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Amer. J. Bot. 61(9):

931-937. 1974.

DIFFERENTIAL RESPONSES TO MAGNESIUM AND CALCIUM BY

NATIVE POPULATIONS OF AGROPYRON SPICATUM!

JouN L. MAIN
Department of Biology, Pacific Lutheran University, Tacoma, Washington 98447

ABSTRACT

Plants of Agropyron spicatum (Pursh) Scribn. and Smith. from populations native to ser-
pentine and nonserpentine soils were grown at varying levels of magnesium and calcium in cul-
ture solutions. The yields of plants from the two populations were different. At high Mg levels
(low Ca) the yield of the serpentine population was significantly higher than that of the non-
serpentine population. At low Mg the yield of the serpentine population leveled off at a Mg:
Ca ratio of 1:2, while the yield of the nonserpentine population increased up to a Mg:Ca ratio
of 1:8 and showed no leveling off. Chemical analyses of tissue showed that the Ca uptake of
plants from the serpentine population was significantly higher than that of the nonserpentine
population. In addition, the serpentine population maintained a lower Mg concentration in
the shoots than the nonserpentine population at comparable Mg substrate levels. The two pop-
ulations showed differences in Ca and Mg uptake efficiency and Mg/Ca, Ca + Mg/K + Na,
and Ca + Mg + K + Na in the shoots. The ecotypic differentiation with respect to Mg and
Ca between native populations of serpentine and nonserpentine A. spicatum does not appear
to be due to any single mechanism but, rather, a combination of several possible mechanisms,
i.e., differences in root morphology, uptake mechanisms, translocation of nutrients, and inter-

actions between cations.

EcoTYPIC DIFFERENTIATION of plant species has
been described in relation to a number of soil
factors. Kruckeberg (1951) found that Strept-
anthus glandulosus Hook., Gilia capitata Dougl.,
and Achillea borealis Bong. were differentiated
into tolerant and intolerant races with respect to
their growth responses on serpentine soil; and Wil-
kins (1957), and Gregory and Bradshaw (1965)
have described populations of Festuca ovina L.
and Agrostis tenuis Sibth. that were tolerant to
heavy metals in the soil. Differential response to
calcium within the species Festuca ovina L., Tri-
folium repens L., and Cynodon dactylon (L.)
Pers. have been described by Snaydon and Brad-
shaw (1961, 1969), Snaydon (1962), and Rama-
krishnan and Singh (1966).

Grass species as a general group have not been
shown to be differentiated into serpentine-tolerant
and -intolerant races; Whittaker (1954 ) suggested
that grass species may occupy serpentine soil with-
out being ecotypically differentiated. Walker,
Walker, and Ashworth (1955) established the
importance of the adverse Ca/Mg ratio common
to serpentine substrates, and a differential re-
sponse to magnesium between species was shown
by Madhok and Walker (1969). A differential

1 Received for publication 7 May 1973.

This study is based, in part, on a doctoral dissertation
submitted to the University of Washington. The author
is indebted to A. R. Kruckeberg, R. B. Walker, and R.
del Moral for their interest and helpful suggestions dur-
ing the study and the preparation of the dissertation. The
study was supported in part by a NSF traineeship.

intraspecific response to magnesium per se has
not been shown.

Agropyron spicatum (Pursh) Scribn. and
Smith (Gramineae) commonly occurs both on
and off serpentine outcrops in central Washington.
Kruckeberg (1967), using traditional transplant
methods, attempted to determine if this species
formed discrete ecotypes in response to serpen-
tine soil; however, it was not possible to elicit a
definite differential tolerance. The present study
applies nutrient culture techniques to the problem
of intraspecific variation of 4. spicatum from ser-
pentine and nonserpentine substrates.

MATERIALS AND METHODS—Collection sites—
Plants of serpentine and nonserpentine origin were
collected in the Wenatchee Mountains of central
Washington. The upper north fork of the Tean-
away River in Kittitas County is an area of com-
plex interfingering soil types which offers an ideal
study area because of the close proximity of the
two soil types, assuring that the general climatic
conditions in the two collection sites are approxi-
mately the same. Clone material of the serpen-
tine population was collected at an elevation of
1266 m from a soil derived from Serpentinite (N
% Sec. 11, T22N, RI15E), while the nonserpen-
tine population was collected at an elevation of
965 m from soil derived from Swauk Sandstone
(S % Sec. 19, T22N, R16E).

