘Similar findings were
made with the Devon pbpniation. Such increases in Al levels
in the stele indicate that the root is not impervious to
access by.the ion and is thus predisposed to its
dissemination throughout the plant. Howeter the findings

that excised roots of Devon plants adsorp more Al than do

those of Betula papyrifera from Buffalo Head Prairie, -and



Kol

TV PRSI SWCR-y )
o ; M

Plate 8.

Plate 9o

NP 100-0,1¢ ComTEX J-00

Phe | 26084¢ 15194 N7
Vebd  NetOKEY 210 Mo L0KEY 20
_ R

el
10 241t

X-ray scan of cortex of a Buffalo Head Prairie
birch root tip“after ‘14 days .in 100 ppm Al.

BNP 100-0.14 STILE J:08
PR $ 23084 17676 INT
Vedd  N={OKEV 3:10 AgeieKEV 3¢

¥

. .
0] 3. :
<.
.

g{

83



-

Plate 11.
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,;erray'scan of cortex of Devon birch root tip

. hd

after 14 days in 100 ppm Al.
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- X-ray scan ©f stele of Devon birch root tip
after 14 davs in 1700 rrm a3 )
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that Devon plants acéumulate significantly higher

. concentratlons of Al in thelr leaves,,stems and catkins

¢

t
nay Stlll be 1mportant in the dlfferentlal tolerance of J

&Ehese populatlons The general'Al tolerance mechanism of

v

Betula papyrifera and more spec1f1cally the h;gher

tolerance of thd Buffalo Head Pralrle population may have a
piochemical\pasisdand is nothdoe;to strict exclusion.Of'the
ion at the-root | .. |
'McCorggck and Borden (1972) 5&am1ned phosphate
’flxatlon by’kl in Pgpulus sp using a. molybdenum blue .
'stalnlng technque and fouhd a definite reactron 1n the
»root‘cap, epldermal and cortlcal reglons extendlng back
: from the root tip 1 to 5 mm. \%he Al phosphate 1nteractlon'
was' assoc1ated with the cell wall and plasmamembrane of
epldermal and cortical cells. No re;erence was made to Al
"within the stele.jIn this study, ‘Al peaks‘above baseline
for control plants wegg always accompanled by high P
levels suggestlng an Al- phosphatevlntergctlon 81m11ar to
that cited- for other spec1es (Wrxght 1948; erght and
Donahue; 1953; Rasmussen,l1968,-MgCormickhanthorden, 1972,
1954;hand Naidoo, 1976; Hutchinson.et'alﬁ; l986).hRoot ca
levels.seem to be independent of al treatments‘under these
circumstances' In summary, these experiments‘illdstrate “
that Al is not excluded from root véscular tlssue of Betula

pa pyrlfera from elther popqﬁatlon over the time perlod ahd
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~with the Al concentrstions used. While Betula Dapvrifera'
from a site of high plant-available Al ‘may adsorb and

accumulate less Al than plants of the same spec1es from a’

low Al Slte, 1t is not capabke of total exclu51on of Al at

\

tbe root. ' N



- CHAPTER VI ¢

EFFECTS OF ALUMINUM ON ROOT GROWTH OF Betula Qagxgife;g
. b - i\

H

~Morphology

Effects of ' Al on root anatomy and morphology have

2
e ~

K

‘been reported for croo plants (Rorison, 1958; Clymo, 1962;
Hackett, 1967). Levan (1965) described severe cytological

abnormalities in dividing cells of onion roots\caused by

inorganic Al salt solutions. Clarkson (1965) examined the

1

abundance of mitotic flgu%es in onion root apices via
aceto—oarmlne squashes after Al treatments up to 1073 M.
aCessation or root elongation correlated closely .wrth the
’dlsappearance of mitotic figures. No abnormalities in.the
mltotlc cycle itself were observed thus ruling out dlrect
1nterferenceaw1th the phy51cal mechanlsm of the process
such as splndLe formatlon or chromatid. separatlon A dlrect
effect on DNA repllcatlon at 1nterphase was postulated

