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Control of Na" and K* transport in Spergularia marina. 111
Relationship between ion uptake and growth at moderate salinity

John M. Cheeseman and Linda K. Wickens

Cheeseman, J. M. and Wickens, L. K. 1986. Control of Na* and K* transport in Sper-
gularia maring. 111. Relationship between ion uptake and growth at moderate sali-
nity. — Physiol. Plant. 67: 15-22.

In this paper, we continue our analysis of Na* and K* uptake by mid-vegetative Sper-
gularia marina (L.) Griseb. plants growing on 0.2x sea water medium, with attention
to the relationship of ion uptake and growth. In the first part of the paper, growth
analysis techniques are used to compare relative growth rates (RGR) and relative ac-
cumulation rates (RAR) for Na* and K*. Under constant growth conditions, a high
correlation between RGR and RAR indicated that growth and accumulaticn of both
ions were well balanced, resulting in Na* and K* concentrations within the plants
which were stable after adjustement to the saline medium. The analysis confirmed
the existence of a Na*-related growth stimulation in S. marina and an associated in-
crease in the efficiency of K* utilization for growth. When plants were subjected to
more rapid salinization and step changes in the light intensity of the growth chamber,
RGR and RAR were again similar, even through the discontinuities in growth condi-
tions, suggesting that growth and ion accumulation were co-regulated rather than
simply correlated.

The growth analysis data were then transformed to give net uptake rates for Na* and
K* and the results were compared to those of isotope studies under similar growth
conditions. In roots, the rates estimated by the two techniques differed substantially;
net uptake rates reflected primarily growth, while isotope studies indicated a sub-
stantial jon exchange rate between mature cells and the growth medium. The rates of
transport of either Na* or K* to the shoot were very similar using the two estimation
techniques. As the rates measured with isotopes were taken from studies lasting at
most a few hours, this suggested a very rapid tumover of the upwardly mobile Na*
and K* pools in the roots.
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maintain relatively constant internal conditions during

Introduction

In our previous papers we have considered the control
of Na* and K* transport in intact, vegetative Sper-
gularia marina (L.) Griseb. plants growing under
steady-state conditions in solution culture and at moder-
ate salinity (Cheeseman and Wickens 1986a,b). We sug-
gested, based upon the observed correlations between
the uptake of “Na* and “K* and independent measures
of plant size, tissue ion conterts and root:shoot ratio
(RSR), a working hypothesis by which the plants could
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growth, at least through the vegetative period. Control
of Na* and K* uptake was hypothesized to involve
negative feedback based upon plant size and RSR, and
positive feedback involving root ion levels.

Those studies were, however, limited to considera-
tion of plants at a single age, 17 days after transfer to so-
lution culture and 7 days after salinization. To explore
the hypothesis and to consider the physiological end re-
sult of the putative control network, the ionic relations
of the plants must be understood in the context of
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growth. Ion accumulation must be analyzed in such a
way that short-term isotope and longer-term net accu-
mulation can be compared. Unfortunately, the majority
of the studies which have considered ionic relations and
growth have not been reported such that those compari-
sons are possible. However, as Nye and Tinker (1969)
noted in their development of the concept of the root
absorption coefficient, such data must exist; ion con-
tents and plant weights are routine components of a va-
riety of agricultural and ecological analyses. It was, pre-
sumably, due to this lack of data transformed as re-
quired, that the recent review of transport reguiation by
Glass (1983) did not consider growth, and that Moorby
and Besford (1983) cited, in this regard, only the study
of Pitman (1972).

In the present paper we will analyze the accumulation
of Na* and K*, and the growth of $. marina plants at
moderate salinity during the mid-vegetative period, i.e.
from the time of salinization to the onset of branch elon-
gation. Using growth analysis techniques, the corre-
lation between ion accumulation and growth will be
analyzed first. Second, the accumulation of Na* and K*
will be expressed in the units common to ion transport
studies and uptake estimates using isotope and growth
analysis methods will be compared.

Abbreviations — CV, coefficient of variation; NUR, net uptake
rate; RAR;, relative accumulation rate for ion j; RGR, relative
growth rate; RSR, root:shoot ratio; SUR, specific utilization
rate.

Materials and methods

Spergularia marina seeds were collected from plants
growing in our growth chambers and were germinated,
transferred to selution culture, and grown as described
in detail in part I of this series (Cheeseman and Wickens
1986a). The experimental methods and analytical tech-
niques used for “K* and *Na* studies were as described
by Cheeseman et al. (1985b). Plants used in growth
study and isotope experiments were treated identically
with the exception that humidity, which could not be
controlled, was somewhat higher in the growth studies
(performed in the summer) than in the isotope studies
(performed in the autuma and winter).