_Soil analyses—Soil samples for analysis were
air dried and screened. Duplicate samples were
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TABLE 1. Analysis of soil chemical properties
Cation Exchangeable Cations
Exchange m Eq/100 g dry soil
Parent Capacity
" Material pH m Eq/100 g Ca Mg K Na Mg/Ca
Serpentinite 6.48 == 0.12 5.60 =0.18 0.40 =0.02 3.48 =0.09 0.11 =0.02 0.09 = 0.01 8.70
Swauk Sandstone 5.85+0.32 10.81 =0.21 3.12 +=0.04 0.10 =0.03 0.55+0.02 0.18 = 0.01 0.03

used for all determinations. Soil pH was deter-
mined with a Beckman model 96A pH meter by
the standard saturation paste method. The cation
exchange capacity was determined by the am-
monium acetate method; and the exchangeable
calcium, magnesium, potassium, and sodium were
determined from the leachate.

The exchangeable calcium and magnesium
were determined with a Techtron model AAA
Atomic Absorption Spectrophotometer, and the
exchangeable potassium and sodium were deter-
mined with a Beckman DU Flame Spectropho-
tometer. The soil analyses are presented in Table
1.

Experimental cultures—Plants were cloned and
maintained under greenhouse conditions for 5
months before they were used experimentally. The
roots were trimmed, leaving two or three leader

roots approximately 6 cm in length; and the shoots
were trimmed, leaving two stems 3—5 c¢m in length.
Clonal portions were placed in flats containing
washed silica sand and allowed a period of 3-4
weeks to become established. In all cases the ex-
perimental pairs of plants were of the same clone,
and uniformly vigorous plants were selected for
all experiments. Preliminary experiments showed
that the effects of varying calcium were more
readily elucidated than the effects of varying mag-
nesium. For this reason water culture techniques
were used for the calcium experiments, while a
sand culture system was utilized for magnesium
experiments. This system was easier to maintain
and more readily accommodated the extensive
root systems that developed over a longer grow-
ing time.

In those experiments in which magnesium con-
centration was varied, the clonal portions were

TABLE 2. Composition of culture solutions used for magnesium and calcium experiments®

Mg (#’s 1-8) or

Ca (#’s 9-16) mwm/liter
Solution in Solution
Number (mm/liter) NH,H,PO, KNO, Ca(NO,), NaNO, MgSO, Na,SO, NaCl
1 0.25 0.5 3.0 0.5 3.5 0.25 39.75 0.1
2 0.50 0.5 3.0 0.5 3.5 0.50 39.50 0.1
3 2.50 0.5 3.0 0.5 3.5 2.50 37.50 0.1
4 5.00 0.5 3.0 0.5 3.5 5.00 35.00 0.1
5 10.00 0.5 3.0 0.5 3.5 10.00 30.00 0.1
6 20.00 0.5 3.0 0.5 3.5 20.00 20.00 0.1
7 30.00 0.5 3.0 0.5 3.5 30.00 10.00 0.1
8 40.00 0.5 3.0 0.5 3.5 40.00 0.00 0.1
9 0.005 0.5 3.0 0.005 7.99 0.5 0.5 0.1
10 0.025 0.5 3.0 0.025 7.95 0.5 0.5 0.1
11 0.050 0.5 3.0 0.050 7.90 0.5 0.5 0.1
12 0.250 0.5 3.0 0.250 7.50 0.5 0.5 0.1
13 0.500 0.5 3.0 0.500 7.00 0.5 0.5 0.1
14 1.000 0.5 3.0 1.0600 6.00 0.5 0.5 0.1
15 2.000 0.5 3.0 2.000 4.00 0.5 0.5 0.1
16 4.000 0.5 3.0 4.000 0.00 0.5 0.5 0.1