~

:'Sampson et al., (1965) found that Al- treated plants

L synthe51ze a metabollcally unstable DNA of unusual base

"fcompos1tlon, and Clarkson and Sanderson (1970) put forth

the suggestlon that 1nterference in DNA" repllcat;on mayrg@

"_’take place by crosslinking of polymers 1ncreaslng the

"rlgldlty of the DNA double helix. Al 1nduced abnormalltles )

' were‘summarlzed»by Clarkson (1965) as

87




1) reduction.or inhibition of the growth of the -
ain axis of the root, and ' ;

2) initiation of numerous lateral roots exhlbltlng
reduced or 1nh1b1ted subsequent growth

1

H\ : | Kesef et al., (1975, 1977) extensively
examined the infiuence of Ai ions on the.morphology of
sugar beet rooﬁsjgnd differential toleranoe among
cultivars.'The number of leterafs increased per unit of
primarylaxis,,the primary root akis'curved, the root cap
§epara£ed from the primary root apex, the protoplasm of the
root cap.celis disintegrated{ and maturation of vascular
tissue oocu;red‘closer to the apical zone. @l was iocapabie
of entry throudh the epidermis unless mechanically broken
by the emergehce of iatéral roots. Paséage to the wvascular
tissue through the endodermis.of'newly forming laterals was
thought to be.possible, as Casparian etripﬁformation lags

" behind endodermis development In stodiesrof oopper;,
nickel andialumlnum sen51t1v1ty of Whlte Blrch -and thte
tPihe, Joneeietaa;. (1986) descrlbed both 1ncreased Al
toleranoe with feepectfto mycorrhizal associations. Further

.ediscussioﬁ of Al entrYﬁinto the root can be found in

_‘Chapter TII.

e Methods e»,';‘ﬂxéfif"tQ i“_? ;v'f I
Growth of plant materlal for study of root morphology

was 1dent1ca1 to that descrlbed‘?n Chapter'III After 14
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.days ln_aerated‘half—strengthnHoagland solntion'at pPH 4.0,
Seedllngs.wereftransferred to similar nutrient;solutions'toﬁ
‘which Al was added as A12(304{3 giving concentrations of
25'and 100 ppm All SolutionsvwereNmaintained at pH 4.0 with
H,S0, and NaOH, and were changed at 7 day intervals.
| Apical,lintermediateh'and proxlmal 1.5 cm.foot

"segments were excised‘with fine tweezers after. 14fdays for
e;anination Root tlps of adVentltlous and secondary roots
(Esau, 1965) were sampled before Al addition and 14 days
after exposure. These were fixed in Craf solution for 24 h
.and washed in cold funning water’overnight;.The material
was dehydrated in an ethanol-t-butylvalcohol series and
- embedded in parafin for sectioning at 1p , followed by
safarin and fast green sfaining and microscopic

examination.

' Results and Discussion
Morphology of newly formed roots was not affected in

Betula‘panvrifera of either population after 14 days in 25

3

ppm AI (Plate 12) This conCentration was chosen as an
approx1matlon of the plant avallable Al of the. BuffalobHead
Pralrle 5011 in the .root zone: (25 5 ppm) Re51stance td =~
morphologlcal alteratlonlln plants from the Devon 51te
indicates a lack of ecotyplc varlatlon in thlS regard.

The 100 ppm Al treatment- dlsrupted root growth in

both populatlons (Plate 13) in the manner prev10usly
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Plate 12. Root tlpS (aplcal 3 cm) of Betula papyrlfera

' . from Buffalo Head Prairie and Devon populatlons
after 14 days’. growth. in half- Hoagland’
solution + 25 ppm Al

Plafe 13. Root tlps of Betula papyrlfera after 14 days"
L growth in half —-Hoagland’s ;plutlon + 100 ppm Al.