Analyses of plant growth and net ion accumulation
rates were based on data frem frequent small harvests
(Hunt 1982). The present paper will use two such
studies extensively, The first study was performed in
May and June 1984. Seedlings were carefully selected
for uniformity and transferred to solution culture ca 2
weeks after germination. Salinization to 0.2 sea water
followed the schedule presented previously {Cheese-
man and Wickens 1986a). The plants were grown under
uniform environmental conditions thereafter; ages refer
to days after transplanting. Harvests began on day 11.
Five plants were harvested daily until day 20, then on
days 22, 25 (beginning of branch elongation) and 35
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(first flowering). Plants to be harvested were randomly
selected from the remaining population, and all plants
were eventually harvested.

At harvesting, roots were rinsed in ice-cold CaCl, (20
mol m™) for 10 to 15 min. Aerial parts were rinsed
briefly in the same solution. Plants were divided into
roots, shoots and root/shoot interfaces for analysis.
Parts were weighed, dried, re-weighed and ashed at 500
to 525°C for 3 h. Ashed samples were re-suspended in
1000 mol Mg-acetate m™* at a dilution ratio of ca 0.1 g
dry weight ml™'. Samples were vortexed briefly 15 min
prior to analysis and allowed to settle. Na* and K* con-
tent were determined by flame emission spectroscopy.

Growth was described using the computer programs
of Hunt and Parsons (1981). The age dependence of
plant size was fitted to an equation of the form:

m(W)=a+b-t+ ... +b-t, a=3 (1)
where W, is the dry weight of the plant or plant part and
t is age.

The accumulation rates of Na* and K* were de-
scribed similarly by substituting M, or M, (mol of Na*
or K*) for W, in eq. (1).

The first derivative of eq. (1) is the relative growth
rate (RGR) or, for Na* or K*, the relative accumulation
rate (RAR,,. RAR,) and is defined by the equation:

RGR L W b, + 2-bt + 3-b
=—.——=b,+ 2:bt + 3-b,-? 2
W, dt ! : ? )

Clearly, if < 3 in eq. (1), eq. (2} will be simplified
accordingly, and if growth is strictly exponential,
RGR = b,. Substitution of M, for W, in eq. {2) defines
RAR,.

Analyses of RGR based cn fresh weight gave similar
results, as the moisture content of the plants was
91.320.06% regardiess of plant age and with no signifi-
cant differences between plant parts.

From fitted regressions of the form in eq. (1) the spe-
cific utilization rates (SUR) and the net uptake rates
(NUR) car also be calculated (Hunt 1982). The general
form of the functions is similar.

SUR = — . W 3)
M, dt
and
NUR = . W @
wWoodt

r

SUR indicates the efficiency of nutrient use in total dry
matter production. In the present paper, we are con-
cerned with a K*-sparing effect of Na* and, thus, will
limit our analysis of this function to K*. Equation (4) is
used in the comparison of net ion accumulation and iso-
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tope uptake rates. For this reason, NUR analyses will
be based or root fresh weight, W,. With the constant ex-
ternal concentrations used in these studies, NUR was
directly proportional to the root absorption coefficient,
«, as defined by Nye and Tinker [1969, eq. (4)]. This re-
flects our observations that {a) the mean root radius was
consiant with root system size, and (b) root length was
directly proportional to weight (Cheeseman et al.
1985a).

The second growth study, used for Fig. 5, was per-
formed in July and August 1984. For this study, plants
were salinized on day 13 to 0.1x sea water at 11 00 h af-
ter the harvest for the day, and to (.2X sea water at
17 00 h. At day 16, the growth chamber light intensity
was decreased from 500 to 90 umol m™? s™! by turning
off 27 of 32 fluorescent tubes. Intensity remained at the
lower level with the same 14 h photoperiod until day 32
when it was restored to the initial level. The change in
light intensity was accompanied by other, uncontroll-
able changes in the growth chamber environment, in-
cluding a change in the heat load of the chamber and
therefore of the growth medium temperature. Con-
sideration of the effects of the altered conditions will,
therefore, be limited to areas in which the complexities
are unimpertant.