2 A1l solutions contained 1 ml each of FEEDTA and A-5 per liter. FeEEDTA—26.1 g EDTA dissolved in 268 ml

of 1 N NaOHj; 24.9 g FeSO;, -

7H.0 is added to it. The solution is diluted to 1 liter, aerated overnight, and its pH ad-

justed to 5.5 with NaOH. One ml FEeEDTA per liter is equal to 5 ppm Fe. A-5 Micronutrient supplement—2.86 g
H,BO,, 1.81 g MnCl; - 4H:0, 0.105 g ZnCl, 0.053 g CuCl. * 2H:0O, 0.126 g Na:MoO. per liter. One ml A-5 per liter
gives 0.5 ppm B, 0.5 ppm Mn, 0.05 ppm Zn, 0.02 ppm Cu, and 0.05 ppm Mo. The pH of the culture solution was
adjusted to 5.5 with NaOH. The osmotic potential of culture solution numbers 1-8 and 9-16 was —1.10, and -0.38
atm., respectively.
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Fig. 1-4. Mean plant yield and cation content in the shoots of serpentine (-—-) and nonserpentine (—)

populations of A. spicatum grown at varying Mg and Ca levels.
3. Yield at varying Ca levels.

in shoots at varying Mg levels.

transferred directly to a sand culture system. So-
lutions were pumped by means of a timed air pres-
sure system from 20-liter carboys into 4-gallon
crocks containing washed silica sand. The sys-
tem was adjusted so that the solution would rise
within 1.5 cm of the sand surface and remain in
that position for 5-10 min before draining back
into the carboys. The plants were irrigated four
times per day. Three replicate plants were grown
for each treatment.

The plants for calcium experiments were trans-
ferred to 1.89-liter (two-quart) mason jars which
had been painted on the outside with black as-
phaltum varnish and then wrapped with aluminum
foil. Three replicate plants were grown for each
treatment.

1. Yield at varying Mg levels. 2. Cation content
4. Cation content in shoots at varying Ca levels.

The solutions used (Table 2) were modified from
Hoagland and Arnon #2 (1950). Different mag-
nesium concentrations in culture solutions were ob-
tained by varying MgSO, and balancing it with Na,
SO,. Furthermore, the calcium concentration was
held constant at 0.5 mM/liter and NaNO; was used
as a reciprocal substitute for Ca(NQ;), to maintain
the nitrogen level. In experiments where calcium
was varied, different levels of calcium were ob-
tained by varying Ca(NO;). and balancing it with
NaNO;. The magnesium concentration was held
constant at 0.5 mmMm/liter. All ions, except for the
micronutrients and iron, were used at one-half the
usual levels. This was done in order to avoid the
possible harmful effects of high osmotic potentials
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Fig. 5. Comparison of uptake efficiency of serpentine and nonserpentine populations of A. spicatum. — Com-
mon regression line; ——— unit slope. * —P < 0.05, ** — P < 0.01, *** —P < 0.001 (a) Mg uptake; (b) Ca uptake.

that could result if full strength solutions plus
high magnesium concentrations (40 mw/liter)
were used.

All experiments were conducted in the green-
house during the spring and summer months.
Plants were grown under natural light during the
summer and supplemented with artificial light
during early spring. Greenhouse temperatures
during spring ranged between 16 and 19 C at night
and approximately 21-28 C during the day. Sum-
mer temperatures ranged between 18-22 C and
25-35 C for night and day, respectively.

Plants used for the magnesium experiments
were harvested after 72 days, while those used
for the calcium experiments were harvested after
30 days. At this time the plants had reached ma-
turity or were showing deficiency symptoms. At
harvest the plants were divided into roots and
shoots and analyzed separately for calcium, mag-
nesium, potassium, and sodium.

The tissue samples were ashed at 300 F for 12
hr, then for 4 hr at 500 F in a muffle furnace,
and then taken up in dilute HCl. Normally 2 g
of dry tissue were ashed and made up to 100 ml;
however, in cases where the samples were less
than 1 g in weight, the volume was adjusted in
proportion to weight. Tissues were analyzed for
calcium, magnesium, potassium, and sodium. Cat-
ion content was determined by the same methods
described for the determination of exchangeable
soil cations.