e,
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described for herbaceous crop plants (Rorison, 1958; Clymo,
1962; ClarkSon, 1965; Hackett 1962:‘Keser et al;) 1975,
1977; Naidoo, 1976).‘Branching'was induced-in :

nsecondary roots w1th1n 1 mm of the. t1p Adventltlous ‘roots-
did not eXhlblt branchlng, although root tips became

i .
blackened. Secondary roots broWned and became brittle with-

increasing length of treatment. All roots were covered with
a gelatinous~sheath after‘l4 days in the 106 ppm tre&tnent
'Mlcroscoplc examlnatlon revealed d151ntegratlon of the root
cap ‘and ‘disruption of the meristem. Newllaterals ceased -
aplcal‘growth-prematurely and_commonlyvproduCed laterals
themselves. After l4 days in 100 ppm Al, new laterals
exhibited a bulbous shape at the base, and_mechanlbal-g
tearing‘of the epldermis and cortex of&the“secondaﬁy.rootr
: The:only Pther report of morphologlCal‘change induced ln
noody_plant roots by Al is that‘of éteiner et-al., (1980)
who observed suppression of‘fine latéral roots; browning{of"
_tips, and *%he presence of a-gelatinous—likevsheath howeverh
the al concentrations/eliciting change.were'not stated

In summary, normal“rootmnorphology:in'Betula

’paoyrifera~is resistant to Al intervention at levels

>higher than those damaging most crop plants (Keser et al.,
J1L975) .Both populatlons showed no altered morphology at theu
:i?Al concentratlon of the high extractable Al site. At |
approximately 4 times thls concentration, neither

““POPUiation was’reSistant to damage. This high*thresholdlof
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Betula papyrifera may be due to its .ability to exclude the.
ion from nuclear sites within the meristenatic region.

L

Root Elongation

Differential tolerance of'plant_species and
varieties to Al has been-widely cited and Fleming and Foy
(1968) postulated that dlfferentlal tolerance amonngﬁeat
varieties was due to re51stance of root tips to ' :
morpholog1cal damage and the subsequent per51stence of root
growtq ‘a theory later supported by the flndlngs of Keser
et al., (1977) in an-anatomical study of sugarbeet.

Alcommon method for quantification of Al tolerance is
measurenent of root elongatlon Most studles have been
directed toward crop plants (Foy et al., 1965, 1967) with
recent emphasis belng placed on screen;ng potential.

, ‘Attention focused on-root growth of native plants in
Qork 'by\C}arkson'(iSGGa) on Agrostis sSpp. Poor-growth‘of

roots of susceptible speties in critical levels of Al was

v -

attributed to inhibition;ogkcell«division in(root.apices.;?_‘
McCormick'and Steiner (19785£éonductedrresearch on .~ |

“ differential Al tolerance in eleQen Species of woody
‘plants; 1nclud1ng Betula pa pyrlfera. UtlllZlng one root per
plant ‘root elongatlon was determlned w1th 12 repllcates to
develop a tolerance index deflned as root elongatlon in.

-calc1um nitrate + Al / root elongation in calc;um nltrateu



Hybrid poplars were fodbd to be"sensitive to lo ppm.Al'
while Quercus palustrls, Q. bra, 2;3____;;glnﬁgng E_
rigida, P. svlvestrls, etula alleghanjensis, B.

populifolia, and B. pa py ife ra were relatlvely tolerant.of

concentratlons of 80 to 120 ppr Al. It was noted that some
tree spec1es are tolerant of Al concentrations manyltimes
higher than those resisted by most agroﬂbmic'species. |
That the minimal Al concentration at which root growth is
significantly reduced varies among species is further
'illustrated by the work of Schier (1985) and Thornston et
al. (1986). Total dry matter production of White Pine was
enhenced,bydhl'concentrations of 5 - 20 mg/1l et pH 3.8, and
Jack Pine showed no decline over the same.range compared to
controls~(Hutchinson, 1986) . "In contrast, spruce species
"exhibited higher sensitiﬁities. Significant decline in
total dry‘matter production was evident in White and Red
Spruce at 5 moiAl/l and in Blaék-sprnce at 10 mo Al/1l.
Further to root elongation and dry matter prodyctlon;
Thornston et al (1986) found that shoot growth of Sugar

JMaple was enhanced by alumlnum concentratlons of 109 and

500 mg/l at PH 4 0. Schler ( 985) reported no reduction in

shoot growth of Red Spruce and Balsam Fir eeedlings at Al
COncentrations up to 206 mg/l.at pH 3.8.