Because of the discontinuities in the growth condi-
tions, the continuous equation analysis used for the first
study was not acceptable. RGR and RAR were calcu-
lated. instead, using discrete overlapping estimations.
For each time period, RGR was defined as:

In {W),.. — In (W),
to—t

RGR = 5

W, is the mean dry weight of the 5 samples at each har-
vest. For RAR,, M, was substituted for W,. The pro-
cedure of skipping harvests (i.e. of using harvests n and
n+2 instead of n and n+1} and overlapping estimation
periods was adopted in order to smooth the curve some-
what, eliminating variation associated with the sampling
alone, and at the same time preserving the major vari-
ations which were associated with salinization and light
intensity changes. This technique is similar in concept
to, but simpler in practice than, the “running re-fit”
method discussed by Hunt ¢1982).

Results
Ion accumulation and growth

The growth of Spergularia marina following salinization
during the early vegetative period to 0.2 X sea water was
not strictly exponential, but decreased with age to the
beginning of branch elongation. In the formalism of
growth analysis [eq. (1)], the regression coefficients b,
and b, were non-zero. Consequently, RGR [eq. (2)] was
not constant, but decreased with age as well. Similar re-
sults were obtained for the net accumulation of Na* and
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Fig. 1. Age dependence of relative growth rate (RGR) on a dry
weight basis. and relative accumuiation rates (RAR) for Na*
and K" in Spergularia marina plants following transfer to solu-
tion culture and salinization to G.2X sea water. Salinization
was complete at 10 days after transfer. Curves are fitted results
of growth analysis using the stepwise proegram of Hunt and Par-
sons (1981).

K*. Figure 1 compares RGR, RAR,, and RAR, from
vegetative §. marina over this period. The first harvest,
at day 11, was made 45 h after the beginning of sali-
nization and 19 h after the increase to 0.2X sea water;
the high initial RAR,, reflects the initial acquisition of
Na™. Following day 18, RAR,, and RGR were not sig-
nificantly different. RAR was slightly lower than RGR
throughout the peried although the difference was sta-
tistically significant only between days 14 and 20.
These differences were reflected in changes in con-
centrations of Na* (increasing} and K* (decreasing} in
the plants. In the leaves, however, the total monovalent
cation concentration remained constant throughout the
period (Fig. 2). Because more than 80% of the total
Na* and K* were in the lcaves, the leaf and whole plant
patterns were similar. These changes indicated a Na*-
for-K* replacement, but also reflected a dilution of K*
during growth that occurred even in the absence of Na*.
Table 1 compares the K™ levels at days 11 and 17 after
transfer to solution culture for plants grown on Na-0
and 0.2 X sea water media. The average, whoie plant K*
concentration decreased by 32% in the salinized piants,
but also decreased by 15% in the absence of Na* (the
Na-0 data are based on a similar growth analysis). The
relative growth rates are compared in the center co-
lumns of Tab. 1. RGR was lower at both ages decreased
proportionately more with age under Na-0 conditions.
This verified our earlier report of Na*-stimulated
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Fig. 2. Na* (A), K* (O) and Na* pfus K* content (O) of roots and shoots of mid-vegetative §. marina plants. Results are expressed
as pmol (g FW)~'. Each point is the mean =+ sg of 5 samples. Error limits not shown were smaller than the symbols. Lines were

placed without regression, to serve as visual guides only.

growth in §. marina (Cheeseman et al. 1985a), and indi-
cated that the decrease in RGR with age in Fig. 1 did
not represent a growth-inhibiting effect of salinity.

The Na*-related dilution of leaf K* with growth (Fig.
2) also represented an increase in the specific utilization
rate (SUR) for K* [eq. (3)], or a K* sparing effect of
Na*. As shown in the final columns of Tab. 1, the SUR
was higher at both ages and decreased less with age in
the salinized plants.

A different pattern of Na™ and K* tissue concen-
trations was found for roots. The Na* content reached a
steady level by day 12, within 72 h of the beginning of
salinization. K* content declined transiently, then more
gradually to the onset of branch elongation. Total
monovalent cation content of roots, therefore, mirrored
the changes in K* (Fig. 2).