RESULTS—Magnesium experiments—Serpentine
and nonserpentine populations were grown in cul-
ture solutions 1-8 (Table 2) at 0.25-40.0 mMm Mg
and a Ca concentration of 0.5 mM/liter. The yields
of the two populations are plotted against the Mg
level in the culture solutions in Fig. 1. The ser-
pentine population showed a greater response to
Mg than did the nonserpentine population; at the
two lowest Mg levels the mean yield of the ser-
pentine population was 39 % and 68 % respec-
tively of their maximum yield, while in contrast
the mean yield of the nonserpentine population
was 87 % and 91 %. Plants from the serpentine
population showed a substantial yield increase
from 0.25-10.0 mMm Mg, but decreased at higher
Mg concentrations. Magnesium deficiency symp-
toms were noticeable from 0.25-2.5 mMm Mg. In
contrast, the nonserpentine population showed
only a slight increase in yield from 0.25-10 mm
level and decreased at higher Mg treatments. No
magnesium deficiency symptoms were noted in the
plants of nonserpentine origin; however, calcium
deficiency symptoms were noticeable at all Mg
levels and became more pronounced with increas-
ing Mg concentration of the culture solutions. At
all treatment levels the yield of the serpentine
population was significantly higher (P < 0.01)
than that of the nonserpentine population. Plants
from the serpentine population had a higher (P <
0.025) mean shoot/root ratio (1.77) than the
nonserpentine plants (1.58).

The cation content in the shoots of plants from
the two populations is plotted against magnesium
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concentration in the solutions in Fig. 2. These
results show that the shoots of plants from the
serpentine population contained more Ca than
those from the nonserpentine population. The
calcium content of both populations decreased as
the Mg concentration in the culture solutions in-
creased, but the average calcium content of the
nonserpentine plants was significantly lower (P <
0.01) than that of the serpentine plants. In the
case of Mg content, this relationship was reversed.
The shoots of the nonserpentine plants contained
higher concentrations of Mg than the serpentine
plants at all treatment levels.

The potassium in the shoot of the serpentine
plants generally showed a somewhat higher con-
tent than the nonserpentine plants. The sodium
content of both populations decreased as the so-
dium concentration in the culture solutions de-
creased.

Calcium experiments—Serpentine and nonser-
pentine plants were grown in culture solutions 9—
16 (Table 2) at 0.005-4.0 mM Ca with Mg held
constant at 0.5 mm. Figure 3 shows the average
yield of plants from both populations plotted
against the Ca concentration of the culture solu-
tions. The serpentine plants showed a rapid ini-
tial increase up to the 1 mMm Ca level. There was a
leveling off beyond the 1 mM treatment and a
slight decrease from 2—4 mm. The nonserpentine
plants, after an initial moderate increase, increased
at a more rapid rate from 0.5 to the 4 mm Ca level.

The yield of the serpentine plants was signifi-
cantly higher than that of the nonserpentine plants
up to the 2 mMm Ca level (P <0.01), but the
yield of the nonserpentine plants surpassed that of
the serpentine plants at the 4 mM level. Calcium
deficiency symptoms were visible from the 0.005—
0.05 mM level in the serpentine plants, while cal-
cium deficiency symptoms in the nonserpentine
plants were visible from the 0.005-0.5 mM cal-
cium level. In all instances the deficiency symp-
toms were more severe in the nonserpentine plants
than the serpentine plants at corresponding cal-
cium levels. There were slight magnesium defi-
ciency symptoms in the serpentine plants at the
4 mM Ca level, but none were noted in any of the
plants from the nonserpentine population. Plants
from the nonserpentine population had a higher
mean shoot/root ratio (2.10) than the serpen-
tine plants (1.92), but this difference was not sig-
nificant.