_Investigations into intraspecific differences in Al
tolerance were carrled out by Stelner et al., (1980) for 13

Betula papvrlfera provenances to determine if .genetic.

SCER

b
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varlatlon in Al tolerance ex1sts within papep-blrch Over .a
14 day perlod in calcium nltrate + Al, root elongation was

~

reduced from a mean of 9.7 toyz.z cm. Root growth of even

lerant provenance was reduced to nearly

_in the presence of 120 ppm Al. It was concluded
that Al tolerafhce in paper birch Varies among provendnces
and that those from the central and eastern portions of the

range of species are most Al.tolerant.

Methods

érowth of plant material for root elongation
experiments was identical to that described in Chapter III.
Betula p pyrlfera seedllngs from each populatlon remalned
in half strength Hoagland solutlon, malntalned at‘{% 4.0
réwith H,S04 and NaOH, f;r 14 days. Eight-seed}ings were
trandomly transferred to each of 4 treatments o) which had
‘been added 0, 25, 100, or 150 ppm Al as AlCl; d
A12(SO4)3. Three healthy, newly fdrmedAlatgral_ ocots
,approxrpately.l cm‘in length were tagged with thread on
‘each seedling and measured to the n- —~est mm. The position
of the éots within the growth chamber was randomized at the
.beginhingﬂof eaeh week to nullify environmental variation{
‘SolutiohsFWere'chénged'at two day'intervals;fquf growrh
was recorded for the iﬁfervel of 0 —‘i4mand 14 - 28.days

post-exposure to Al" treatment.
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Results and Dlscu$51on
Roct elongation of Betula papyrife ;a seedlings
subjected.tO'elevated Al contentrations is plotted on the
three-dimensional gfaphs of Figure 13. In each case
variation:abeut the mean was small, with SEM ¢ 0.7.
Controle“exnibited vigorous growth in the half-strength
- Hoagland nutrient sblution with a mean value of 6.1 £ 0.3
cm- for both sites over both 14 - day periods. This value.is'
‘lower than that of 9.7_cm over the same period‘cited by
Steiner et al. (1980). The difference could be explained by
the use of calcium nitrate as a nutrient,solﬁtien, age of
‘seedlings, pH of the medium, light conditions, or
azatomical type of root measured, whéther primary ot
secondary. Steiner trinmed roots of seedlingS”to‘a‘unifern
length after transplanting to solution culture. This study
monitored.érowth in secondary roots as classified by Esau
(1965) . Statistical anaivsis'ef‘the data is summarized in

Table 13. There was no siénificant difference in the length

of root growth in the’ control treatment when coq’arlng

\
populations at 0 - 14 or 14 - 28 day 1ntervals, nor was

there any significant difference in growth between the two

time periods within a single population.

-

N
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Figure 13.
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ROOT GROWTH (cm)

ROOT GROWTH (cm)

100

150 OMS

Root . growth of Betula papvrlfera during O - 14
and 14 - 28 day . intervals. after exposure to .-
elevated Al in solution cultur (Means of 8
repllcates) :
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, , Figure 13 illustrates an obvious’differential'

y response of root growth to elevated Al levels in se illngs
from the Buffalo Head Prairie study site and the’ Devonlﬂ
reference slte at high concentratlons The dlfference
becomes apparentyatlloo ppm Al whlchlapproxinates_the'
Critical level\(Table l3B)~at.which plants fron the siteain
ihlgh plant—avallable Al supercede plants from the low Al
51te with respect to tolerance ThlS Al concentration has a
.51mllar effect oh- plants from both populatlons during the
first 2 - week growthhperlodf yet‘the‘Devon plants showed a
significantkredudtion‘in rootbelongation in the‘second'

o

.growth period over'that of the Buffalo Head Prairie

population This would suggest cummulatlve damage to cell
.mitosls, or-a thresholdﬁresponse over tlme{ Conversely, as
' %Al concentratlon is elevated to approx1mately six tinei‘
.that of the CaC12 extractable Al at the Buffalo Head
Pralrle 51te, plants from this populatlon exhibit
:s;gnlflcant'dlfferentlal tolerance over Devon plants in the
first‘growth“perlod, succunblng to toxic effects after
prolonged exposure,.so,thatlgrowth is not slgnificantly
'diﬁferént from'that-of whiCh Devon plants: are capable N
‘(?ahferi3A) Comparlng root elongatlon between 2 ~ week
'growth periods w1th1n a populatlon, 1t. ecomes apparent

that growth under constant Al stress does not vary.