The percentage of the total K* which was in the
shoots decreased with age, from 86% at day 11 to 72%

at day 25. The percentage of the total Na* in the leaves
increased slightly from 79% at day 11 to 89% at day 15,
then decreased despite stabilization of both root and
shoot concentrations {Cheeseman and Wickens 1986a).
This decrease largely reflected an increase with age of
the root:shoot ratio after day 15 (Fig. 3).
Recirculation of Na* from the shoots to the roots for
subsequent active excretion could also contribute signi-
ficantly to these observations and could have a signifi-
cant effect on interpretation of isotope results. Two dif-
ferent types of experiments, however, indicated that
such recirculation does not occur in this system. First,
plants labeled for the first 7 days of salinization with
Na* in the growth medium (0.2X sea water) showed
no loss of label and less than 5% redistribution to new
shoot tissue in a following 14-day period without label
(data not shown). Second, plants grown for 14 days on
0.4x sea water showed no loss of Na* from either roots

Tab. 1. Comparison of total plant K* content, refative growth rate and K* specific utilization rate in mid-vegetative §. marina
plants growing on Na-0 or 0.2X sea water medium. Values are compared at 11 and 17 days after transfer to solution culture. Con-
tents are means + Se; n = 5. RGR and SUR are fitted estimates + Sg.

Age Contents, RGR, day™’ SUR,
days umol K*(g FW)' g DW {mol K*)™’ day™!
Na-0 0.2x Na-0 0.2x Na-0 0.2x
11 183+1 164+4 0.22x6.01 0.36%0.03 124+ 9 201+15
17 1563 11142 0.11+0.01 0.22+0.01 59+10 169+ 5
18 Physiol. Plant. 67, 1986
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Fig. 3. Age dependence of root:shoot ratio (RSR) of mid-
vegetative 8. marina plants from completion of salinization to
0.2X sea water to the beginning of branch elongation. Symbols
represent individual samples. Solid line was fit by polynomial
regression {(cubic) to the individual sample values. Dotted lines
- 95% confidence interval for the regression line.

or shoots following an additional 13 days growth on
Na-0 medium (Tab. 2). Table 2 aiso implies that Na*
cannot be exchanged for K* or other cations.

For both ions, these resuits could simply indicate a
correlation between growth and ion uptake, or they
might indicate that the processes were well-integrated
and similarly regulated. Figure 4 illustrates the results of
an experiment challenging and supporting this latter
posstbility.

Growth and net ion accumulation were measured
through 3 treatment discontinuities, i.¢. salinizatior and
2 illumination changes, using the discrete overiapping
estimate technique (see Materials and methods).
Though RAR,, was very high upon initial exposure to
NaCl, the rapid salinization in this experiment resulted
in a transient reduction of growth and of accumulation
rates for both ions. Transient reductions alse accompa-
nied the changes in light intensity. Recovery of the
whole plant balanced growth was complete at low light,
and following day 22, RGR, RAR,, and RAR; were
similar and relatively constant. Recovery was more ra-

Tab. 2. Na* content of §. marina plants following 14 days
growth on 0.2X sea water and a subsequent 13 days growth on
Na-U medium. Plants were transferred to 0.4x from (.2x sea
water on day 11, and were returned to Na-0 medium in a single
step on day 25. Na-0 medium was carefully monitored and
changed frequently to avoid continued Na* uptake. Data are
means * sg. Root/shoot interfaces were included in the total
content analyses.

Age Na* content pmol (plant)™’
days
Roots Shoots Total
25 121 (10) 22114 (10) 23715 (10)
38 25+4 (8) 210+29 ( 8) 247+33 ( 8)

2* Physiol. Plant. 67, 1986

pid following the return to high light and the rates rose
to a level similar to those in control plants at the same
developmental stage {data not shown}. The final diver-
gence of growth and accumuiation rates after day 37 is
unexplained but may have been associated with the ap-
proach to flowering which, under these conditions, be-
gan at day 42,

Comparison of net accumulation and isotope uptake

To understand the growth study results in the termi-

Relative Growth or Accumulation Rate ( dayhl)

Days After Transfer

Fig. 4. Relative growth rates (+) and relative accumuiation
rates for Na* ((J) and K* (O) in the second growth study. The
medium was salinized to 0.2x sea water on day 13 (arrow,
+NaCl). Growth chamber light intensity was reduced from 500
to 90 ymol m™ s™* for the period designated by shading. Har-
vest days are indicated with arrowheads on the x-axis. Points
were determined using the discrete overlapping estimate tech-
nique (see Materials and methods). Intervals covered by the
points are shown as horizontal bars at the top of the graph.
Lines were smoothed to the points to serve as guides. The very
high initial value of RAR, reftects initial accumulation of Na*
by previously Na*-free plants.
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Fig. 5. Net uptake rates (NUR) for Na* and K" for roots and
shoots of mid-vegetative S. maring. Data are expressed as
umol (g FW,,)-! day™ for the most straighforward comparison
to isotope experiments. Lines were derived from the growth
data using the stepwise program of Hunt and Parsons (1981)
and the data from the first growth study.

notogy and context of short-term transport studies using
isotopes, a further transformation of the growth analysis
data using eq. (4) was required. Figure 5 shows the re-
sults of that transformation with the net rates of Na*
and K* accumulation by roots and leaves of 5. marina
expressed as pmol (g fresh weight, )" day™’.