The level of cations in the shoots of both pop-
ulations are shown in Fig. 4. The Ca content of
serpentine plants was consistently higher than that
of the nonserpentine plants. The Ca content of
both populations increased sharply up to the 0.05
mM level, then increased up to the 4 mwm level, re-
maining almost parallel in the two groups. The Mg
content of the nonserpentine plants was the reverse
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Fig. 6. Comparison of cation ratios and content in
shoots of plants from serpentine and nonserpentine pop-
ulations of A. spicatum grown at varying Mg and Ca
levels. — Common regression line; ——— unit slope.
(a) Mg/Ca; (b) K/Na; (c) Ca-+ Mg/K -+ Na; (d)
Mg + Ca + K 4 Na.

of the Ca content, decreasing sharply from 0.005—
0.5 mM, with a more moderate yet consistent de-
crease to the 4.0 mMm treatment. The Mg content
of the serpentine plants remained almost constant
from the 0.005 to the 0.5 mm level, at which point
there was a moderate decrease to the 4.0 mMm
level. At all calcium levels in the culture solution
the shoots of the serpentine plants showed a
higher calcium content than the nonserpentine
plants (P < 0.01).

The potassium content in the shoots of both
populations increased as the Ca concentration in
the culture solution increased; however, the po-
tassium content was consistently higher in the
serpentine population. As was the case in the Mg
experiments, the sodium content in both popula-
tions decreased as the sodium in the cuture solu-
tion decreased. The total amount of major cat-
ions increased somewhat in both populations at
the higher Ca concentrations.

Data for both experiments are presented jointly
in Fig. 5 and 6. The mean value for the serpen-
tine population at each magnesium and calcium
level is plotted against the mean value of the non-
serpentine population at a comparable level on a
logarthimic basis. Three parameters are consid-
ered: (1) uptake of Ca and Mg per unit dry
weight of root (uptake efficiency), (2) cation
ratios in the shoots, and (3) total major cation
uptake by the shoots. If both populations had an
identical uptake efficiency or cationic ratio, the
values would lie on a line of unit slope through
the origin. The difference between populations is
measured by the slope of the common regression
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line (b) and by the F-ratio of the mean square
between populations over the mean square within
populations (1, 31 df).

Data for Mg uptake (Fig. 5a) show that the
nonserpentine population had a significantly higher
uptake efficiency than the serpentine population (P
< 0.001). The regression coefficient differed sig-
nificantly from unity, indicating that the nonser-
pentine population had a higher uptake efficiency
for Mg at high uptake levels. The difference in
uptake efficiency for Ca (Fig. 5b) was not signifi-
cant, but the regression coefficient differed sig-
nificantly from unity (P < 0.001). The nonser-
pentine population had a higher uptake efficiency
for Ca at low Ca uptake levels, while the serpen-
tine population had a higher uptake efficiency at
high uptake levels.

There were no significant differences in Mg/Ca,
K/Na, and Ca + Mg/K + Na ratios (Fig. 6a, 6b,
6¢); however, the regression coefficienct for Mg/
Ca and Ca+ Mg/K + Na differed significantly
from unity. The serpentine population had a sig-
nificantly higher total cation uptake (Ca + Mg +
K + Na) than the nonserpentine population, but
the regression coefficient did not differ signifi-
cantly from unity (Fig. 6d).

DiscussioN—The yield of plants at varying Mg
concentrations (Fig. 1) shows a clear differentia-
tion between populations of A. spicatum from
serpentine and nonserpentine soils, and a relation-
ship between Mg response and soil Mg (Table 1)
is apparent. As indicated by the Ca content in
the shoots (Fig. 2), this differentiation seems to
be due, in part, to a greater uptake of Ca at low
levels by plants from the serpentine population.
In addition, the serpentine plants maintain a lower
level of Mg in the shoots at higher substrate con-
centrations of Mg than the nonserpentine plants
(Fig. 2, 5a). It appears that a higher external Mg
concentration is necessary to maintain a sufficient
internal Mg supply in the shoots of serpentine
plants as compared to nonserpentine plants. Re-
sults of the calcium experiments (Fig. 3, 4) tend
to corroborate the differential uptake of calcium
noted in the magnesium experiments. The yield
of plants from the serpentine population appears
to be limited by low Ca up to the 0.5 mm level,
but above this level Mg seems to be the limiting
factor. Yield of the nonserpentine plants increased
as the Ca concentration in the culture solution
increased, indicating that Mg was not limiting, at
least up to a Mg:Ca ratio of 1:8.