51gnlf1cantly over the two growth 1ntervals Devon plants
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Table 13. Levels of 51gn1f1cance (1) of Betula papyrifera
o root elongation over twe¢, 2 - week perlods after
. exposure to elevated Al concentrations in
solution culture. Name in. parentheses indicates
h;gher value. ] :
Treatment (Al concentration in ppm)
0 25 100 150
A. Period 1 I I
| Devon -
| . - |
. | b I I I
- I e . I
BHP | NS I NS I NS | * x %
I« | - - (BHP) - |
I I . | I I
| | | | |
B. .Period 2 | ; :
, 1 . Devon
; | I - | o |
b | : I ' | I
BHP | NS | NS ‘I * ko | NS I
- | (BHP) | I
| I | | |
» ' A I | I |
C. BHP ] :
} Period 2
- I HE I |
I | | | I
I | | | : I
Period 1 | NS | NS | NS | NS
| I | ' | N
| I I I I
D Devon |
} Period 2
i I I I ! I
| I I | |
| | I I |
Period 1 | NS | NS | * | NS
I N ’ ,I(Perxx } ,
I

(1) See Table 10
v




99’
uAder‘the ldo‘ppm regime are an exception in that fhe toxic
effects of ‘Al were greater in the- flrst 14 days (Table 13D)
such that a mean growth increment of 3.6 t 0.6 cm was
reduced to 1.7 * .02 cm.

This again points to a-p;ogressive reductdon in cell A
division over time,~howevef one might anticipate.a similar
outcomevwithin the 150 ppm Al treatﬁent. Mean root growth
wpf 2.3 + 1.1 for both péﬁﬁl;%ions in the 150 ppm treatment\\
is.in agreemen* Qith,the value of 2.2 cm for the same

perlod in 120 ppm Al cited by Steiner et al. (1980) .

In answer t& the questlon of dlfferentlal tolerance

'between Betgla papyrifera plants from sites of high and low‘
plant.— available Al with reepectvto root elengation, the
data presented here ehow_a significant difference. Howevef,
eonsideration of differential tolerance and'the use of
tolerance 'ndices must not lose sight of cortical
concentrations necessary to give: the tolerant population a
physiological advantage. In this study, Al levels

eonsistent with those of the high extractable Al site did
aot elicit a differeptial respdnse in the two pOpulations,
although such was the ¢ se at yetghigher concentrations. Iﬁ

-

should also be recogn:-ec that other strategieg might
intervene to determine Al tolerance when root elongation is
slowed by interferepce with root meristem activity. With

these _oints in mindj}%the study shows a less marked

’feéponse of Betula papyrifera from the site of high
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plant-available Al,“énd high Al concentrations. This could
s ) B
be attributed to the lower affinity of Buffalo Head Prairie

: =h roots for Al (Chapter ILI). Elongation even at 150

ppm Al supports the finding that paper birch is capable of ;

growth at concentrations completely toxic to dther plants
(Steiner etial., 1980) . Reduced growth at very high!Al
o . = e

concentrations is consistent with morphological damage at

the root apex described earlier in this. chapter. - !

Freqﬁency of Mitotic Figures
. ' _
Cytological effects of Al are important in
consideration of root morphology and elongation. These were
firgt reported by Levan (1945) in a study of involvement of

Ay

a number of inorganic salt solutions in disruption of

'dividing'dells of onion roots (Allium cepa). These include

"sticky chromosomes" and anaphase bridges. Clarkson (1965)
cited complete inhibition of onion root elongation aftér 6
- 8 hours’ treatment with 5.4 to 54 ppm Al applied as-

A12(80443.'Examination of aceto-carmine squashes of root

apices showed that cessation of root elongation and -

-

disappearance of mitotic ff@ures were closely correlated. =

SERPRE /
Treatment with other trivalent metals such as gallium,

indium, and lanthanum produced similar résults.'Clarksbn
. ~

concluded that cell division is highly sensitive to Al and

-

that permanent:- damage to the mechanism can result from

N
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’

short exposures.