Conversion to hourly rates required an additional ad-
justment for diurnal variation. That adjustment was
made for Na” using the data previously reported for
*Na" transport (Cheeseman and Wickens 1986a). With
similar data obtained for “K* (data not shown), with
appropriate attenticn to the differences in root and
shoot patterns, and with the assumption that net uptake
and isotope uptake showed similar diurnal variations,
the linear rates of isotope uptake (Cheeseman and
Wickens 1986b) and “corrected” net daytime uptake are
compared in Tab. 3 for plants 17 days after transfer to
solution culture.

Table 3 shows an apparent discrepancy between the
estimated rates of transport to the shoot, with isotope
transport being greater than net transport. This differ-
ence was in the direction opposite to that which would
be expected if the specific activity of the transporting
compartment in the roots were less than the specific ac-
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tivity of the external, isotope-labeled medium (Pitman
1972). Figures 2 and 5 suggest a probable source of the
disparity. In spite of the relatively steady internal ion
levels and the appearance of a “steady state”, the rates
of net accumulation were most rapidly changing at this
age; the net accumulation rate of either ion in the leaves
decreased by ca 30% between days 16 and 18, Root ac-
cumulation rates decreased by 9% for K* and 3% for
Na”.

With respect to total weight, the plants used in the
isotope study were mid-way between the averages for
days 16 and 17 in the growth study (Cheeseman and
Wickens 1986b). The two estimates in Tab. 3 are, thus,
at Jeast in reasonable agreement for leaf accumulation
rates. In the roots, on the other hand, isotope and net
accumulation results showed poor agreement. Isotope
accumulation rates were more than twice that of net up-
take and no simple corrections could be applied to rec-
oncile the data. As net uptake was closely associated
with growth (Fig. 2). the discrepancy must reflect ion
exchange between mature ceils and the external me-
dium,

Table 4 shows a comparison of the changes in net and
isotope-estimated accumulation rates with age. Because
of the disparity of root values (Tab. 3), this comparison

Tab. 3. Comparison of net and labeled K* and Na* accumula-
tion rates in S. marina plants 17 days afier transfer to solution
culture. Net rates (X Sgj were taken from the analyses used for
Fig. 5. Uncorrected values are daily rates divided by 24. Iso-
tope rates are linear values (*sg) reported previously
(Cheeseman and Wickens 1986b). Correction factors (CF) are
based on 2 h “K* and *Na* accumulation studies and are the
ratios of the daytime (08 G0 to 18 00 h} to 24 h average rates
(Cheeseman and Wickens 1986a). All rates are pmol g FW,,,”’
h'.

Part Ton NUR CF NUR  Isotope uptake
uncorrected corrected
Shoot K* 3.24x0.06 1.68 5.44 6.05+£0.33
Na* 6.50+0.11 1.35 8.78 10.7+£0.8
Root K* 095001 1.30 1.24 2.69+0.14
Na* 0.80£0.01 124 0.99 2.53+0.21

Tab. 4. Comparison of net and labeled K* and Na* accumula-
tion rates in the leaves of mid-vegetative S. marina plants
growing on 0.2X sea water medium. Net rates are from the
study shown in Fig. 3. Isotope rates are linear rates in time
course experiments at each age.

Age % of day 17
days

NUR [sotope uptake
K? Na+ K+ Na-t
15 147 125 110 189
17 100 100 100 100
19 65 67 22 61
21 44 42 14 38

Physiol. Plant. 67, (986



was limited to leaf accumulation. Relative net uptake
rates were determined using the results in Fig. 5. iso-
tope results are from a separate study performed in De-
cember 1984. Again the results showed reasonable
agreement of the two estimation techniques. It is note-
worthy that the changes in isotope accumulation rates in
roots were similar to those in the leaves. This suggest an
age-dependent change in the exchange properties of
mature root cells.