The differences between populations in response
to varying cations could be brought about by: (1)
root morphology, (2) uptake mechanisms, (3)
translocation, and (4) an interaction between cat-
ions. The evidence presented here does not allow
a full analysis of these possible mechanisms; how-
ever, some tentative conclusions can be drawn.

AMERICAN JOURNAL OF BOTANY
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It has been shown that varieties of crop plants
show a differential response to nutrients because
of a difference in root size (Epstein and Jefferies,
1964). In the magnesium experiment the shoot/
root ratio was significantly higher in the serpen-
tine population than in the nonserpentine popula-
tion. In the case of the calcium experiment the
shoot/root ratio was reversed, although the dif-
ference was not significant. In both experiments
the total cation content of the shoots of the ser-
pentine population was significantly higher than
that of the nonserpentine population. This alone
does not appear to account for the observed dif-
ferences since: (1) there were large differences
in uptake of nutrients per unit weight of root (Fig.
5); (2) there were differences in shoot cationic
ratios between populations (Fig. 6); and (3) the
response to Mg/Ca ratios was reversed in the two
populations, i.e., the nonserpentine population
was less tolerant of high Mg/Ca ratios while the
serpentine population appeared to be less tolerant
of low Mg/Ca ratios.

From the data presented here it is not altogether
possible to separate cationic uptake from trans-
location. In both experiments the serpentine pop-
ulation consistently maintained a higher Ca con-
tent in the shoots and the entire plant than the
nonserpentine population. The nonserpentine pop-
ulation had a consistently higher Mg content in the
shoots than the serpentine population; however,
there was no consistent difference in Mg content
of the entire plant. In the Mg experiments, the
roots of the serpentine population had higher Mg
content than the roots of the nonserpentine pop-
ulation (P < 0.100), but in the Ca experiments
the reverse was true (P < 0.001). It appears that
the populations differ in selective uptake of Ca
and Mg. However, there is evidence that trans-
location of Mg at high substrate concentrations in
the serpentine population may play a role in this
differentiation.

Walker et al. (1955) showed that Helianthus
bolanderi Gray subspecies exilis Heiser, a serpen-
tine endemic, absorbed higher concentrations of
Ca than the common cultivated sunflower H. an-
nus L. Furthermore, Madhok and Walker (1969)
indicated a probable depression of Mg uptake
by Ca in H. bolanderi exilis. The data presented
here (Fig. 2, 4) suggest a possible depression of
Ca content in the shoots by high Mg substrate
concentrations and a possible depression of Mg
content by Ca, particularly in plants from the ser-
pentine population.

From the data presented here, it does not ap-
pear that a single mechanism is responsible for the
noted differentiation between populations of A.
spicatum from serpentine and nonserpentine soils.
Rather, it seems that several possible mechanisms,
i.e., root morphology, cationic uptake, transloca-
tion of nutrients, and interactions between nutri-
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ent cations may have responded to the selective
pressure imposed by the serpentine substrate.

The results of this study have shown serpentine
and nonserpentine populations of 4. spicatum to
be differentiated with respect to Mg and Ca sub-
strate levels. This differential response is pre-
sumed to be under genetic control; populations of
A. spicatum are probably genotypically differ-
entiated and can be considered to be ecotypic
varients in the sense of Clausen, Keck, and Hiesey
(1945) and Kruckeberg (1951). However, one
must not overlook the possibility that soil proper-
ties other than the levels of Mg and Ca may af-
fect plant growth on serpentine soils and thus may
be part of the ecotypic response (Krause, 1958;
Proctor, 1971).

Physiologically distinct populations within a
well-defined, taxonomic species have been shown
by a number of authors over a wide range of
edaphic conditions. This is particularly true of
ubiquitous species. These differences should be
recognized and allowances in interpretation made
in studies dealing with natural populations of
wide-ranging plant species.
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