In work with AqroStisnsz‘ (CiarkSOn,.1966a) poor\_'

growth of roots of susceptible. spec1es in crltlcal levels.

of Al was attributed to lnhlblthnrof cell d1v1s10n 1n the

- root apices. Absence of abnormalities in the mitotic
"apparatUS'was squEstiye of ..interference with a mechanism

"Operating during interphase. Growth of cotton seedling

roots ‘was- observed. to stop 1n the presence of Al

¥

concentratlons greater than 0 5 ppm by RlOS and Pearson

(1964) . Growth was not reinstated when the,roots were

placed in Al-free solutions. The appearance of binucleate

cells in the root tip. meristem indicated inhibition of rbot

\

cell division. Exposing cotton roots to 1 ppm Al (pH 4.3)

for 12‘h also produced a high frequency‘of‘binucleate cells

“Coree

(Huck, 1972). At the blochemlcal level, Eichhorn (1962)

showed that metal cations have the ability to bind to DNA

in vitro, thus increasino'the~stability of'tne double
helix. Clarkson and Sanderson (1970) further suggested'that
Al could crosslink polyﬁers,vthus increasing»the rigidity
of the DNA double helix. This could explaim the observed
interference in DNA reglication indUCed bY=Al (glarkson,

J
1969) .

Methods _
. ) i *
Estimation of the frequency of mitotic figures under

© various Al regimes was incorporated into the root

¢
“

.
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elonqatlon experlment presented in the prev1ous sectlon, in

which 8 E_;g;g pa py;lfera seedlings from both the Buffalo*\

Head Prairie and Devon study 51tes were grown in

]

half-strength Hoagland solution to whlch 0, 25, 100, or 150

ppm af was added,as.AlC13 and Al;(S04)3- Severaf\secondary
root tlps were collected from each seedling in the 0 to 100
ppm Al treatments 1nto v1als of- dlstllled wate* at t’ mes 0,
2, 4, 8, 12, and 24 h after exposure .to Al treatments.

Aceto—carmine squas’' s were immediately prepared following

- the technique of Clarison (1965). Coverslips were sealed

 with nail polish'to retard dehydration.

The area of the sméar containing the major portion of

N

the meristematic cells (within 1.5 mm of the| root tip) was

' determined microscopically. Following the procedure

outlined by Clarkson (1965), the abundance of mitotic

figures at each stage of the mitotic cycle was determined

by randomly,selecting‘cocrdinates for 5 high power fields

(400x) from meristematic regions of 4.-replicate squashes.

i

Results end Discussion .
The frequency of mitotic figures observed in

aceto-carmine squashes under various Al treatments is

presented in Table 14. No reductions are apparent-before 24

h in the 100 ppm Al treatment There is no dlfference in

the response of Betula papyrifera from the two study sites,

a finding which is in agreement with the observation that’

-
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root morphology was similarly affected in the two
pépulations, and that no damage was ;pparent in the 25 ppm
‘vAl'treatment. '

The results-serve as another indication of Al
tolerance when compared with the study of Clarkson (1965),‘

v

in which Allium cepa exhibited complete absence of all

division after 7 hours of subjection to 54 ppm Al and that
of Clarkson (1966a) in which mitotic figures in Agqrostis

stolonifera wereJabsent after growth for 76 h in 0.5 mM Al

at pH 4.0. As reported in these studies, no distortion of

mitotic figures was observed.