Discussion

In this study, we have considered the accumulation of
Na* and K* by mid-vegetative Spergularia marina
plants with particular attention, first, to the relationship
between accumulation and growth, and second, to the
comparability of uptake rates estimated using short-
term isotope or longer-term net accumulation techni-
ques. Together, these supplement our previous studies
using S. marina, placing the consideration of transport
physiology in the context of the growing, autotrophic
plant. Consistent with the previously observed correla-
tions between size, RSR, root K* content and isotope
uptake (Cheeseman and Wickens 1986b), we have
found a decrease in the rate of uptake of both ions with
age (Fig. 5). Most notably, the decline in rates of net ac-
cumulation correlated with the increase in RSR after
day 15 (Fig. 3), and the result of the putative control
network was a stabilization of ion content with age (Fig.
2). Preliminary analyses (not shown) of isotope accumu-
lation rates at different ages have indicated that RSR
has the most significant correlation to isotope accumula-
tion at all ages, though at present we have insufficient
data with respect to root ion concentrations 1o perform
a full statistical analysis.

These results also confirm our conclusion that the
growth of S. marina is stimuiated by NaCl (Cheeseman
et al. 1985a). The stimulation was related in part to a
substitution of Na* for K* and to an increase in the effi-
ciency of K* utilization (Tab. 1). It would be expected
that Na* substitutes for K* in its osmotic role (Clarkson
and Hanson 1980). It is not certain, however, how this
results in the positive energy balance required for the
plant to increase growth; though our earlier studies
have shown that the K* uptake system is energy de-
pendent (Cheeseman et al. 1985b), they have also
shown that Na* is excluded against a substantial
electrochemical gradient. Thus, the savings realized by
not transporting K* must to some degree be lost by the
necessity to transport Na*.

In considering the relationship between ion uptake
and growth per se, we have analyzed RGR and RAR.
As these are relative measures expressed with the same
units (time™'}, comparison of the results is straightfor-
ward. A similar but less robust technique was used by
Raper et al. (1977) for a study of tobacco growth.
Though their calculations were based on mean values
for weights and contents and only 2 harvests, they found

Physiot. Plant. 67, 1986

a broad agreement between RGR and RAR for several
nutrients.

Pitman (1972) also considered the relationship be-
tween K* accumulation and growth, and reported a cor-
relation between the net rate of K* uptake (NUR) and
RGR in barley. The calculations were again based on
only 2 harvests and were restricted to young seedhings;
photoperiod was used to adjust RGR. Pitman’s results
are not easily considered, in part because the interpreta-
tion of that particular linear correlation is not immedi-
ately apparent, and in part because the treatments did
not simply alter RGR. Complex changes, including dif-
ferential alteration of root and shoot growth and an
overall retardation of the development cycle also oc-
curred, as they did in the growth study used for Fig. 4 of
this paper. Here, however, with the comparison based
on changes in the relative growth and accumulation
rates, the interpretation of the results remains straight-
forward.

RGR and RAR behaved similarly throughout the
two growth studies in spite of discontinuities in the
growth conditions in the second study. It is not unrea-
sonable to postulate that the processes of growth and
nutrient acquisition are, in fact, co-regulated rather
than simply correlated as might be concluded from the
results of the first study alone. A similar conclusion fol-
lows from the review by Ingestad (1982) which provides
an extensive consideration of growth rates and nutrient
contents of plants grown on very dilute, but carefully
maintained, nutrient media. He showed that in order to
maintain constant concentrations in the medium during
a period of plant growth, the rate of addition of nu-
trients to the medium had to increase exponentially. In
effect, by analyzing the adjustments of the medium,
Ingestad was analyzing RAR under those nutrient lim-
ited conditions, and with illustrations taken from his
work on Betula and Alnus, he showed a one-to-one rela-
tionship between RGR and RAR (for nitrogen) over
the range of about 0.025 to 0.25 day ™.

It is unlikely that the integration of uptake and
growth can be explained by any model involving regu-
lation of a singie transport system, or even one for each
ion. It is still unknown what messengers are actually in-
volved and how they interact with the transport systems
themselves. And it is unclear how the transport systems
may change in total or specific activity with age.
Clearly, these questions are fundamental to understand-
ing the physiology of ion transport in the context of the
intact plant and deserve further attention.

For the present, however, these results reaffirm the
precept that a unit of balanced growth utilizes a unit of
nutrients (Clarkson and Hanson 1980}, and show that in
S. marina Na* can be included in the generalization.
They are also consistent with, and provide a physiologi-
cal, short-term basis for investigating the numerous
block models which have been developed to discuss
plant responses to changes in nutrient availability (e.g.
Chapin 1980, Moorby and Besford 1983).
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