“
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Chapter VII

INTEGRATION

"It seems obvious that insight 1nto Al tolerance
mlght be galned through inquiry into the strategy of natlve

plants therlnq -on v1rg1n land characterlzed by low 5011

pH. The Betula / Calamagrostis association described here
offers at least some:answers'to.the question of native
plant strategy under Al %tress The plant- communlty K
established on the Buffalo Head Prairie study site was- # é
found to be quite SpeCleS rlch and diverse when edaphic
factors including high sol&h%efAiuahd ooor drainage. are
considered This draws attention to other species such as

Calamagrostis canaden51s and Rubus acaulls as frultful

subjects for physiological study Most important, however,

\
is the strong dominance expressed by _g;ula papyrlfera,

illustrating Al tolerance and the ability .to compete
successfully with other species on this site.-

With the dominant“species defined, the second
objective‘of the study, that of assessment of Al tolerance
linits and investigation of intraspecific differential

tolerance.Was addressed. For an overview, it may be helpful-

to consult Figure 1. Tolerance limits of Betula.papvrifera{
were found to vary with the parameter assessed and the
‘popuIation.to which the plants belonged. Root elongation

o
n
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pe;éisted in the presence of Al concentrations six times
thé level of plant-available Al at the Buffalo Head Prairie
site, although growth'decrea;ed with time and ALl
concentration. Differential tolerance_was'evident in high
Al treatments, the Buffalo Head Prairie popuiation being
more, Al tolerant. Morphologically, growth in solufions
containing Aldi?vigncentraﬁion approximating that of the
root zone at Bufféio Head Prairie (25 ppm) elicited no
cytqtoxic effects affefll4 days. However, l4vdays’ grbwth
" in 100. ppm Al treatment disrupted root morpholoéy in both
pogulations, inferring no differential response in this
respect. Fina}ly, estimatioh of theiabundahce of mitotic
figﬁfes illustrated deqreaséd, yet persistent, cell
division in root meristems after 24 h in plants from both
populations exposed to 100 ppm Al.

To summarize the integration of findings to this

point, it can be said that Betula papyrifera exhibits

tolerance to Al concgntrationswapprbximating those
occurring in the soil at the acidic Buffalo Head Prairie
site. Complete interference with physiological processes is

not evident at concentrations far exceéding those to which

native Betula Dapzrifefa is normally sﬁbjeéted.'
Différentia} tolerance is apparentvﬁetween~pdﬁulations
nati?g,toisites of high versus low plant-available Al,
although this is dependent upon the parameter being
assessed; Betula papyrifera is tolerant of Al

-
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_concentrations many tiﬁes in excess of those toxic to most
c;bp blants,
The final objective of, the stﬁdy, to investigate the

tolerance mechanism of Betula papyrifera and the extent to

which it is expressed in populations originating from sites
of high versus low plant-available Al was first addressed
inkregard to Al transport within the plant. Analysis‘of
leaVeé,.stems and‘catkins revealed foliar Al concentrations
to be gfeaﬁest, sugge§ting uptake and mobilization of the
element. The:. fact that diameter class is al§ariable in the
Al iontént of stems indicates its accumulation over time.
To sumﬁgrize, the tolerance mechanism of Betﬁla
papyrifera is not one of complete avoidance, nor one of Al

»

_aCCumulation and sequestration. This is supported by

experiment$ With_energy'dispersive_analysis of x-réys,

showing Al levels within fhe stele of exposed roots
exceeding levels in controls. Al adsorption experiments
with excised roots deﬁdnstrated tha; Al adsorbed to rec.s - -
was higher in plants from the low Al-site,/ﬁéile‘the
population 6rigiﬁgting on a high Al site adsorbed amounts

similar to those adsorbed by bafley roots. While cation

exchange capacity was found to correlaté.poorly with Al

‘binding capécity in Betula papyrifera, weak binding and
exclusion of Al from non-free space could help explain Al
tolerance in native paper birch, although x-ray scans and .

other parameters discussed above discredit exclusion.
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" In conclusion, a plant cohmunity, dominated by

Betula papyrifera Marsh., established on a site of

potentially toxic Al concentrations, has been dosc:ibed.
Paper birch is tolerant of high levels of soluble Al
through a’tolerance'mechanism which operates in. the

presence of Al/pptake. It can be postulated that the

answer to the Al tolerance mechanism of this native plant

'species lies at the biochemical level. Study of such native

sopulations preconditioned to high plant-available Al may

find practical application in revegetation of acidic soils.
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